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Abstract

High energy diffraction probes fundamental interactions, the vacuum, and quantum
mechanically coherent matter waves at asymptotic energies. In this work, we algo-
rithmize our abstract ideas and develop a set of rigid rules for diffraction. To get spin
under control, we construct a new Monte Carlo simulation engine, GRANIITTI. It is
the first event generator with custom spin-dependent scattering amplitudes for the
glueball domain semi-exclusive diffraction, driven by fully multithreaded importance
sampling and written in C+-+. Our simulations provide new computational evidence
that the enigmatic glueball filter observable is a spin polarization filter for tensor
resonances. For algorithmic spin studies, we automate the classic Laplace spherical
harmonics inverse expansion, carefully define the geometric acceptance related phase
space issues and study the harmonic mixing properties systematically in different
Lorentz frames.

To improve the big picture, we generalize the standard soft diffraction observ-
ables and definitions by developing a high dimensional probabilistic framework based
on incidence algebras, COMBINATORIAL SUPERSTATISTICS, and solve also a new
superposition inverse problem using the Mobius inversion theorem. For inverting
stochastic autoconvolution integral equations or ‘inverting the proton’, we develop a
novel recursive inverse algorithm based on the Fast Fourier Transform and relative
entropy minimization. The first algorithmic inverse results of the proton double mul-
tiplicity structure and multiparton interaction rates are obtained using the published
LHC data, in agreement with standard phenomenology. For optimal inversion of the
detector efficiency response, we build the first Deep Learning based solution work-
ing in higher phase space dimensions, DEEPEFFICIENCY, which inverts the detector
response on an event-by-event basis and minimizes the event generator dependence.

Using the ALICE experiment proton-proton data at the LHC at /s = 13 TeV,
we obtain the first unfolded fiducial measurement of the multidimensional combina-
torial partial cross sections, the first multidimensional maximum likelihood fit of the
effective soft pomeron intercept and the first multidimensional maximum likelihood
fit of the single, double and non-diffractive component cross sections. Great care is
taken with the fiducial and non-fiducial definitions. The second topic of measure-
ments centers on semi-exclusive central diffractive production of hadron pairs, which
we study with the ALICE data. We measure and fit the resonance spectra of identi-
fied pion and kaon pairs, which is crucial on the road towards solving the mysteries
of glueballs, the proton structure fluctuations, and the pomeron.
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Work of the Author

All computational machinery and code of this work are available as Open Source
under the MIT license at github.com/mieskolainen for maximal scientific impact,
scholarship and reproducability. Ewvery single figure or number in this thesis is pro-
duced by this code together with external libraries.

Diffraction phenomenology and computational theory

1. GRANIITTI: A new Monte Carlo event generator and algorithmic engine
written in fully multithreaded C++17 with 35k lines of code. Currently the
most advanced event generator for the low mass central exclusive diffraction
at the LHC and beyond.

Motivation: Explicit control of a Monte Carlo event generator capable
of simulating spin dependent scattering processes in the low mass central
diffraction with forward proton excitation kinematics.

2. COMBINATORIAL SUPERSTATISTICS: A new statistical incidence algebra ap-
proach, Mdbius inversion and abstract construction designed as a higher di-
mensional definition of diffractive event topologies and substructures.
Motivation: Abstract theory beyond standard tools and a self-consistent mea-
surement framework beyond the traditional large rapidity gap counting.

Advanced algorithms

1. DEEPEFFICIENCY: The first Deep Learning based detector efficiency inversion
algorithm for maximally unbiased fiducial measurements in higher dimensions.
Motivation: Maximally Monte Carlo event generator independent detector
efficiency corrections of single or multidimensional observables.

2. Kisu: A new Shannon entropy and the Fast Fourier Transform based algorithm
for non-linear inversion of stochastic autoconvolution integral equations. The
first application with public ALICE data.

Motivation: Algorithmic way to invert statistically multiparton interactions,
multipomeron interactions or pileup.

3. DREM-PID: A new two-step probabilistic particle identification algorithm
based on Expectation Maximization (EM) iteration.
Motivation: Mathematically optimal final state identification.
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4. F*-PROJECTION: Overcomplete MC basis projection technique relying on the
combinatorial superstatistics framework.
Motivation: Multidimensional data projections with limited detector infor-
mation.

5. S-HARMONICS: A new formulation of the classic Laplace spherical harmonics
decay distribution decomposition with novel detail in defining different phase
spaces: fiducial versus flat non-fiducial and their invertability and harmonic
mixing properties in different Lorentz rest frames.

Motivation: Mathematically rigorous angular distribution and spin polariza-
tion measurements.

ALICE and beyond

1. The first measurement of unfolded and fiducial combinatorial cross sections
at the LHC, done with the ALICE proton-proton data at the center-of-mass
energy /s = 13 TeV. The mathematical construction and analysis technology
built up in this thesis.

Motivation: Maximally model independent, multidimensional fiducial mea-
surement of diffraction and soft QCD.

2. The first fiducial multidimensional maximum likelihood extraction of single,
double and non-diffractive cross sections. A factorized definition of fiducial
cross sections and then extrapolation to total inclusive cross sections.
Motivation: Mathematically nearly optimal extraction of the model based
cross sections, separate fiducial and extrapolated total cross sections.

3. The first multidimensional maximum likelihood extraction of the effective
pomeron intercept and the rapidity gap distributions with incomplete forward
detector information.

Motivation: High precision diffraction phenomenology with incomplete data.

4. Resonance spectrum measurements of semi-exclusive diffraction at the LHC
with the ALICE proton-proton data at the center-of-mass energy /s = 7 TeV.
We introduce also a new analysis and generic data preservation strategy called
F2X.

Motivation: Where are the glueballs and what happens with the low mass
forward proton dissociation?
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1 Introduction

Algorithms and high energy physics are dual topics. The first modern computer
architecture was introduced by John von Neumann in 1945 [1], the same man behind
axiomatic quantum mechanics. The Manhattan project resulted in the first Monte
Carlo sampling methods by Stanislav Ulam and von Neumann. The best known
physics algorithms are due to Richard Feynman [2] — the path integral description
and the diagrammatic representation of the perturbation series, also the most visual
pictures of fundamental interactions. The first large scale computer algebra software
SCHOONSCHIP [3] was written by Martinus J.G. Veltman in 1964 in studies towards
what later resulted in the renormalizability proof of Yang-Mills [4] theories by Gerard
't Hooft and Veltman. The discretized integral transform by Paul Hough in 1962 [5]
was the first computer vision Al-algorithm utilized first in the bubble chamber track
fitting, nowadays used by self-driving cars to keep the car between the highway lines
or to geometrically align your favorite urban Instagram pictures.

Stephen Wolfram, also from high energy physics, industrialized computer algebra
with Mathematica [6] in the 1980’s and the World Wide Web was invented at CERN
by Tim Berners Lee [7] to organize the experimental information chaos. LHC exper-
iments produce more data faster than any other scientific experiment so far. Also,
by physics standards, the most heterogeneous data ever. The ROOT technology
[8] developed at CERN during 1990’s was during its launch the fastest fully generic
object data to disk serializer in the world, perhaps still is. Software like MadGraph
have automated computations that have seemed impossible. Nowadays much-hyped
quantum computers and their true supremacy are seemingly the distant future of
computation, discussed first by Feynman in 1982 [9]. However, the future may rely
instead on synthetic biology. Artificial neural networks are currently the mainstream
target of large scale computer algebra, more precisely, the network optimization re-
lies on the so-called automatic differentiation techniques, which we have also utilized
in this thesis. What is not always known that the crucial reverse-mode automatic
differentiation of the current Al industry, later re-invented as the backpropagation,
was first invented by a Finnish mathematician Seppo Linnainmaa from Helsinki.
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This was in 1971 during his MSc thesis, published later in [10]. Of course, also pure
mathematics gets its part from high energy physics, in terms of string theory and
scattering amplitude techniques, such as generalized polylogarithms. To summarize,
we have listed some down to earth examples to motivate the studies of high energy
interactions.

According to the de Broglie particle-wave duality, all matter must exhibit wavelike
properties with the wavelength A = h/p inversely proportional to the momentum p,
with the bounding constant of fundamental resolution being the Planck constant h.
This is natural given the uncertainty principle behind non-commuting observables
or the Fourier transform, on the other hand. The wavelike quantum properties of
matter span all scales of physics. Experimentally the non-classical behavior has been
recently observed even with a chain of 15 amino acid biomolecules [11]. However, we
do not know what happens with quantum gravity or is the space-time discretized,
for example.

The first documented diffraction observations are from 1665 by Francesco Maria
Grimaldi [12]. Perhaps the most famous quantum mechanics experiment is the elec-
tron diffraction through the double slit, which demonstrates the probabilistic Born
rule and wavelike properties of elementary particles in a highly controlled way. The
double helix structure of DNA was discovered by using X-ray diffraction crystallog-
raphy. Everything of diffraction in terms of quantum electrodynamics (QED) is well
understood. However, the Born rule, for example, cannot be currently derived but
is an axiom, which fits the data. Many algebraic arguments have been developed
to support it. It works remarkably well and there are no known deviations of it.
Experiments to test deviations of Born rule are often based on multi-slit diffraction.
According to the path integral picture, particles are free to go several loops around
the slits in space-time. However, the weight of these highly non-classical paths is
usually vanishing in the full probability amplitude.

The topic of this work — hadronic high energy diffraction, is far from well under-
stood. This is due to the non-perturbative strong nature of quantum chromodynam-
ics (QCD), N-body parton problems and the peculiar nature of confinement. That
is, there are no currently known powerful ab initio methods to simulate soft QCD
diffraction, such as lattice methods or small parameter expansions. Phenomenologi-
cal Monte Carlo modeling is the only way to get proper observables simulated for the
comparison with data. However, there are some deep principles behind this mod-
eling, in the context of Regge theory, relativistic kinematics and spin algebra, for
example. It is not just parametrizations of data. In general, one needs to remember
that we cannot currently even calculate the proton structure function or parton den-
sity input at the starting scale for any kind of events, not only diffractive. However,
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once the input is fitted from data, the integro-differential evolution schemes such as
DGLAP work quite well together with hard matrix elements and parton showers,
and reliable predictions can be made for the LHC and elsewhere to hunt for new
particles. This is based on a factorization between the soft and hard scales, which is
not always exact, but extremely useful nevertheless.
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1.1 Strong and even stronger interactions

The primary tool to probe strong interactions at ever-increasing energies is a high
energy collider and a general purpose detector built around the interaction point.
More and more powerful microscopes are being built, in essence. The initial state
may be either leptons, hadrons or heavy ions. The choice of the particular initial
state is dictated by the physics goals. High energy collider experiments have a long
history at CERN, Brookhaven, SLAC, Berkeley and Protvino. The colliders highly
relevant regarding this work are the ISR [13] at CERN, the SppS [14] at CERN, the
LEP [15] at CERN, the HERA [16] at DESY, the Tevatron [17| at Fermilab and
nowadays the RHIC [18] at Brookhaven and the LHC at CERN [19, 20|. The future
is unknown, but large electron-ion colliders and massive proton-proton colliders may
be expected.

The non-abelian SU(3) gauge theory of strong interactions [21-24|, quantum
chromodynamics, is very complicated. Ideally, we would like to understand it at
a similar level of detail as the quantum electrodynamics is understood. Yet un-
derstanding QED in detail does not automatically mean we understand collective
N-body phenomena, such as chemistry, but only in principle. In the numerous
corners of strong interactions, there are many new techniques, but the soft Regge
domain has basically always defeated any other methods than the Regge-like power
law scaling asymptotics or calculus based on it. There simply seems not to exist any
truly powerful small parameter to expand against, other than already found decades
ago. The original Reggeon field theory by Gribov was left unfinished by the master.
Naturally, many papers have been written to complete it in several plausible direc-
tions. However, one should not limit oneself to this massive obstacle posed by field
theories — measuring, probing and modeling QCD diffraction is possible in various
other ways.

Our number one strategy in this work is to design rigorous mathematical algo-
rithms and then using them, implement novel higher dimensional measurements. Of
course, along the way we want to see in explicit detail, what is possible in terms of
models, how they compare with the LHC data and introduce an advanced simulation
framework, GRANIITTI, with special emphasis on spin. For the mathematical formu-
lation of inclusive diffraction observables, our approach is to use incidence algebras.
These algebras were formulated by the father of modern combinatorics, mathemati-
cian Gian-Carlo Rota at MIT in the 1960’s. That is, we use a simple combinatorial
counting of final states as our starting point. Simple is good because already the ex-
perimental issues are very complex. Basically, what we formulate is a new definition
of diffraction. Funnily enough, this picture is visually closer to the classic diffraction
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SorT QCD

Low-p; ~ Asymptotic energy dependence, elastic scattering, in-
elastic diffraction: single, double and central diffraction, mul-
tiple large rapidity gaps, spin-parity selection rules in cen-
tral diffraction, absorption and screening, multiplicity, trans-
verse momentum: from exponential to power laws, soft mul-
tiparton (multipomeron) interaction observables, transition to
hard scattering, long range rapidity correlations (ridge struc-
ture) and high multiplicity without jets, input for fragmentation
(hadronization) models and functions

HarD QCD

High-p; ~ Deep(ly) inelastic scattering, differential jet and sys-
tem kinematics, event shapes, jet composition, substructures,
multijets, radiation patterns and color flow effects, quark/gluon
separation, IR /CL-safe jet algorithms (hard, weighted), parton
density f(z,Q?) fitting, hard (HERA) diffraction = hard system
+ rapidity gap, hard multiparton interactions, search for new
massive BSM-resonances, running coupling s measurements

CosMICc RAYS

Extended Air Showers (EAS), very forward ‘fragmentation re-
gion” measurements of energy and particle composition at col-
liders, Monte Carlo tuning

HeAavy IONS

Probing the unknown QCD phase diagram at different densi-
ties and temperatures, chiral symmetry recovery, search and
understanding for the solid observables of Quark-Gluon Plasma
(QGP): photon and lepton rates, strangeness, quarkonia, jet
quenching, plasma screening effects, spherical and elliptic flow,
fluctuations, Bose-Einstein correlations, phase transition tem-
perature fits, search for GLASMA and other hypothetical
(amorphic) states of matter

SPECTROSCOPY

Light mesons, baryons, glueballs and their mixing, multiquark
states

QUARKONIA

J/W(ce), Y (bb),... and their spin-excited states

SPIN PHYSICS

Quarkonia polarization, polarization in photoproduction
Gamma-Pomeron (v — gg) processes, proton pdf ‘spin crisis’

Table 1.1: Strong interactions topics classified by experimental observables.
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NUCLEAR

Yukawa model (30’s), Chiral perturbation theory
(60’s), Effective theories

REGGE DOMAIN

Regge theory (60-70’s), Hard domain (Lipatov et al.
since late 70’s), Durham QCD (KMR) type models
(00s), Stochastic calculus (70’s)

Low-x

Saturation (80’s), Color Glass Condensate (90’s), Clas-
sic Yang-Mills

INTEGRO-DIFFERENTIAL

DGLAP, BFKL, BK ... (70’s - 90’s)

PARTON DENSITIES

Bjorken scaling, Feynman-Gribov parton model (late
60’s), QCD integrated pdfs, unintegrated (generalized)
pdfs (80-90's)

CoLLIDER QCD, JETS

Fixed order pQCD (late 70’s), multileg/multiloop
‘NLO revolution’ (late 00’s), analytic resummation,
parton showers, Monte Carlo event generators (late
70’s), effective collinear field theories (00’s)

HigH DENSITY

Cold and hot nuclear matter, the equation of state
(EOS), Neutron stars, thermal-pQCD + Lattice QCD
(70’s)

HADRON SPECTROSCOPY

Regge trajectories (60’s), Gell-Mann /Zweig quark/ace
model (60’s), Lattice QCD, Holography (90’s), Super-
symmetric meson-baryon spectrum (00’s)

QUARKONIA

Non-Relativistic NR-QCD (80’s)

HADRONIZATION

Lund strings (late 70’s), Pre-confinement (Veneziano),
Webber clusterization (80’s)

VACUUM PROPERTIES

Instanton calculus and 't Hooft, Wilson lattice QFT,
lattice QCD (late 70’s)

HYDRODYNAMICS

Lattice, transport coefficients (80’s)

SCATTERING AMPLITUDES

S-matrix unitarity and analyticity (60’s), Spinor-
Helicity / Parke-Taylor (80’s), Generalized unitarity
(90’s), Color factorized amplitudes and string theory
methods (00’s), geometric ‘Amplituhedron’” methods
(10%s)

Table 1.2: Strong interactions topics classified in a theory driven way, with the
approximate time of origin indicated.
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pattern experiments than the de facto ‘large rapidity gap’ counting. What we also
see is that it should be one of the best ways to probe the algebraic properties of the
Abramovski-Gribov-Kancheli (AGK) scattering amplitude cutting rules [25]. That
is, how does one see those rules from data? The interference structure contained in
this calculus should be reflected in the multiplicity densities per rapidity interval.
Those rules are, after all, of highly combinatorial nature.

To this end, we may mention that increasingly many collider measurements are
collected under the automated RIVET [26] platform and their comparison with nu-
merous Monte Carlo models is algorithmized under mcplots.cern.ch [27]. A technical
requirement for this to work is that the measurement is a strictly fiducial one. Our
novel measurements are also fiducial measurements and thus directly comparable
with event generators using only the final state information. We see that highly
automated and fiducial approaches should be the case for all fields of physics and
science in general, not just limited to collider physics. We shall illustrate for the
reader the topics of strong interactions in Tables 1.1 and 1.2. Obviously, we ignore
the (effective) strong interactions in condensed matter and elsewhere and stay only
in the high energy physics context.


http://mcplots.cern.ch
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1.2

Fundamental open problems

To expand the mind of the reader regarding where are our topic fits in the large
spectrum of modern physics, we shall first list the following to span the space of
outstanding problems and questions, in no specific strong order. Our topic belongs
to the first one.

<

Non-perturbative strong interactions and scattering amplitudes
Detectors operating at the single quantum limit at different energy scales
Early universe, big bang, inflation, monopoles and topological defects

Origin of mass, hierarchy, flavor, matter versus antimatter and details of (the)
Higgs boson

Unification of dynamics, superstrings, extra dimensions and holography

The cosmological constant, dark energy and vacuum(s)

Dark matter or misunderstood gravity at large scales

Quantum gravity, black holes and information, wormholes and entanglement
Stochastic gravitational waves in the (early) universe

Quantum computers; unitary port logic driven versus ‘adiabatic’ realizations
Algorithms and the synthesis of biology, the arrow of time and entropy
Artificial intelligence and physics of neuroscience; classical versus quantum

Mathematical physics: number theory and physics, generalized particle statis-
tics, topics of string theory

Highly geometric theory of quantum mechanics and space-time; twistors, ampli-
tuhedrons, emergent unitarity, explanations for the origin of gauge symmetries

High temperature superconductivity, exotic forms of condensed matter and
quantum chemistry
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1.3 Outline

The structure of this thesis goes as follows. In Chapter 2 we go through the classic
picture of diffraction in terms of waves and paths and illustrate these visually brilliant
topics through simulations. In Chapter 3 we described the main measurement and
multidimensional diffractive cross section extractions of this thesis. In Chapter 4
we discuss new algorithms for semi-exclusive diffraction and glueball hunting and
go through case studies with data. In Chapter 5 we have a computational tour of
high energy diffraction, where we describe our new GRANIITTI Monte Carlo event
generator and advanced spin analysis tools. In Chapter 6 we describe in detail the
mathematics of our combinatorial measurement framework and the related inverse
problems. In Chapter 7 we study the ‘inversion of proton’, by first developing a new
inverse algorithm for stochastic autoconvolution integral equations and then apply
it to data. In Chapter 8 we describe the first Deep Learning based high dimensional
detector efficiency inversion algorithm, DEEPEFFICIENCY. Finally in Chapter 9 we
end with overall conclusions.



2 Waves and Paths

We shall remind ourselves of the elegant formulations of classic diffraction. There
are no radical new results in this chapter, only a compact summary of the essentials.

Huygens (1678)—Fresnel (1818) principle Every space-time point of a propa-
gating wavefront is a source of secondary spherical wavefronts (recursion).

Babinet’s principle (~1800) A geometric aperture with a hole gives the same
diffraction pattern in the far field as the complement aperture (geometry).

10



CHAPTER 2. WAVES AND PATHS

2.1 Wave and Helmholtz equation

From the Maxwell equations [28], we can derive the vector valued wave equation [29]

1 92
V x (VxE(x,t))+ ﬁ@E(X,t) =0, (2.1)
which is a second order partial differential equation (PDE) in space and time with
the speed of propagation v. Now, the corresponding scalar wave equation reads

1 02
<v2 — Maﬂ) U(x,t) =0, (2.2)

where the scalar function U(x,t) can be taken one of the spatial components of
E(x,t). By using the scalar equation, we loose all the polarization (vector) dependent
phenomena, which is just fine in the case of acoustic fields, for example.

Then substitution of a single monochromatic wave U (x,t) = u(x)e~*? at angular
frequency w gives us the linear Helmholtz equation with no time dependence [30]

(V2 + k%) u(x) =0, (2.3)

where the wavenumber is k% = w? /v?, k = 27 /\. Usually, one uses Dirichlet and von
Neumann boundary conditions. The former sets u on the boundary and the latter
defines Ju/0n on the boundary. A practical way to solve classic diffraction or field
configurations in arbitrary geometries and materials is to simulate the scalar fields or
Maxwell field equations numerically. An often used formulation in electrodynamics
is the Finite Difference Time Domain (FDTD) method invented by Yee in 1966 [31].
However, we shall go through certain analytic classic scalar diffraction theory results.
To this end, we may dream about the future where high energy QCD quantized non-
linear field equations can be solved on a computer like Maxwell equations.

11
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2.2 Helmholtz-Kirchoff integral theorem

Coordinates: Let our aperture plane and the coordinate system zy-plane coincide
with a positive z-axis taken towards the detector. Let x be the position vector
where we evaluate the diffraction integrals at the aperture and let y be the position
vector in the outgoing space at the virtual detector.

We use the Green’s [32] equation for a point source
(V2 + k) G(x,y) = —4nd(x —y) (2.4)
with G(x,y) being the Green function kernel

eiklx_y|

G(x,y) = (2.5)

x -yl
In this case we have translation invariance G(x —y) = G(x,y) by homogeneous
medium, such as free space or dielectric. Thus, the solution can be written as a
convolution
1
u(y) = 4/ dxG(x —y)s(x), if y € V and u(y) = 0 for y outside V,  (2.6)
TJv
for the equation (V2 + k?) u(x) = —s(x) within volume V.

The Helmholtz-Kirchoff (HK) integral theorem [33] states that we can express
the scalar field at a point y as a function of the field values at the volume boundary
ov

1 oG ou
HK THEOREM: = — ds — |y —Gx—y)=—|x |, 2.7
uy) = 4 [ 560 (a0 Go by ~ G-y @D
where n is a unit normal vector oriented to inside the volume V' with normal deriva-
tive Ou/0On = Vu(x)-n and S(x) is a surface element. In addition, we need boundary
conditions [29]

ou  Oug

A : Kirchoff aperture : u(x) = ur(x) A m - n (2.8)
0

S : Kirchoff screen : u(x) =0 A 8% =0 (2.9)

R : Sommerfeld radiation : lim |x] <8u - zk‘u(x)) =0, (2.10)
x| =00 on

where we denote the aperture (hole + obstacle) with A4, the opaque screen or detector
with § and the outgoing far field radiation field half-sphere boundary with R. The
incoming field is denoted with uy(x).

12
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2.3 Fresnel-Kirchoff and Rayleigh-Sommerfeld formula-
tions

Now we use a spherical point source

eik|xfxs\ etks

u(x) = A (2.11)

|x — x| =4

with the source position x; and the amplitude A. For the Green function, we get
the gradient as

0G , 1
a—n\(x,y) =— <zk e y|> G(x —y)cosd(x,y) (2.12)

~ —ikG(x —y)cosd(x,y), (2.13)

where the approximation holds when |x —y| > A. Above the so-called inclination
factor is
X—Yy
cosd(X,y) = ny - <) , (2.14)
x — vl
where § is the angle between the vector x — y and the normal vector n, (z-axis).
Then using the HK theorem, we get the Fresnel-Kirchoff diffraction equation [34] as

FK EQUATION: u(y) = _L dS(x) <zku(x) cosd(x,y) + 8u‘x> Gx—-y).
4 A on
(2.15)
However, this equation is ill-posed by inconsistent boundary conditions, presumably
first noted by Sommerfeld. We would like to get rid of the normal derivative du/0n
term at the aperture.

Getting rid of the normal term is done by imposing the Sommerfeld radiation
condition of Eq. 2.10 to the FK equation and evaluating Eq. 2.12 at the point x
instead of x —y, which results in a factor of 2 difference. These modifications yield
the Rayleigh-Sommerfeld [35] diffraction equation

RS EQUATION: u(y) = —i% AdS(x) u(x) cosd(x,y)G(x —y). (2.16)
Note that sometimes in the literature, this is called the Fresnel-Kirchoff equation.
This integral is a superposition of source waves (Huygen’s principle) with the phase
shift at the aperture by m/2 dictated by —i factor. We see that the boundary condi-
tions restricted the Helmholtz-Kirchoff integral to be non-zero only on the aperture

13
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-1 -08 -06 -04 02 0 02 04 06 08 1
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Figure 2.1: A numerical Rayleigh-Sommerfeld integral based simulation of the field
values u(y) with three square holes in A, the source being isotropic at z — —o0.

boundary A. That is, the field value at y depends only on that. One could call
this the first holographic principle, later made explicit by Gabor by the invention of
optical holography in 1947 and then extended to extra space-time dimensions by ’t
Hooft, Susskind, Maldacena and others.
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2.4 Fresnel and Fraunhofer approximations

By translation invariance and some approximations, we can re-write the RS diffrac-
tion equation as a convolution integral

uly) = [ d5(x) uxhlx—y). (2.17)

using the kernel function h(x). Now different classic analytic approximation schemes
can be obtained by expanding the kernel in various ways and truncating, for example
in the so-called Fresnel approximation

2
FRESNEL REGIME: a7 1, (2.18)

z
where b? is approximately the aperture dimension squared, z ~ |x —y| is the distance
from the aperture to the detector and A is the wavelength of the incoming radiation.
Actually, by reciprocity of the FK- or RS-equation, the condition assumes also that
z can be replaced by s = |x — x|, which is the distance from the source to the
aperture. The corresponding approximated Green’s function kernel is

1 ., ik k
hix—y)= @emzefg"*yp o~ —i% cosd(x,y)G(x —y) (2.19)

obtained by Taylor expanding

x—y| =~z (1 + % [‘X;yq 2) (2.20)

inside the exponential function to the first non-trivial order and outside exponential
simply with |[x—y| ~ z and substituting these in the Green’s function of Eq. 2.5. The
inclination factor was approximated with 1 in the forward (paraxial) limit § — 0,
such that the vector y has much larger z component than transverse ones. The
Fresnel diffraction integral equation is then
1 i
FRESNEL EQUATION: u(y) = ,e”“/ dS(x)u(x)e%b‘*y|2
1Az A
1 . i i
= — cthzealyl® / dsS(x) u(x)eilx‘ze_?kx'y. (2.21)
1Az A
If the source and the detector are in the far field from the aperture or we model
the outgoing field from a lens which is focusive (positive), we can model the diffraction
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of the waves as plane waves and use the Fraunhofer approximation which results in
linear dependence on the integration variable on the aperture, that is, a 2D-Fourier
transform. The key point here is that the phase of the field is the same at each point
at the aperture, due to incoming plane waves. The approximation condition can be

written as 9

FRAUNHOFER LIMIT: Y < 1, (2.22)
z

where z can again be replaced with s. The Fraunhofer diffraction integral equation
is a simplified version of the Fresnel equation
1 .. i i
FRAUNHOFER EQUATION: u(y) = Te”“'zez*kb"2 / dsS(x) u(x)e‘?kx'y, (2.23)
1AZ A

obtained by neglecting the quadratic terms from the expansion, to obtain linear
dependence on the integration variables. Classic analytic solutions can be obtained
by Fourier transform for rectangular (— sinc?), circular (— Airy) and Gaussian (—
Gaussian) density slits.
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2.5 Feynman path integral

The Feynman path integral based |2] complex transition amplitude or propagator for
a particle, to start from (z;,t;) and end up in (xf,ty), in a non-relativistic formulation
is

K(xg tylai ti) = (g, tylw, ti) = / Dla(t)]e SO, (2.24)
all paths

where all different paths of the integral represent different quantum phases. The
transition probability is obtained as the amplitude squared, as usual, by the Born
rule. The Born rule cannot be derived, currently. In the transition amplitude, the
action functional is a time integral over the Lagrangian, which encapsulates the
dynamics of our physics

ty
S[a(t)] = /t Li(t), i(t), € dt (2.25)
with a classical Lagrangian, here
L= —i(t)? = Viz(t), 1, (2.26)

where V' is an external potential term and the dotted variable is the time deriva-
tive. The Feynman path measure D[z(t)] needs to be understood as the following
discretization

dxy,
Dlz(t)] = li 2.27
[1’( )] nigolo QWZhA/m d/2 /]Rd H 27TZFLA/77’Z d/2’ ( )

) , (2.28)

where d denotes the number of spatial dimensions, z¢9 = x;, v, = 5 and A =
(tf —t;)/n. For a mathematician, this path integral measure causes some headache,
especially in the case of quantum field theories. The stochastic path integral with
the Wiener measure, on the other hand, is well defined. This is probably just lack of
suitable mathematics. Physically, this picture is both intuitive and elegant. It also
provides the path to lattice quantum field theories.

with the phase oscillating exponentiated action discretized as

..on 2
exp(iS[x(t)]/h) — exp (; > [;m (95—1”—1) —V(z.)

z=1
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Figure 2.2: A toy Monte Carlo complex path integral simulation of diffraction.

Now a simple single or double slit diffraction can be trivially calculated in 1+1
dimensions for a free particle without any potential term. Instead of an analytical
calculation, by curiosity, we did a numerical Monte Carlo simulation, where instead
of doing any Wick rotation to imaginary time as is often plausible to do to avoid the
highly oscillating exponential term, we brute force evaluated directly the complex
path integral in real time by sampling and accumulating discretized paths without
any importance sampling. The resulting diffraction pattern is illustrated in Figure
2.2. For proper simulations, one needs to remember fine enough spatial sampling in
the propagation and at the detector by the Shannon-Nyquist-Whittaker-Kotelnikov
sampling theorem, in order not to produce aliasing. Extreme discretization instabil-
ity was observed with complex path sampling, a major problem in different quantum
simulation scenarios known in general as the sign problem. It is an NP-hard problem
with no known generic solutions [36]. Basically, this is currently one of the funda-
mental limitations to any ab initio simulations of high energy diffraction and suggests
the need for quantum computers, not feasible yet.

On the other hand, deep learning based approximation techniques are already
capable of producing extremely high dimensional generative sampling of photoreal-
istic high resolution images [37]. This could be an interesting target for the future
research regarding the lattice simulations. This is because image matrices can be
understood analogous to extremely complicated lattice field configurations.
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3 ALICE and combinatorial measurement

We describe the proton-proton combinatorial fiducial cross section measurement at
the center-of-mass energy of /s = 13 TeV in the ALICE experiment, implemented
during the thesis. The full analysis code and grid computing code, including all ex-
perimental treatments, is available online on github. It is directly compatible with
the ALICE experiment, but all fundamental algorithms and methods are experi-
ment independent, by design. The measurement is the first of its kind, no similar
multidimensional unfolded measurement has been attempted before. However, we
shall point out that the TOTEM double diffractive measurement [38] is technically
a subset of this measurement. Also already the measurements by UA5 [39] were
towards this direction, however, philosophically different. Here our main goal is not
actually to extract diffractive cross sections, but go beyond and implement a fiducial
measurement of the combinatorial subspaces or measure the Grasmannian, a math-
ematician would say. From another perspective, these cross sections are in a sense
coded diffraction aperture measurements — a high energy analog to the classic case of
controlled coded aperture diffraction, which can be used for the phase field recovery
with modern algorithms. Here we use them to recover high energy observables and
model parameters.

A detailed description of the developed methodology is given in Chapter 6. In the
analysis, all basic low level detector distributions were compared with the GEANT
simulations driven by Monte Carlo event generators, low level detector signal quality
cuts were part of the basic procedures and explicit cut flows were inspected. We
shall concentrate here on the physics results but also go through all the basic steps.
This and our code should ingpire also others to implement a radically new type of
measurements.
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CHAPTER 3. ALICE AND combinatorial measurement

3.1 Experimental setup

The detector setup consisted of the AD, VZERO and SPD subdetectors, with max-
imal pseudorapidity coverage. The minimum bias trigger required was algebraic
‘global OR’, where each of the subdetectors had their independent signal decision
criteria. The ALICE experiment uses a naming convention of C- and A-sides, where
the C-side is on negative rapidities and the A-side on positive. For the generic
detector performance of the ALICE experiment, see [40].

The VZERO detector [41] is a forward scintillating plastic counter made with
eight cells in four radial rings giving 32 channels per rapidity side. Scintillator de-
tectors are based on a physical mechanism where incoming charged particles induce
molecular excitations in the plastic, which is de-excited by the emission of visible
wavelength photons. Hamamatsu photomultipliers (PMT) are coupled directly to
the scintillating plastics on the A-side and on the C-side through optic fibers. The
digitized output gives signal hit time and accumulated charge information. The
geometric acceptances over pseudorapidity are n € [—3.7,—1.7] and [2.8,5.1]. The
minimum bias trigger decision was based on time-domain signal arrival time cuts
which filter out most of the beam induced background such as beam-gas collisions.
The PMT high voltage gain setup and signal detection thresholds were adjusted near
the single minimum ionizing particle (MIP) limit as described in [41], with param-
eters adjusted run-by-run for different beam background and noise conditions. The
offline calibration was done using a beam test data and cosmic muons when the LHC
beam was not active. The detector simulations were done with run anchored setups.
In the offline analysis, background and noise sensitivity were studied by requiring also
a minimum charge threshold for the signal decision, in addition to more stringent
time windows.

The AD detector [42] is a forward shower counter built on similar technology
as the VZERO detector but with different geometry and optical coupling. The
geometric acceptances over pseudorapidity are n € [—7.0,—4.9] and [4.8,6.3]. It
consists of two longitudinal (z-axis) layers of scintillating plastic with four radial
transverse quadrants around the beam pipe, giving 8 channels per rapidity side.
The scintillation light is steered through a wavelength shifter, to optimize the light
transport which is propagated through one meter of optical fibers to Hamamatsu
photomultipliers. The front-end electronics is the same as in the VZERO case and
the digitized output gives hit time and accumulated charge information. The detector
PMT gain and signal threshold setup was similar as with the VZERO and a signal
coincidence between adjacent layers was required for the trigger. In the same way
as with the VZERQ, in the offline analysis, we studied the noise and background by
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Figure 3.1: The geometric acceptance of ALICE sub-detectors. The triangle plot
style adapted and extended from R. Orava.

more stringent accumulated charge and time window cuts.

The SPD (Silicon Pixel Detector) [43] of the inner tracking system (ITS) consists
of two layers of pn-type silicon pixel diodes next to the interaction point with the
detector cylinder radius 3.9 cm and 7.6 cm and geometric acceptance |n| < 2 and | <
1.5. The material thickness of each pixel is 200 pum. The inner layer has 40 half-stave
modules and the outer layer 80, each having 10 readout chips with 8192 pixels per
chip. This gives in total 1200 readout chips with 9.83 million pixels with 50 x 425 pm?
pitch size. The radiation damaged or otherwise faulty, inactive and noisy outlier chips
were explicitly inspected from the data and bit masked also from the simulations.
The low level online trigger implemented by the SPD is based on a Fast-OR decision
where in each chip, the discriminator output of pixel cells is collected and algebraic
OR is taken. In the offline analysis, at least one Fast-OR in the inner or outer
SPD layer was required and the noise sensitivity was inspected by requiring more
stringent criteria, such as hits in both layers. This, however, effectively also reduces
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the acceptance to |n| < 1.5. Moving further in the transverse direction, there are
also two layers of the silicon strip detector (SSD) and two outermost layers of the
silicon drift detector (SDD) with acceptance |n| < 0.9. These layers we did not use
due to their more limited acceptance. In the analysis, we used the fired chip level
information. In the LHC run III, the inner tracking system will be replaced with
a new silicon tracker with 12.5 gigapixels. In addition, we studied the ZDC (zero
degree calorimeter) data, which however is not used in the analysis due to lacking
calibration, but is used only as ‘spectator’ detector for general data quality cross
checks. We illustrate the detector phase-space cartoon coverage in Figure 3.1.

In this analysis, three special low luminosity runs at /s = 13 TeV with identi-
fication numbers 274593, 274594 and 274595 were chosen with approximately 487k,
418k, 775k triggered minimum bias beam-beam events per run with results given
here for the last one, two other used for the irreducible run-by-run uncertainties en-
capsulating unknown systematic uncertainties. Using the standard coding, the LHC
filling scheme was

<SPACING>-<NBb>-<IP1/5>-<IP2>-<IP8>-<code>
= Multi-57b-56b-25-20-24-4bpi-15inj, (3.1)

meaning total 57 and 56 bunches circulating in the clockwise and counterclockwise,
out of which 20 colliding bunch pairs in the ALICE IP2 interaction point. This type
of beam configuration removes any off-time pileup. The instantaneous luminosity
with these runs was very low, with Poisson p ~ 1073, given by the normalized global
OR trigger rate R

LOb Lob

=—In(1 — h = =
1 n(l — R), where R Ny foon LMD

€ [0,1), (3.2)

where the LHC revolution frequency is fre, = 11.245 kHz, Nj is the number of
interacting bunch pairs and LOb (LMb) are the global OR and bunch cross trigger
frequencies. The numbers in these runs give vanishing pileup corrections, which how-
ever were part of our correction algorithms through our Mébius inversion technique
[44]. For the trigger details and rates, see Appendix A.4.

A van der Meer scan using the VZERO detector was used to calibrate the absolute
luminosity, details and uncertainties of this are given in [45]. The basic idea is that
the VZERO¢ and VZERO 4, together with their boolean AND trigger combination,
provide a visible inelastic cross section

OV0-AND — 57.8 1.2 mb (33)
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which is used to directly scale the event counts to visible cross sections because
VZERO was part of our detector setup. The wvisible inelastic cross section seen by
the VZERO is not a fiducial cross section, or neither a total inelastic cross section,
to emphasize. These three different types of definitions were taken into account by
the unfolding and extrapolation procedures.
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3.2 Experimental selections and corrections

The offline signal selections are listed in Table 3.1. No high level reconstructed
observables were used or are available in ALICE beyond |n| < 0.9, which would
naturally be the optimal case with hypothetical large forward acceptance tracking
and calorimetry.

Detector | Signal Cut
AD¢ At € [63,69] ns
VOc At € [0,6] ns
SPD¢ F>2

SPD 4 F>2

V04 At € [7,14] ns
ADy At € [54,60] ns

Table 3.1: Offline signal selection quality cuts in terms of the signal arrival time At
and the number of fired chips F'.

After the low-level signal decision criteria, the data was corrected for the irre-
ducible residual beam gas, satellite collisions and noisy events. That is, diffractive
events, especially single diffractive, are experimentally very similar to a fixed target
like beam gas collisions passing through the time window and charge threshold cuts.
To correct this, we used beam-beam, beam-empty, empty-beam and empty-empty
trigger masks which were based utilizing the normal and special LHC bunch bucket
sequences. The data was corrected with

Nj + NP — aWNW o OND 4 2aBINF), (3.4)
where IV ;k) represent the number of events in the j-th combination with the k running
over the aforementioned special bunch trigger collected event statistics. The last
factor with a positive sign and a factor of two takes into account the double counting.
The correction scale factors ¥ taking into account the different bunch sequence
luminosity differences and the deterministic and random trigger downscaling were
obtained from the trigger statistics with

) _ [LMb(B)] [L0a(B)/L0b(B)
N [LMbM {wa(k)/mb(k) } ’

(3.5)

where £ = A is a beam from the A-side and nothing from the C-side, k = C is a
beam from the C-side and nothing from the A-side and k = E is nothing from both
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Figure 3.2: ALICE simulation at /s = 13 TeV: The 6-dimensional detector folding
matrix constructed with Pythia 6 MC + GEANT. The matrix elements are proba-
bilities (%) with each column normalized to unity. Elements < 1% are not shown.

sides. The k = FE case is negligible whenever detectors are operating with low noise
levels. The trigger statistics are given in Tables A.3, A.4 and A.5. The detector level
marginal distributions of each detector are given in Figures A.1 to A.13.

25



CHAPTER 3.

ALICE AND combinatorial measurement

(000000) 21 16
(000001) 13[4 2 17
(000010) 1 8 138 3
(000011)[ 6 5 g 2 4
(000100)|1 7 3111313 7 17 1 1 3 1 1
(000101)|1 11 1 19 2 15 3 26 4 2 3
(000110) 418 10 6 2 2 4
(000111) 124 3 H 1 8 2 2 4
(001000) | 4 2 6114 2 2 2 2 9 2 26 2 1 4 2 2 6 2 1 2 2
(001001)| 4 4 8 4 12 25 ) 4 4 8 4 4 4 8
(001010) 2 212 59 2 529 27 2 2 5 4 5 2 2 4
(001011) 116 14 328 8 3 1 7 3 2 3 1 1 1
(001100) 4 2 1 10775 11 2 9 34 4 2 1 742 2 715
(001101) 1 1 7114 3 2 14 4 18 4 2 4 110 3 3
(001110) 413 1 1129 12 6 11 2 2 4 3 4
(001111) 118 2 32 3 15 2 5 4
(010000) 10 6 73 1
(010001) 319 5 3 5 83 14 3 3 3
(010010) 19 22 3 3 333 3 9 31
(010011) 2 629 6 2 1 1 240 3 4 1
(010100) 2 9 2 162 7 2 2 2 5 2 14512 52 7 2
(010101) 336 3 33 14314 6 3 6 3 3 6 14 38
(010110) 43 1216 1 311 22 2101 2 49
(010111) 3 5 3 30 2 115 3 219 1 1
(011000) 21 11 3 32 20 3 2 334 2 7 1
(011001) 3 3616 8 2 10 3 2182 9 3
(011010) 1 1 52 1814 410 3 11 1112 256
(011011) 1 7 3 220 13 4 3 320 2 14
(011100) 1 31 1459 4 3 6 1 284124
= (011101) 2 2 1 12424 1 1 2 29 3 28
8 (011110) 12 1 15 23 12 17ﬁ
O (011111) 1 2 1 342 2 1 3
L (100000 |4 EE 7
QO (100001) 1 10fH 1 15 313 4
Q (100010) 6 131 1 1516
(100011) 2 5 5 [Z] 1 1218
(100100) 413 163663 2 326 1 193612 413
(100101) 9 39 211320 2 2 2 435 9 2
(100110) 711 12 23 3 3 14 9 14 3
(100111) 115 338 7 6 119 5
(101000) 10 2 11 2 27 3 3 383 3
(101001) 1 1 7 1 4 14 4 36121116 412112 716
(101010) 1 1 46 13 6 10 4 111219 16 4
(101011) 6 5 13 2 24 2 13|
(101100) 3 3 91 4 121 254093
(101101) 1 2 6 1 1 3 312 1124 28
(101110) 2 3 6 2 21 2136
(101111) 6 1 2 2 5
(110000) 3 3
(110001) 2 3
(110010) a
(110011) 2 4 1
(110100) 91 11 3 1
(110101) 4 428 314
(110110) 2 2 10 18]
(110111) 49 3 3 28]
(111000) B2 n
(111001) 68211519 5
(111010) 57 222 11927 12 18]
(111011) 10 4 1548 3 28]
(111100) 3 1m12 HEle2s
(111101) 1 El B 53
(111110) 12 55
(111111) 2 88
EsS=288S-888=288s=288¢ EcECE8sEc88S-882-88228g2s=288==8¢8 =
SESSEE5555555582¢8¢8 SSSSSScSE8EE8822588zs8:::8:88:3¢ E
ceeeeeeeeeeeeeeeeee ceeesssotoionsioonoontontnoo =
Generator

Figure 3.3: ALICE simulation at /s = 13 TeV: The 6-dimensional detector folding
matrix constructed with Phojet MC 4+ GEANT, otherwise the same as Figure 3.2.

26



CHAPTER 3. ALICE AND combinatorial measurement

255 1 —+&5— Pythia 6| 7
—+— Phojet
2.5
0
=
=245
E“i 24
T
>
5 2.35
=
=
23
‘ ‘ ‘ ‘ . S&or
0.05 0.1 0.15 0.2 0.25 0.3 0.35

Relative Cntr()py KL(Pru,ur(Ql.:)u)nnfuﬂrl(Qk')) (bltS)

Figure 3.4: ALICE data at /s = 13 TeV: The unfolded data Shannon entropy
(vertical) versus relative entropy of raw data vs the unfolded (horizontal). The
evolution is shown using two MC models used in the detector response simulation.
A suitable number of unfolding algorithm iterations (1...25) is near the maximum

curvature.

Now speaking of 6-dimensional unfolding of data, we used the standard iterative
Bayes method (D’Agostini) of the RooUnfold package [46]. However, we compared
the implementation against our own implementation of the same algorithm and also
Tikhonov regularized matrix inversion. To be precise, this iterative Bayes unfolding
is a frequentist maximum likelihood method using the Expectation Maximization
algorithm, which uses the Bayes formula, but is not a Bayesian method. The only
Bayesian part is actually the number of iterations, which is an implicit regulator or
prior. The unfolding here inverts the inefficiencies and the smearing flow of event
topologies from one combinatorial category to another one, thus formally easily de-
scribed by a folding matrix in the same way as any single dimensional histogram
unfolded measurement. These combinatorial folding matrices are shown in Figures
3.2 and 3.3, which demonstrate the major role of detector material rescattering and

efficiency corrections.
In the forward domain, even half of the accumulated charge seen by the detector
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is from particles propagating from the material interactions, such as v — e'e~
conversions. This is demonstrated in Figure A.17. Fiducial (generator) level event
topologies are easily transformed into another topology at the detector level. The
simplest acceptance characterizations, here for the visualization purposes, are the
diffractive mass efficiency x acceptances shown in Figure A.16 and A.15, where we
see that for the SPD the pure fiducial acceptance and the efficiency x acceptance are
very close. However, for the AD we see a large difference between these two. This
is due to the material distributions which actually yield larger effective acceptance
than what is geometrically expected. The difference between Pythia 6 and Phojet
is due to differences in the fragmentation of the diffractive systems. Phojet has a
hard (perturbative) p;-tail, Pythia 6 generates diffractive events only with soft p;.
Also, the multiplicity distributions are different, as is visible in Figure A.14 where
the detector level MC/Data ratios are shown. For a generator level comparisons
together with Pythia 8, see the work in [47].

Figure 3.4 demonstrates the unfolding regularization parameter (number of itera-
tions) abstract behavior in terms of Shannon entropy and relative entropy (Kullback-
Leibler divergence) between the raw with no unfolding and the unfolded measure-
ment. Interestingly, the two different MC models have approximately the same ‘sweet
spot’ but opposite trajectories in this abstract entropy space. We found out that this
technique gives a purely data driven handle to control the regularization strength.
The point where the regularization should be optimal is the point of maximum cur-
vature, by highly often used L-curve heuristics in inverse problems [48]. Or it could
be also the point where trajectories between different models cross. Zero iterations
gives no unfolding, whereas too many iterations will push the results towards Monte
Carlo estimates, speaking in general. Based on this and simulations, we chose the
point of 4 £+ 2 iterations in the unfolding algorithm. Accidentally, the default values
of the LHC unfolding package parameters are usually around 4 iterations. We should
study this interesting topic further in the future, because it has been basically ne-
glected in all existing rapidity gap based measurements, even unfolded ones, because
they integrate out the multidimensional information.

We found out that the unfolding has here the largest experimental systematic
uncertainty besides the forward detector geometry and material budget simulation,
the SPD chip noise and the VO and AD signal response modeling uncertainties.
Understanding these systematic uncertainties in extreme detail would be required for
higher precision measurement. Also the beam-gas correction can be in some runs very
large, but our combinatorics has a self-consistent way to correct it. Still, run-by-run
differences remain much larger than statistical uncertainties in some combinations. A
forward tracking and calorimetry with very low material budget would be beneficial.
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3.3 Unfolded fiducial partial cross sections
The 6D-measurement fiducial definition we use is charged particles within

n € [~7.0,-4.9],[-3.7,—1.7],[~2.0,0], [0, 2.0], [2.8,5.1], [4.8, 6.3]
A pr > 0.05 GeV. (3.6)

This corresponds to the nominal acceptance of the AD, VZERO and SPD detectors.
In principle, one could have fine-tuned and optimized the fiducial definition of the
measurement beyond the geometric acceptances by minimizing the off-diagonality
of the folding matrix. That is, by shifting the simulated fiducial box boundaries
per acceptance slice and then re-running the matrix construction, checking the off-
diagonality and re-iterating. In the same way, one could also decide if only charged or
both charged + neutral particles should be taken as the fiducial definition. However,
here we took simply the geometric 7-boundaries with a ‘nominal’ ps-cutoff for charged
particles. To denote the 6D-acceptance domains, we use binary coding with six bits.

In Figures 3.5 and 3.6 we have the main result, the unfolded combinatorial par-
tial fiducial cross sections, compared with different minimum bias Monte Carlo event
generators. The pink uncertainty bands represent total systematic uncertainty ob-
tained by summing the individual sources in quadrature. The systematic uncertainty
sources include the van der Meer scan luminosity calibration, the detector unfolding
uncertainties and run-by-run variations reflecting detector calibration and simula-
tion mismatches. The numerical values are given in Tables 3.2, 3.3, 3.4 and 3.5.
Now when comparing with Monte Carlo models, the biggest differences are obtained
with very forward low mass diffractive like combinations, such as (010000), which
have also the largest uncertainty. Numerous low level cut variations in terms of the
accumulated charge and time domain response were inspected, without any major
difference. We see that this measurement should provide a highly systematic way to
improve the event generator modeling and tunes, together with all the other existing
soft QCD measurements, naturally. We emphasize that our definition of diffraction
here is well-posed, we do not need to know any internal details about the event gen-
erators, only the final state information is needed for the comparison. Thus, this
type of measurement is fully compatible with the increasingly popular RIVET [26]
measurement-theory comparison framework requirements.
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Figure 3.5: ALICE data at /s = 13 TeV and MC event generators: The fiducial
partial cross sections [0-15] and [16-31].
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Figure 3.6: ALICE data at /s = 13 TeV and MC event generators: The fiducial
partial cross sections [32-47] and [48-63].
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X-SeEcTION | value (mb)  stat  tot.syst | lumi  unfold run-by-run
0 (000000) 0.000  40.000 F399 | +0.000 *9900  +0.000
1 (000001) 0.992  £0.010 TH092 | £0.021 TH838 e
2 (000010) 0.479 +0.007 T | £0.010 o590 o903
3 (000011) 1.558  +0.012 0325 | £0.032 0051 o520
4 (000100) 0.055 +0.002 0053 | £0.001  t5o12 ooss
5  (000101) 0.069 +0.003 001 | £0.001  t5002 e
6 (000110) 0.159  £0.004  *5059 | £0.003 o552 oot
7 {000111) 0.666  +0.008 Tk | £0.014 D04 e
8  (001000) 0.066  +£0.003 T3 | £0.001 TO63° Ho-0as
9  (001001) 0.019 +0.001 0002 | £0.000 t5502 o
10 (001010) 0.019  £0.001 5% | £0.000 *O502 o
11 (001011) 0.055  £0.002 9017 | £0.001 oo oo
12 (001100) 0.087  £0.003 *90°0 | £0.002 *FO03% Ho-0ss
13 (001101) 0.058  +0.002 *9011 | +0.001 )90 oo
14 (001110) 0.119  £0.003  *9020 | £0.002 *FO50¢ o0
15 (001111) 0.576  £0.008 T3 | £0.012 003 0029

Table 3.2: ALICE data at /s = 13 TeV: The fiducial partial cross sections [0,15].
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X-SeEcTION | value (mb)  stat  tot.syst | lumi  unfold run-by-run
16 (010000) 0.362  +0.006 *924 | +0.008 F9168  +0.163
17 (010001) 0.014  40.001  F3907 | £0.000 9% .00t
18 (010010) 0.010  £0.001  *5002 | £0.000 )01 e
19 (010011) 0.040  £0.002  *5008 | £0.001 D007 oo
20 (010100) 0.020  £0.002  *505 | £0.001 02 oo
21 (010101) 0.009  £0.001 5002 | £0.000 0503 oo
22 (010110) 0.022  £0.001 5000 | £0.000 o508 e
23 (010111) 0.099  £0.003 T8 | £0.002 FO62 oo
24 (011000) 0.216  £0.005 *509% | £0.004 )57 Ho-ues
25 (011001) 0.024  £0.002 500 | £0.001 T80 Ho-he
26 (011010) 0.028  £0.002 5% | £0.001 o508 o0
27 (011011) 0.112  £0.003  *9021 | £0.002 *O52 o002
28 (011100) 0.176  +£0.004 *5035 | £0.004 *T)02¢ Ho-0se
29 (011101) 0.084  £0.003  *900T | +0.002 )90 o008
30 (011110) 0.300  +0.005 *902L | +0.006 Q07 oo
31 (011111) 2.484  £0.016 T2 | £0.052 O o088

Table 3.3: ALICE data at /s = 13 TeV: The fiducial partial cross sections [16,31].
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X-SeEcTION | value (mb)  stat  tot.syst | lumi  unfold run-by-run
32 (100000) 2.842  +0.017 *13% | £0.059 F902 40117
33 (100001) 0.137  £0.004 T2 | £0.003 TO833 oo
34 (100010) 0.065 +0.003 001 | £0.001 O3 e
35 (100011) 0.328 +0.006 092 | +0.007 F5013 House
36 (100100) 0.026  £0.002 *5008 | £0.001 *F)-o0¢ s
37 (100101) 0.016  £0.001  *5:00% | £0.000 )0 oo
38 (100110) 0.060  +£0.002 *5005 | £0.001 )00 e
39 (100111) 0.347  £0.006  T505% | £0.007 5% oo
40 (101000) 0.074  £0.003 T8 | £0.002 )09 o2
41 (101001) 0.010  £0.001 5003 | £0.000 o502 Ho-ohe
42 (101010) 0.016  £0.001 5003 | £0.000 TO502 oot
43 (101011) 0.057  £0.002 *5097 | £0.001 *FOO0T o-ooe
44 (101100) 0.077  £0.003  *5008 | +0.002 )07 Ho-oos
45 (101101) 0.031 +0.002 0001 | £0.001  F5-00 o002
46 (101110) 0.127  £0.004 9019 | £0.003 TO5% o008
A7 (101111) 0.738  £0.009 5040 | +0.015 Q0% F0.022

Table 3.4: ALICE data at /s = 13 TeV: The fiducial partial cross sections [32,47].
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X-SeEcTION | value (mb)  stat  tot.syst | lumi  unfold run-by-run
48 (110000) 0.608  +0.008 F3126 | 40013 FOH9 0040
49  (110001) 0.062  £0.002 *5057 | £0.001 TH62 o
50 (110010) 0.046  40.002  F3996 | £0.001 5008 s
51 (110011) 0.270  £0.005  *5018 | £0.006 o500 oo
52 (110100) 0.060  +£0.002 *5038 | £0.001 *F)O7 oooe
53 (110101) 0.027  £0.002 5% | £0.001 o502 oo
54 (110110) 0.111 +0.003 003 | £0.002 o519 o
55 (110111) 0.700  £0.008  TH05t | £0.015 TO622 oo
56 (111000) 0.643 +0.008 09T | £0.013  TO5%8 Houos
57 (111001) 0.115 +0.003 008 | £0.002 O o
58 (111010) 0.156  +0.004 *5038 | +0.003 QoI o-he
59 (111011) 0.871 +0.009 0033 | £0.018  t5537 T
60  (111100) 1.000  +0.010 95 | +£0.021 5P o0
61  (111101) 0.451 +0.007 0022 | £0.009 5% oo
62 (111110) 2.897  £0.017 913 | £0.060 TO54 o
63 (111111) 49.444  40.070 12720 | £1.027 1508 T

Table 3.5: ALICE data at /s = 13 TeV: The fiducial partial cross sections [48,63].
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3.4 Fiducial and total inelastic cross section

The fiducial inelastic measurement and the corresponding extrapolated full phase
space total inelastic cross section are given numerically in Table 3.6 and visually in
Figure 3.7. Figure 3.8 shows in detail the Monte Carlo model based total inelastic
cross section extrapolations based on the measured partial cross sections. EPOS-LHC
and QGSJet-11-04 based extrapolations give values with a closest match with respect
to the total inelastic measurement done by the TOTEM experiment at /s = 13
TeV giving 79.5 + 1.8 mb, which is based on the optical theorem and the elastic
scattering with Mandelstam ¢ — 0 extrapolation [49]. That measurement has the
smallest experimental uncertainty at the LHC. Alternatively, one should instrument
the experiments with extremely forward shower counters to observe the total inelastic
cross section directly.

Cross Section | value + (stat-+syst)
ol 714+ 1.8 mb
oot (ext.) 77.3+2.1 mb

Table 3.6: ALICE data at /s = 13 TeV: The inelastic cross section in the fiducial
domain and the total extrapolated one obtained using re-fitted Pythia 6.

The EPOS-LHC, QGSJet-11-04 and Pythia 6 generators have here the best overall
tune, in terms of x?. The x?-value is simply calculated against the total inelastic
re-scaled Monte Carlo estimate of the fiducial partial cross sections and the measured
ones, that is, one number is being varied in the fit. We took care of the technical scale
bias easily introduced in x? type fits. All of the event generators have some obvious
tension given that the number of degrees of freedom is here 2V —2 = 62. This global
tension is easily explained by certain specific deviating partial cross sections. In
Figure 3.7 we have also our own re-tune of Pythia 6 based extrapolation indicated,
based on the extracted diffractive cross sections and the extracted soft Pomeron
intercept value. Our tune is significantly closer to the EPOS-LHC and QGSJet-11-04
than the original Pythia 6 in the CRMC package.

The overall inelastic fiducial acceptances U{égl Jotot predicted by different gener-
ators are: EPOS-LHC (0.92), QGSJet-11-04 (0.92), Pythia 8.23-MBR (0.95), Pythia
6 (0.96), Pythia 8.23 (0.96), Sibyll 2.1 (0.97) and Phojet 1.2 (0.98). This indicates
that all other event generators than EPOS and QGSJet-11-04 clearly underestimate
the cross section of the invisible low mass diffraction. This conclusion is compatible
with our other results, such as the F*-projected gap distributions in Section 3.6.
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Figure 3.7: ALICE data at /s = 13 TeV: The fiducial inelastic proton-proton cross
section on the left, and the extrapolated total inelastic cross section using different
MC models on the right. The luminosity uncertainty is denoted with a pink box.
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Figure 3.8: ALICE data at /s = 13 TeV: The total inelastic cross section extrapola-
tion fit x2-values with different MC models using the fiducial unfolded combinatorial
cross sections as the fit input.
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3.5 Diffractive cross sections and the soft pomeron

Extracting the diffractive cross section is not experimentally a uniquely posed task,
but it can be mathematically clearly formulated as a multidimensional probabilistic
fitting or classification problem as first done in a work with CDF data by me [50], or
later by Welti with TOTEM+CMS data in [51]. Also, in a work by Matthews [52] the
trigger combinations were used to extract the diffractive cross sections using ALICE
data. Here, we improve the methodology by a maximum likelihood formulation,
which allows also simultaneously to vary the minimum average rapidity gap definition
and the effective Pomeron intercept. But most importantly, here we implemented
for the first time a proper multidimensional fiducial measurement which then allows
to implement numerous fits with any future Monte Carlo event generator, using the
unfolded partial cross sections from Tables 3.2, 3.3, 3.4 and 3.5.

In Figure 3.9 we have the diffractive cross section extractions using the multi-
dimensional maximum likelihood 6D-fit machinery and their extrapolations to the
full phase space with uncertainties defined as before. SDL(R) denotes the diffrac-
tive system to negative (positive) rapidities, DD denotes double diffractive and ND
incoherent non-diffractive processes. The relative uncertainties are the largest with
single diffraction, due to run-by-run variations (beam background). We have done
the extractions as a function of the average kinematic rapidity gap, which is simply
done by calculating the invariant mass of the diffractive system at the generator level
and then calculating the equivalent gap sizes

MQ
SD: <AY>m1n = —In <5> (37)
M2 M3
DD: (AY)pin = —In <8132> , s = 1GeV?2, (3.8)
0

Then we excluded the simulated events with smaller gap values. Thus, one may take
the traditional integration bound of (AY)nin = 3 and compare with previous mea-
surements in [53]. Our definition is a sharp one, because this simply means that we
have a cutoff in the diffractive model before it is fragmented. The ALICE detector
has an asymmetric rapidity acceptance, thus, the fiducial single diffractive cross sec-
tions are asymmetric between forward and backward directions. Their extrapolated
values are symmetric, as they should, if the detector simulation together with data is
well understood. We remark here that this is by no means automatically guaranteed,
given that the observables with forward shower counters are very low level, that is,
no tracks and no transverse momentum being measured so the calibration of the data
is non-trivial.
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Figure 3.9: ALICE data at /s = 13 TeV: The unfolded fiducial cross sections (top)
and the full phase space extrapolated (bottom) as a function of the minimum average
rapidity gap cutoff based on 6D-re-fitting against Pythia 6 MC templates.
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In Figure 3.10 we illustrate the typical fit cost of the soft pomeron intercept Ap,
which is a fundamental free parameter of the Regge theory. Note that minimizing
the Kullback-Leibler divergence gives a mathematically equivalent solution to the
maximum likelihood, well known in the field of machine learning. Exact numerical
values are given in Table 3.7 yielding a total estimate

Ap =0.094 + 0.01 (stat+syst), (3.9)

where we take a simple median and standard deviation of the individual extractions.
This extraction is the first maximum likelihood multidimensional fit of this parameter
at the LHC, as far as we know, also the most precise one. For comparison, a recent
measurement by the ATLAS+ALFA experiment obtained a more uncertain value of
Ap =0.07 £ 0.09 in single diffraction with forward proton measurements at /s = 8
TeV [54].

The extracted intercept value is very close to the one obtained in classic fits by
Donnachie and Landshoff giving the soft pomeron a(t) = 1+ Ap+a’t ~ 1.08+0.25¢,
based on the total cross section values [55]. Actually, in later fits by DL, the intercept
is a bit higher. Here, our fit is based on the differential diffractive mass distribution
which we indirectly re-fit using the combinatorial cross sections as the observables
and Monte Carlo model based template distributions. The pomeron intercept refit
has a larger MC based diffractive mass distribution uncertainty with Pythia 6 than
Phojet, because Pythia 6 includes ‘fudge factors’ at low and high masses, whereas
Phojet has pure power law dependence. However, we note that this fit can be easily
re-done with the future Monte Carlo models using the measured unfolded partial
cross section values, with any fast (or brute force) fit techniques available. The soft
pomeron slope o/ can be extracted for example in the exclusive central diffraction,
from the system transverse momentum dependence or forward proton measurements.
We shall remark here that the Pomeron intercept and slope are model dependent
quantities, in a more fundamental Regge calculus case one may talk about the ‘bare’
intercept and slope which are then dressed a bit like in field theory. These values are
in principle calculable from the field theory of QCD, but in practice there no known
non-perturbative techniques yet available. For more about this, see the discussion of
the eikonal pomeron in Chapter 5.
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MC model  Run | Ap pre-unfold Ap post-unfold
Pythia 6 274593 0.088 0.102
Pythia 6 274594 0.094 0.106
Pythia 6 274595 0.085 0.099

Phojet 274593 0.094 0.091
Phojet 274594 0.100 0.097
Phojet 274595 0.089 0.087

Table 3.7: ALICE data at /s = 13 TeV: Run-by-run maximum likelihood 6D-fit
extractions of the soft Pomeron intercept under two different MC models and before
and after unfolding. Statistical uncertainties are negligible.
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Figure 3.10: ALICE data at /s = 13 TeV: Typical behavior of the soft pomeron
intercept Ap in the maximum likelihood 6D-fit against Pythia 6 MC templates.
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3.6 [*-projected observables

In Figures 3.12, 3.13 and 3.11 we have the unfolded pseudorapidity gap distributions
projected using our F*-projection algorithm, described in [44] and Appendix C.6.
The type I boundary conditions calculate gaps with respect to the detector edge and
type II between any two particle within the detector. The ALICE detector has no
strict detector capabilities for direct measurement of these such as large calorimetry
or tracking with p; measurement, thus our novel MC projection algorithm based on
the combinatorial cross sections, represent a state-of-the-art approach. It is not a
pure measurement, but an overcomplete ‘basis’ projection.

—7.0 <1 <6.3, p, > 0.05 GeV, charged particle level

— Pythia 6
——Phojet
{  Datasrsses F*-projected
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Figure 3.11: ALICE data at /s = 13 TeV and MC event generators: Type I pseu-

dorapidity gap size distribution measured with respect to the detector edge, and the

maximum of the backward or the forward direction gap is chosen per event. The
projection uncertainties denote MC model variations.
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Figure 3.12: ALICE data at /s = 13 TeV and MC event generators: Type I pseu-
dorapidity gap size distribution to the backward (top) and the forward (bottom)
direction measured with respect to the detector edge. The projection uncertainties
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Figure 3.13: ALICE data at /s = 13 TeV and MC event generators: Type II
pseudorapidity gap size distribution (top), and the maximum of type I and type II
gaps per event (bottom). The projection uncertainties denote MC model variations.
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One can see that the low mass diffraction, which dominates at large pseudorapid-
ity gap sizes, is more prominent in data compared with Pythia 6 and Phojet event
generators. The magnitude of low mass diffraction cannot be calculated from the
Regge power law asymptotics controlled by the Regge trajectories, thus its proportion
in event generators is purely model and tune dependent. At low masses, the proton
structure fluctuations and baryonic resonances dominate. The values obtained here
are in the line with the ATLAS measurement at /s = 7 TeV, which however has
data only up to An ~ 8 [56]. They have an explicit control on the transverse en-
ergy cutoff, although the calorimeter noise starts to dominate over the signal at very
low-py.
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3.7 Conclusions

The main new results of the measurements presented in this section with the pp
data at the cms energy /s = 13 TeV are as follows.

¢ The first unfolded multidimensional fiducial measurement of combinato-
rial partial cross sections.

¢ The first multidimensional maximum likelihood extraction of the single,
double and non-diffractive cross sections. Re-extraction is possible a pos-
teriori with future Monte Carlo models based on the measured unfolded
partial cross sections.

¢ The first multidimensional extraction of the effective soft Pomeron in-
tercept with Ap = 0.094 + 0.01 (stat+syst).

o Low mass diffraction enhancement with respect to Monte Carlo event
generator tunes is clearly visible in the forward pseudorapidity gap dis-
tributions up to An ~ 13 units, projected using the newly developed
F*-algorithm.

¢ Our new measurements can be used to get more understanding of the
AGK rule type calculus, which is only partially understood theoreti-
cally. These are used implicitly in the construction of the EPOS LHC
and QGSJet-11-04 event generators, which give one of the best descrip-
tions of the measured partial cross sections. However, the quality of MC
parameter ‘tunes’ plays always a big factor. The detector level distribu-
tions in Appendix A.l are also a step forward on this topic. A future
measurement using IFéV with ¢ = 3 or more, with three different multi-
plicity bins per rapidity slice, could make this topic more transparent.
This higher order measurement requires more statistics at least by a
factor of 3%V /2.
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4 ALICE and glueballs

We introduce new algorithms for the studies of exclusive and semi-exclusive central
diffraction (CED/CEP) and describe our measurements with ALICE data. Poten-
tially the most interesting on this topic is the future identification of glueball res-
onances, understanding the pomeron spin structure and the contribution of proton
dissociative events. Glueballs, the resonant bound states of non-abelian gauge fields,
are very difficult objects because they mix quantum mechanically with quark bound
states. A curious mathematical fact was pointed out by Coleman already in 1977,
that classical non-abelian gauge fields do not contain glueball like field configura-
tions [57]. Some predictions for the quantum glueballs can be calculated using lattice
QCD [58, 59| for pure glue states within the ‘quenched approximation’, or using holo-
graphic approximations within Witten-Sakai-Sugimoto model based descriptions |60,
61]. Different mixing matrix scenarios have been considered also purely phenomeno-
logically [62].

The experimental identification of glueballs is an extremely laborious task, re-
quiring simultaneous measurements in multiply decay channels such as pion pairs,
kaon pairs but also photon pairs. We know that gluons couple only to quarks or
other gluons, so a (pure) glueball decay to photons should be suppressed via quark
loops. Central exclusive production is in general considered to be the best glue-
ball production channel at the LHC [63], pomerons being presumably objects with
a high gluon content. Technically speaking all f-mesons are glueball candidates at
some level, some more than others because of their position on the pomeron Regge
trajectory such as f3(1950) or because of lattice QCD estimates, which is the case
for example with fp(1710). This way we see that it is just natural to say

Central Production Spectrum ~ Glueball Candidate Spectrum.

Also, we point out that there is no such strict spin-parity rule as J©¢ = 0t+,2++ ..
in central production per se, quite often erroneously claimed. It is just that the decay
channels which are usually measured, provide no other options by conservation laws.
One may well produce resonance states with other quantum numbers too such as
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axial vectors JI = 1%, as shown by the WA102 data [64]. In any case, the non-
perturbative production couplings are currently theoretically incalculable.

The first evidence for the existence of double pomeron exchange type processes
pp — p + X + p was measured at the CERN ISR in the low-energy range 30 <
Vs <62 GeV [65]. For a review of the pre-LHC era measurements see [66] and for
recent measurements see Table 5.1. Our measurements do not include the forward
protons but we work rather with the Babinet’s complement: a forward veto type
event selection. The event signature is a striking one for a high energy hadron
collider: we select events with two reconstructed charge opposite tracks and require
otherwise an empty detector. This semi-exclusive event selection will include also
events with one or both of the forward protons excited into a low-mass state.
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4.1 DREM-PID: Double Recursive Expectation Maxi-
mization Particle Identification

For the particle identification, we developed a new fast maximum likelihood algo-
rithm that we dubbed DREM-PID. It is very simple and thus, similar to the previous
algorithms such as described in [67]. However, ours is based on a double recursive (it-
erative) utilization of the classic Expectation Maximization (EM) algorithm, first for
single particle tracks and then for particle combinations such as final state pairs. The
obtained probabilities per event can be used as weights or as cuts with a suitable
type T and type II frequentist error working point, also known as the ROC (re-
ceiver operating characteristics) working point. The weighted approach is the most
streamlined regarding the PID related efficiency-purity corrections, in principle, no
misclassification corrections are needed as long as all relevant particle pair combi-
nations are included in the scheme, the fiducial momentum range is limited enough
and the detector likelihood functions are high precision enough. In practise, some
residual corrections may be necessary. Different strategies should be cross-compared
using pure Monte Carlo input. We shall again remark that the EM-algorithm uses
the Bayes formula, but is not a Bayesian method.

Phase I: In the first phase, one calculates the single track probabilities by EM-
iteration as a function of the track 3-momentum g, typically results binned over |p],
for each three hadronic species w, K, p mass hypothesis. The detector information
needs to be described in terms of signal likelihood functions, in the first approxima-
tion independently with

Lig(x,p1h) = [ Li(x.plh), (4.1)

i€detectors

where h € {7, K, p} and the product is over different detectors, such as the ionization
dE /dz likelihood from the tracking detectors and the time-of-flight likelihood. If
one of the detectors provides no signal, it is simply described with unit likelihood.
These likelihoods are based on detector simulations for each particle hypothesis and
the x denotes the set of low-level signal measurements. The ionization obeys a
stochastic process with Landau distribution, but a sum of multiple ionization signals
obeys Gaussian approximations by central limit theorem. The algorithm can handle
different likelihood functions, also multidimensional beyond the product likelihood.
The EM iteration obtains the particle fractions with

Ltot(X,ﬂh)P(h’X, ]5')
>k Ltot(x, plk) P(k|x, p)’

P(h|x,p) (4.2)

49



CHAPTER 4. ALICE AND glueballs

which is iteratively updated starting with uniform particle fractions until conver-
gence. This is repeated independent for each kinematic hyperbin depending on p.

Phase II: In the second phase for the charge identified and + ordered tracks,
one tabulates all 3V hadronic combinations and uses the EM-iteration to extract the
relative abundances of these by iterating

[LL, PO b ) P({RY)
S ccombs [Ty P(AE i, 55) P({h}e)

which yields the event-by-event probabilities for each of the final states.
A concrete example with 32 = 9 combinations for +— ordered pairs yields

{rtn VAR K} Apph Am K {n By K 7 b AK Y {pm ) {pK )

(4.4)
Only the first three are physical for fully exclusive central production, unless
strangeness or baryon number is violated. However, in a semi-exclusive process all
are easily possible. The relative abundances of these channels yields also a handle
on the exclusivity of the data sample. Four particles gives already 3* = 81 combi-
nations, which is no problem when the combinations are generated algorithmically.
When the track has large |p], the particle identification based on dE/dz will fail
with any algorithm, only a good resolution time of flight measurement or for ex-
ample Cherenkov radiation based measurement can then extend the identification
momentum range. It is |[p] ~ 0.6 GeV when (dE/dX) of the TPC does not yield
anymore strong discrimination between pions and kaons. For protons, this goes up
to |p] = 0.9 GeV. When the TOF signal is reconstructed, the kaon discrimination
will extend approximately up to 2 GeV and for protons up to 4 GeV.

P({h}e) < (4.3)

Basics of binary decision theory

We shall here point out a couple of crucial things about type I and type II errors, not
always explained in a concrete manner. Let us first define these frequentist errors in
Table 4.1. The power of the statistical test is given by 1 — 3 whereas the statistical
significance level is set by a.

Let us measure an observable x. The frequentist framework works purely with
the likelihood functions £(x; H;) of the signal and background and the optimal fre-
quentist decision is given by the likelihood ratio via the Neyman-Pearson lemma
[68]

ﬁ(l‘; H())

R(x) = L)

s.t. a=P(R(z) <), (4.5)
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Background H) Signal H;
Accept | Type I error: P = « (false pos.) P =1— 3 (true pos.)
Reject P =1 — a (true neg.) Type II error: P = ( (false neg.)

Table 4.1: Frequentist decision theory probabilities P.

which yields the most powerful test with maximum true positive probability 1 —
5, that one can construct at the fixed significance level «. Algorithm: First one
chooses the significance level of interest such as a = 0.05, then one finds out the
cut parameter ¢ such that significance level holds. This can be done numerically
with simulated likelihoods. The resulting decision domain can be very complicated
already in one dimension x € R, if the likelihoods are complicated functions. The
likelihood functions can be analytic or estimated by neural techniques, for example.
The likelihood ratio is a binary decision optimality with no prior information. The
Bayes factor ratio of posteriori probabilities is the corresponding Bayesian version

(4.6)

By using the Maximum a Posteriori (MAP) decision, one reaches the so-called Bayes
error which is the irreducible probability bound of misclassifications. A fully Bayesian
approach will integrate over prior distributions, usually done with Monte Carlo sam-
pling. One must understand that the PID classification efficiency and PID back-
ground (misclassification) corrections are different and have a different type of sys-
tematics with the frequentist and Bayesian philosophies. Then, in contrast, our fully
weighted approach (which can be either frequentist or Bayesian) does not strictly
speaking belong into the framework of hard binary decision theory but should be
considered as a complete regression (fit) algorithm.
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4.2 F2X: A Faster Analysis of Cross Sections

For the central production, but not limited to, we designed a new radically simple
analysis chain driven by our algorithms. This minimal approach tries to mitigate
the ever increasing abstraction and complexity of high energy physics analyses. The
chain is as follows.

F2X in a nutshell
1. Tracking, fiducial cuts and vetoes
2. DREM-PID final state identification weights
3. DEEPEFFICIENCY efficiency inversion weights
4. Luminosity weight
5. Data(!) events in HepMC3 containers

6. Event by event weighted analysis using only fiducial final state informa-
tion

The idea is very simple: all experimental procedures are done event by event
with probabilities. Final state identifications are executed with the DREM-PID al-
gorithm and efficiency corrections with the DEEPEFFICIENCY algorithm of Chapter
8. Finally, events together with the weights are stored in HepMC3 containers which
allow to treat the data and Monte Carlo events through the same analysis and plot-
ting machinery. In practice one may work with weighted histograms of observables.
Also, only final state information is used so any internal Monte Carlo information
about intermediate states or propagators, parton showers etc. is explicitly forbidden
within this philosophy. To keep the measurement as a measurement. This philosophy
is the same as with RIVET, but we go beyond simple histogram containers.

In principle, also negative events weights could be utilized e.g. for background
corrections. Corrections that cannot be implemented with event-by-event weights
such as background corrections can be done a posteriori with histogram subtractions,
as usual. This type of corrections may be ‘feed-down’ of higher multiplicity final
states to lower ones, for example, by detector efficiency losses. One must be careful
in classifying the algebraic type of corrections either into a multiplicative or additive
class. This type of analysis also works as a repository container of the data and its
corrections.
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Figure 4.1: ALICE simulation: DEEPEFFICIENCY-6D based efficiency inversion of
777~ and KT K~ pairs. The reconstructed 1D-observable is the pair invariant mass.
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Figure 4.2: ALICE simulation: DEEPEFFICIENCY-6D based efficiency inversion of
KT K~ pairs. The reconstructed 2D-observable is the positively charged track (n, ¢).
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Figure 4.3: ALICE simulation: DEEPEFFICIENCY-6D event-by-event weight distri-
bution projected for a single track pseudorapidity of the track pair.

We illustrate the DEEPEFFICIENCY algorithm efficiency inversion in Figures 4.1,
4.2 and 4.3 trained with approximately 5 million full GEANT simulated events. The
6D-input is the 3-momentum of two tracks which contains thus all correlations. The
test samples are different than the training samples both statistically and system-
atically, by using slightly different MC generator level distributions. The inversion
yields reliable results and the algorithm learns the very sharp discontinuities caused
by the large inactive regimes in the SPD layers already with the modest MC training
sample sizes. In these simulations we use the fiducial domain definition of || < 0.9
and p; > 0.15 GeV, which yields nearly flat performance for the pion pairs and slightly
worse for the low-mass kaon pairs. We estimate that with larger samples and the
network architecture design optimizations the results will reach asymptotically near
perfect inversion. However, in practice, one needs to study the performance through
extensive simulations for the bias and variance. DEEPEFFICIENCY provides simulta-
neously a parametrization for fast detector efficiency simulations beyond the inversion
application. It also provides efficiency corrections simultaneously in all observables.
By using the EM-iteration, we could extend the algorithm to high dimensional un-
folding context. However, a direct event-to-event inversion is not possible, because
the unfolding mapping is not one-to-one. Thus, one needs to Monte Carlo sample
densities, which poses new technical challenges due to new high dimensional density
estimation techniques needed such as ‘normalizing flows’ [69].
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4.3 Experimental tracking and PID setup

Tracking is based on the inner tracking silicon (ITS) detector, described earlier and
the time projection chamber (TPC) [70] with a geometric acceptance of |n| < 0.9.
The TPC is presumably the largest ionization gas chamber in the world currently
with multi-wire proportional chambers (MWPC) end plate read out providing the
cathode planes with 560k channels, which are in run III replaced with faster gas
electron multipliers (GEM). The original run I gas mixture was 90% Ne and 10%
COs with a volume of 88 m3, with some gas mixture modifications done at the
run II. The gas is under a 400 V/cm electric field, yielding a drift time of 88 ms,
which clearly limits any high collision rate use of the TPC. The electronic charge read
out is coupled through low input impedance charge sensitive operating amplifiers and
analog pulse shapers (PASA) and then sampled by 10 bit analog-to-digital converters
at 5 to 12 MHz sampling frequency. The detector gas volume is calibrated through
a built-in UV laser system, to compensate for any non-uniformity in the drift field
and electron paths. These corrections are a standard part of the AIIROOT event
reconstruction chain executed in the computing grid.

Cut Criterion
Reconstruction ITS + TPC
TPC cluster per track | > 70

Track x?/ndf <4

DCAr < To
DCA, < 0.5 ¢cm
Vertex position |z| < 10 cm

Table 4.2: Tracking low-level cuts, where DCA means ‘distance of closest approach’.

The simultaneous track recognition and fitting algorithin are based on the Kalman
filter, which is a recursive linear estimator for sequential measurements. It is an op-
timal algorithm in the case when the noise is Gaussian and the system is linear.
Both are not exactly the case with tracking, however, it is still one of the best al-
gorithms given its relative simplicity and well understood behavior. The alignment
of the tracking is based on both cosmic rays and proton-proton collisions using dif-
ferent global and local fitting approaches, for more information see [71]. The warm
solenoid magnetic field was operating under its default value of B = 0.5 Tesla. With
ITS and TPC in use, the mass and transverse momentum resolution in the low mass
2-track measurements was simulated to be better than 0.5%. No unfolding of the

55



CHAPTER 4. ALICE AND glueballs

measurement is necessary with such a good resolution. We summarize the tracking
cut parameters in Table 4.2.

ALICE has by construction numerous particle identification capabilities. The
detectors which provided PID information in this study were the ITS ionization
dE /dz and the TPC higher resolution dE/dx and the time-of-flight (TOF) detector
for the track velocity 8 = v/c measurements [72]. The TOF is built using multigap
resistive plate chamber technology (MRPCs) with a total number of read out channels
being 157k. The MRPCs are built using a stack of glass plates working as dielectric
resistive material layers with conductive pickup cathodes on top and bottom of the
stack, the anode plane set in the middle of the glassburger. In total there are 5
gaps of gas with the width of a gap being 250 um, on top and bottom of the central
anode. The incoming charged particle ionizes the gas in the stack and the charge is
amplified using the high electric field resulting in an avalanche. The electrons are
not free flowing through highly resistive glass layers, instead, the signal coupling is
capacitive. The idea behind multiple layers is to be able to use a very high electric
field of 100 kV/cm, resulting in a high signal efficiency together with a good time
resolution.

The TOF time resolution in-situ is approximately 80 ps under optimal event
conditions with intrinsic resolution of the MRPC elements measured to be approxi-
mately 50 ps. The TOF signal ‘matching flow’ efficiency with the ITS + TPC tracks
starts to operate at p; &~ 0.3 GeV, reaching approximately 50% efficiency at 0.5 GeV
and the efficiency reaches plateau at 60 - 65 % around 1 GeV. To point out, this
weak efficiency at low-p; is naturally handled by probabilistic methods such as our
DREM-PID algorithm. When no TOF information is available, the product likeli-
hood simply replaces the TOF term with unity and the overall tracking efficiency is
left intact. The TOF measurement requires the interaction start time tg, which is
usually measured by the dedicated TO detector of ALICE but in the case of low mul-
tiplicity events, it must be provided usually by the TOF itself yielding approximately
10 ps additional smearing on the time resolution compared to the TO driven case.
The third option is to use the LHC clock timing, providing tg with the resolution
fundamentally limited by the LHC bunch spreading over the z-axis as o 0,/c. It
is an easy exercise to calculate how the (Gaussian) time resolution gives bounds to
distinguish between particles of different mass as a function of the momentum |p].
In the analysis, GEANT simulated signal templates for different particle hypothesis
were used, used internally by the AlIROOT PID libraries.
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4.4 Semi-exclusive event selection

The event sample collected at the cms energy of /s = 7 TeV is based on a minimum
bias trigger with VZERO + SPD and offline ‘double rapidity gap veto’. Also, a much
larger sample at the cms energy of /s = 13 TeV was collected with a special double
rapidity gap trigger with a track candidate trigger requirements in the SPD and
TOF detectors. These trigger requirements effectively give a much reduced tracking
efficiency at low-p; with complicated trigger systematics to be included in the future
detector simulations, not available at this stage. Thus, we study here only the /s =7
TeV sample with readily excellent efficiency, which is essentially flat over the system
mass and transverse momentum in the fiducial domain given in Table 4.3.

Cut Criterion

Track fiducial 2 tracks with |n| < 0.9, p; > 0.15 GeV and charge >, Q; =0
Exclusivity veto | Veto in n € [-3.7,—0.9] and n € [0.9,5.1] (VZERO & FMD)
No unassociated tracklets in SPD within 7 € [-2.0, 2.0]

Track PID ITS + TPC + TOF

MAP decision for both tracks using pp-minbias Bayesian priors

Table 4.3: Event selection cuts.

The low-level event selection was developed during the years by numerous people
with codes available under github.com/alisw/AliPhysics/tree/master/PWGUD. The
high-level analysis codes of this work are available on my github. In this study, we
require Maximum a Posteriori probability PID decision for both tracks (MAP®2),
using kinematics dependent but otherwise fixed pp-minimum bias priors for the parti-
cle fractions. With larger statistics one could try to EM-fit the fractions from data, as
described earlier. We compared the results with the fully weighted PID, with nearly
identical mass distributions shapes and event counts. This is an expected result
given the good performance of the PID for low-momentum tracks which dominate
our sample.

The purity of the sample was studied counting the number of events using the
exclusive selection, but requiring the charge sum () = +2. This was measured to be
< 1.5% of the full sample after veto and track cuts, indicating good tracking and veto
efficiency within the central domain, but is not a fully conclusive statement. Based
on this, we may gain an estimate of the ‘feed-down’ background of @ = 0 from
high multiplicity central production. For example, a system X with four charged
pions with two lost tracks due to inefficiency will yield four possible sum @ = 0
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combinations and Q = +2. The four ) = 0 combinations will, unfortunately, pass the
selection. With larger statistics, one could subtract this using the Q = +2 spectrum
multiplied by two. One could also in a data-driven way try to mathematically invert
the ‘complete ladder’ of feed-down, by using the measured 2,4,6,...-track events
with different final states. This requires solving a large system of possibly non-linear
equations with some coefficients needed from Monte Carlo.

Final state | MAP®2 (%) | Weighted (%)
_—— 32608 (00.234) | 32352.8 (83.776)
KtK- 958 (2.651) |  1003.6  (2.754)
pp 119 (0.329) 119.4  (0.328)
Tt K~ 1027 (2.842) 1233.1 (3.384)
tp 163 (0.451) 190.5  (0.523)
Ktn— 1097 (3.036) | 13364  (3.667)
K+p 14 (0.039) 19.9  (0.055)
pr~ 136 (0.376) 166.9  (0.458)
pK~ 15 (0.042) 20.3  (0.056)
by 36137 36443.0

Table 4.4: ALICE data at /s = 7 TeV: Integrated final state event counts with two
different PID selection strategies.

The total number of Q = 0 events are shown in Table 4.4. The number of
seemingly strangeness conservation ‘violating’ pairs of 7K~ or 7~ K is thus ap-
proximately the same as K™K~ pairs. These lonely kaons may be for example due
to efficiency losses (feed-down) or forward excitation, which can leak them from the
forward system fragmentation. Also, these may come from random minimum bias
processes generating large rapidity gaps, even if with exponentially suppressed prob-
ability. The states K*(892) and K*(1430) which decay dominantly into pion-kaon
pairs, were observed in the pion-kaon samples. Interestingly, PDG states that the
(glueball candidate) f2(1950) is seen to branch into K*(892)K*(892). These decay
channels should be measured to construct a clear hierarchy of f-mesons and glue-
balls. We remark that we see some asymmetry in Table 4.4 at the level of a few
standard deviations between the charge conjugate channels, possibly due to material
interaction effects and a calibration mismatch. We conclude that extensive MC back-
ground studies are needed for the future cross section measurements, with complete
efficiency and background corrections, which goes beyond what is shown here. We
shall now concentrate on the pion and kaon pair channels spectroscopy.
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4.5 System invariant mass spectrum

To study the invariant mass spectrum in detail we implemented a simple, but com-
plete spectrum fit. We point out that theoretically better fits can be done with
our GRANIITTI MC, where individual phenomenological scattering amplitudes are
summed together at amplitude level and evaluated as a function of the Lorentz
scalars. The corresponding fit code is part of the package. However, for simplicity

we shall fit the spectrum this way. The total spectrum parametrization is
2

3~ Age®rg(m; MY, ) + v (m)]| (4.7)
k

f(m) =

where the sum is over resonances with complex weights Aye’*. We take the sum
over four resonances in the case of 777~ pairs and over two resonances in the case
of K™K~ pairs. For the underlying continuum, we take an ansatz

_ 112
m—D D} ’ (4.8)

¢(m)_¢A[ e

where A is the weight, v is the scale and D is the shift parameter. The resonances
are parametrized with relativistic Breit-Wigner poles

V2m

s Mo, L) = 4.9
g(m; Mo, T'o) m? — Mg + iMoI(m)’ (4.9)
where M) is the pole mass and I'(M) is the momentum dependent width [73]
9 9 13/2
My | m —4mf
r =Toy— |—5—5 4.10

where m is the decay daughter mass. The denominator factor v/2m originates from
the change of variables |G(m?)[2dm? — |g(m)[?dm of the absolute squared density
of the relativistic propagator expression G(m?) = 1/[m? — M2 + iM,T']. This needs
to be taken into account, because our expressions are as a function of m.

We remark that the fit exercises with Breit-Wigners are complicated for composite
(non-elementary) resonances with varying spins, phase space and production channel
effects. No simple parametrization is expected to hold perfectly.
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The results for the 7t7~ and K™K~ spectrum and the corresponding parameter
values with statistical uncertainties (phases in degrees) are shown in Figures 4.4 and
4.5, and the extracted resonance mass and width parameters are compared with
the closest matching PDG resonance values in Figure 4.7. The fits have near unity
x?2/ndf values. The amplitude for the f(1270) candidate is significantly larger than
for the other resonances, which can be also seen by fitting the spectra by using
GRANIITTI scattering amplitudes, so it is not just an effect from this particular fit
parametrization. This is interesting given that it is a spin-2 state and not a spin-0
(ground state). The obtained statistical fit uncertainties for the mass and width of
the fo(980) candidate are very competitive, better than the PDG global average.
We see a sharp drop in the invariant mass spectrum near M, +,.- ~ 1 GeV, which
may have something to do with the K™K~ channel opening and unitarity. Fitting
the mass spectrum around that point relies on complex interference. The total fit
functions in the complex plane are shown in Figure 4.6.

We observe that the continuum slope v has the same value for both of the final
states within statistical uncertainties, yielding knowledge about the non-resonant
scattering dynamics. This could be easily compared with GRANIITTI based simula-
tions, by adjusting there the continuum amplitude off-shell form factor parametriza-
tions. It can shed light on the question is the continuum amplitude dominated by a
sub-t channel exchange or not. At very low masses, the enigmatic f,(500) resonance
was not manifestly present given that the continuum parametrization alone was able
to describe the data. Again, this is something to be studied in more detail with
Monte Carlo and spherical harmonic angular decompositions. The identification of
possible glueball states from the spectrum requires further systematic studies. Be-
cause glueballs are expected to mix with ordinary meson states, to decompose the
mixing experimentally especially without forward protons, one needs do simultane-
ous high statistics measurements of pion, kaon and gamma pair final states. Also
the four body decays should be measured, which can be used to probe resonances
decaying to intermediate vectors such as p°(770) or ¢(1020) pairs. Our DEEPEFFI-
CIENCY algorithm solves the problem of unknown angular distributions affecting the
efficiency corrections, which can be hard to implement otherwise with soft 4-body
final states.
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4.6 System transverse momentum

The system transverse momentum is a crucial observable, related to the transverse
plane Gribov diffusion and the proton incoherent structure fluctuations. In this sec-
tion we describe a fast Monte Carlo template fit to the system transverse momentum
spectrum. As a stochastic distribution driving the fit templates, we use for the elastic
coherent proton p,, py-components the Gaussian distribution and for the excited in-
coherent proton p?, we use the Gamma distribution ansatz. The forward-backward
system transverse angle separation Ay is sampled from the uniform distribution,
which is the Occam’s razor choice without forward proton measurements. Then we
get the central system transverse momentum by momentum conservation, and we
also use the vertex factorization assumption for different legs in the process. The
corresponding distribution parameters together with the process fit fractions f; are
shown in the legend of Figure 4.9, where b is the coherent forward proton expo-
nential p?-slope related the the Gaussian components by b = 1/(202), as derived in
Appendix B.3. The parameter k is the shape of the incoherent Gamma distribution
with the scale parameter set as § = 1/b, and the mean is given by k. Effectively, the
Gamma distribution includes both exponential and power law (hard tail) behavior.
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Figure 4.8: ALICE data at /s = 7 TeV: The 77~ system mean transverse momen-
tum as a function of the invariant mass with |n(7)| < 0.9 and pi(7) > 0.15 GeV. The
dashed line is the mean transverse momentum over the full mass range.
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Figure 4.9: ALICE data at /s = 7 TeV: The 77~ system transverse momentum
fit with M, +,- > 1 GeV, |n(7)| < 0.9 and pi(7) > 0.15 GeV.

We use a minimum mass cutoff at 1 GeV, to remove the contribution from the
photoproduction of p°. The mean transverse momentum (P;) as a function of the
invariant mass is shown in Figure 4.8. We observe a clear dip a bit below the p° pole
mags, which is a strong indication for the photoproduction origin. The figure shows
also up and down variation near other resonances, which is expected. Now based
on the fit shown in Figure 4.9, we obtain the fraction of events with elastic forward
protons

fer = 0.38 £ 0.07 (stat) (4.11)

using the event selection of Table 4.3. The rest are inelastic events with one or
two protons dissociated, which still pass through the forward veto. This ratio is
compatible with GRANIITTI based simulations given in Chapter 5, which are based
on a more sophisticated phenomenology, with MC parameters fixed by completely
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different measurements. We found out that the ratio between single and double dis-
sociation is strongly dependent on the model details, such as the vertex factorization
and the incoherent stochastic distribution ansatz. It can be studied reliably only
with larger event statistics. This fraction extraction is presumably done for the first
time at the LHC, at least with the ALICE data. The fraction depends naturally
on the forward veto acceptance of the experiment, thus a careful fiducial calibration
should be done.
The obtained exponential elastic slope is

b=7.11+0.38 (stat) GeV 2. (4.12)

The value is realistic and gives confidence to the elastic fraction estimate of the
sample. Systematic errors in these are essentially a fit model driven, something which
needs to be studied and simulated with full GRANIITTI based fits in the future, which
allows one also to study e.g. the effects of screening corrections. For a comparison,
the ATLAS+ALFA experiment obtained a value of b = 7.65 4 0.34 GeV 2 in single
diffraction measurements at /s = 8 TeV [54].
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4.7 Summary

The main results of the studies with semi-exclusive pp data with identified pion and
kaon pair final states at the cms energy /s = 7 are as follows.

o The 77~ continuum and the enigmatic fo(500) are ambiguous, that is,
the simple spectrum fit cannot uniquely separate these. There is a sharp
fit interference at M,_+.- ~ 1 GeV, also visible by eye in the sharp drop
of the invariant mass spectrum. Perhaps related to the K™K~ channel
opening and unitarity.

¢ The single dimensional complex spectrum fit is easily unstable in way
that a heavy functional dependence was observed with the continuum
parametrization ansatz. However, within statistical uncertainties, the
same continuum parametrization slope v was extracted for the pion and
kaon channels, interesting for the phenomenology.

o The fy(980) mass and width extraction seems to yield significantly
smaller (statistical) uncertainties than the PDG global average.

¢ The fit amplitude Ay of f5(1270) is a factor of a few larger than for the
other resonances, a similar observation can be made with GRANIITTI
MC based fits. This is somewhat puzzling.

o Photoproduction of p(770) is visible, which was verified also qualitatively
observing a dip in the system (P;) distribution, also ¢(1020) seems to
be visible given the good low-p; efficiency.

o Glueball candidates such as fy(1710) require more statistics to make sys-
tematic branching ratio comparisons feasible. Technically, all f-mesons
are at least mixed candidates for glueballs.

o The visible fraction of events with elastic vs inelastic central production
and the corresponding elastic proton b-slope in the process were ex-
tracted through fast Monte Carlo template fits, with values compatible
with other measurements and phenomenology.
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5 GRANIITTI: A Monte Carlo Event Gen-
erator for High Energy Diffraction

We describe the physics and computational power of GRANIITTI Monte Carlo event
generator, a new fully multithreaded engine designed for high energy diffraction, writ-
ten in modern C++. The emphasis is especially on the low-mass domain of central
exclusive processes of the S-matrix, where exotic QCD phenomena such as glueballs
are expected and holographic dualities with gravity may be tested. The generator
includes photon-photon, photon-pomeron, pomeron-pomeron, Durham QCD model
and Tensor pomeron model type scattering amplitudes and advanced spin analysis
tools. The generator combines a full parametric resonance spectrum with continuum
interference and forward + central spin correlations together with event-by-event
eikonal screening loop and forward proton excitation kinematics. We demonstrate
the state-of-the-art capabilities and show how the enigmatic ‘glueball filter’ observ-
able is driven by spin polarization.

Chapter in: arXiv:1910.06300 [hep-ph]

68


https://arxiv.org/abs/1910.06300

CHAPTER 5. GRANIITTI: A MONTE CARLO EVENT GENERATOR FOR HIGH
ENERGY DIFFRACTION

5.1 Introduction

High energy diffraction probes ‘asymptotic’ strong interactions in the kinematic do-
main of small invariant momentum transfer —¢ and large energy squared s — oo or
small . The main processes of interest here are

pp = p™ + X 4+ p), (5.1)

where the system X is produced via color and charge singlet exchanges between two
protons, via photon or pomeron fusion. These enigmatic objects known as pomerons
were constructed originally in the complex angular momentum theory of scattering
amplitudes A(s,7), a method devised by Regge first in a non-relativistic scatter-
ing context |74] and then extended to the relativistic domain by Gribov, who also
built the most intense but incomplete interacting pomeron calculus [75]. It is clear
that one cannot currently consider these asymptotics as being properly explained
by current QCD in the soft domain. But it is the future theory together with novel
measurements which should eventually provide the detailed ‘space-time picture’ with
fluctuating proton structure.

This ‘Pomeranchuk’ singularity can be a simple soft pole or a mathematically
almost arbitrary complex set of cuts, such as described in the pioneering work by
Mandelstam [76]. Later, a hard pomeron as a fixed branch point singularity was
found in the field theory by Balitsky, Fadin, Kuraev and Lipatov [77] (BFKL). In
general, this property of field theories is known as ‘Reggeization’ of the strongly
interacting amplitudes in the Regge asymptotic. In gauge/string duality, the soft
and hard pomeron have been unified [78]. Well known is that the Regge amplitudes
behaving like 5% have a Gribov diffusion picture, obtained via a Fourier transform
to the impact parameter space. They are directly related to the quantum mechanical
stochastic branching random walk. An interesting discussion of the parton model,
strings and black holes by Susskind is fundamental in this context [79], after all, we
are talking about asymptotics. The elastic scattering asymptotics of the proton are
fascinating in terms of the evolution of the ‘blackness’ of the disc and the transverse
size of this disc, noting that we are now talking about average properties.

In our main process illustrated in Figure 5.1, the forward protons may stay co-
herent which is known as the central exclusive process or fluctuate into a dissociated
state, denoted with p*, giving semi-exclusive processes experimentally. The dissoci-
ation will result in a higher transverse momentum for the system X, experimentally
one of the only signs of low mass dissociation bypassing the forward veto detectors.
Other indirect observables may be related to the central system spin polarization and
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O
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Figure 5.1: A pomeron-pomeron continuum amplitude on the left and a pomeron-
pomeron resonance production process with eikonal €) screening and double dissoci-
ation of the forward protons on the right.

relative magnitude of resonances. The emphasis here is in the non-perturbative do-
main of strong interactions, however, also certain perturbative QCD, QED and EW
processes are included. The design of the engine is based on a synthesis <> analysis
philosophy, where the analysis side is accelerated via automated phenomenology of
fiducial observables and spin polarization decomposition algorithms. The purpose of
the GRANIITTI Monte Carlo event generator is to provide the necessary tools for the
LHC experiments and beyond.

Some of the currently unique features of GRANIITTI, to our knowledge, are:
central production of arbitrary spin J = 0,1,2,4,... resonances and their spin po-
larization driven helicity amplitudes together with a non-resonant continuum, a full
effective Lagrangian Tensor pomeron model implementation and forward proton dis-
sociation combined with a screening (absorption) loop integral. The full potential
of the generator is obtained when interfaced together with forward fragmentation
such as generated by PYTHIA [80], especially interesting and useful in the case of
ALICE and LHCb experiments without forward protons. Experiments with forward
protons such as CMS+TOTEM, ATLAS+ALFA or STAR will be highly interesting
due to the helicity driven ‘glueball filter’ type forward-central correlations. Thus
both types of measurements will be crucial, their cross sections bootstrapping the
theory together like a generalized Babinet’s principle.
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Outline This article is organized as follows. We first describe dynamics involved,

then kinematics, analysis algorithms and briefly the technology behind the generator.
Finally, we give some conclusions.
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5.2 Dynamics

The scattering amplitudes currently included span from QED, EW, Regge theory
and QCD. Advanced users can add more amplitudes e.g. from MadGraph, the nor-
malization conventions between the phase space and matrix element squared obey
the standard field theory conventions.

Eikonal pomeron

The soft pomeron is an enigmatic object in terms of QCD, however, it is the best
effective description of diffraction or asymptotically slowly growing total cross sec-
tions so far. The simple eikonal pomeron model we use is based on the model from
[81], however our eikonalization procedure is slightly different. The single pomeron
exchange elastic pp-scattering amplitude is the basic building block

s ap(t)
Aa(s,) = [gpmr P ()P nlacp(£), 1) () , (5.2)

50

with the proton-proton-pomeron coupling g,,p (GeV~!) and the proton form factor

parametrization
1 1

- l—t/all—t/ag’

F(t) (5.3)
with two free parameters ai,as (GeV?). The coupling and form factor represent
together a factorized real valued residue function at the vertex. The pomeron propa-
gator is (s/s0)*® with the trajectory ap(t) and the (even +) signature phase factor
for the pomeron

1+ exp(—ima(t))
~ sin(ra(t))

n(a(t), +) = : (5.4)
which comes from the Sommerfeld-Watson transform [82]. It is an analytical integral
continuation of the integer spin partial wave series — the mathematical basis behind
the Regge pole exchanges with «(t) ~ J. This expression has trivial singularities
(poles) at integer values of wa(t), thus ¢ — 0 limit is sometimes taken. The elastic
amplitude gives us, by the optical theorem, the total cross section behavior oy, ~
s@P()=1  Experimentally at high energies, the intercept ap(0) needs to be larger
than 1. We use a non-linear parametrization of the pomeron trajectory with a pion
loop, described in detail in [81].

We note here that it is the signature factor which gives the ratio between real and
imaginary part of the amplitude. In order to proceed with the eikonal model, the
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Figure 5.2: Elastic proton-proton scattering with the eikonal pomeron. Data from
[83-85].

complex density in the impact parameter bi-space is obtained by numerical (inverse)
Fourier 2D-transform with proper normalization

1 b
Q(s,by) = WS/Ad(s, —k?)etPrke g2k, (5.5)
1 oo
= 27?8/0 Aci(s, —Kk?)Jo(bky ) ks dky, (5.6)

where Jy is the 0-th Bessel function of the first kind — that is, we used the Fourier-
Bessel transform because there is no azimuthal dependence. Now under the eikonal
approximation, the multiple re-scattering amplitude which is an approximation to
the more complicated cut singularities than just a single pomeron pole exchange, is
given by exponentiation

AE (s b)) =i (1 —exp (iQ2(s, b)/2)) . (5.7)

el

Then finally, we get the eikonalized amplitude back in momentum space with a
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(forward) Fourier 2D-transform
Aezk( st = —k?) /Aezk( ) 7ibt-ktd2bt (58)
= 4rs / ASE (s, by) Jo(bky) by dby. (5.9)
0

We calculate these integrals automatically for each cms energy /s, generate look-
up tables and interpolate the values event-by-event. The eikonalized amplitude is
used to generate elastic scattering events and in the screening loop for the central
production.

Now using unitarity (optical theorem), we get total, elastic and inelastic cross
sections as

Orot(s) = / Im A% (s, by) d?by (5.10)
oa(s /\A“’f s,b;)|> d*by (5.11)
T(s) = [ 2mAL (5.b) — |4 (b . (5.12)

The integrals are taken numerically using [...d?b; — 27 [...bydb,. We point
out here that the ‘optimal’ pomeron trajectory parameters are significantly different
within the eikonalized amplitude and non-eikonalized single exchange. This means
that one simply cannot take the eikonalized pomeron and use that naively with
central production amplitudes, for which we use the effective linear pomeron ap(t) ~
1.08 + 0.25¢.

The characteristic shrinking of the ‘diffractive cone’ is shown in Figure 5.2, which
comes out naturally and was originally predicted by Gribov. The dip structure of
data is reproduced. We remark here that at high —¢, a secondary dip develops due
to the eikonalization procedure, which is a well known feature with a single Pomeron
amplitude. Depending on the non-linear pomeron trajectory parameters, the proton
form factor and the fit dataset extension to higher values in —t, it can be tuned
to flatten out at LHC energies and to appear only at larger energies. Thus using
it as a test statistic or model separation tool is not completely conclusive. From
perturbative QCD at large values of —t one expects a power law ¢t~® dependence.
This amplitude is driven by 3-gluon exchange mechanism, with gluons between three
different quarks [86, 87|, which is a C' = —1 exchange. See [87] for discussions about
the expected dip behavior in pp and pp.
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Figure 5.3: The eikonal pomeron based calculations of the total (black), inelastic
(red) and elastic (dashed) proton-proton cross sections. Data from [88].

The behavior of total, inelastic and elastic cross section is shown in Figure 5.3.
We see that at ISR energies the inelastic cross section, and thus the total, are slightly
higher than what is being calculated after parameter tuning, indicating that addi-
tional degrees of freedom are important. This is well known phenomenologically,
given that Reggeon trajectories have ag(t) ~ 0.5 4+ 0.9¢, a vanishing role asymptot-
ically due to intercept ag(0) < 1, but a significant at lower energies. Our engine
includes automated fit machinery to improve, simplify or extend the eikonal pomeron
description and fit more extensive datasets.

Unitarity via screening loop

The screening loop can be turned on for all processes. The basic idea is that the
screening loop will induce ‘cut contributions’, via the eikonal pomeron, to the cen-
tral production which makes the total scattering amplitude unitary and in effect
significantly suppresses the cross section. The screening integral is calculated event-
by-event with 4-momentum conservation along vertices. The bare amplitude + loop
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amplitude give the total screened amplitude

AS(& Pi1,Pt2) = A0(5>pt,1a pt2) + Alwp(& Pi,1,Pt2), (5.13)

where for notation purposes, we leave out the dependence on the other kinematic
variables, only implicitly affected by the loop integral. We do reconstruct the full
kinematics for each discrete loop evaluation point.
As a high energy limit, the loop integral is done numerically in the 2D-transverse
momentum ki-space
; 2
A (s ppia) = - [ AT AD A ppra), (514)

872

where —ps1 +k¢ = qi,1, —Pr2 — ki = Qg2 with q¢ 12 being the transverse momentum
transferred to the central system and p¢ 12 the transverse momentum of forward
systems (protons). The screening has the largest differential impact to the forward
observables, as illustrated in Figure 5.4.

Now relatively straightforward but by no means a complete generalization here
would be to consider a ‘multichannel’ eikonal amplitude, responsible for the proton
structure and its excitations. That is, the incoming proton is treated as a coherent
superposition of eigenstates |p), [p*), [p**) ... and the eikonal screening is calculated
over the set of pair of states and the corresponding eikonal densities. This approach
for the screening loop is in use in DIME [89] and SUPERCHIC [90] event generators.
This shall be investigated in the future with more precise data to fit the parameters.
Technically, our code includes already some prototype constructions. Perhaps, one
could use new approaches for describing the Good-Walker excitations, such as lattice
Yang-Mills simulation driven [91], a bit like its application in photoproduction in
[92]. A classic approach that does not consider details of the structure is described
in [81]. Our minimal description philosophy requires that each new free parameter
for the dissociation part should be well motivated by data.

In Table 5.1 we show how the screening loop suppresses the cross sections for
processes with a different type of scattering amplitudes and compare with experi-
mental measurements. Clearly, photon-photon processes producing lepton pairs [T~
or WHTIW ™ pairs are more peripheral in by-space with smaller average transverse mo-
mentum whereas pomeron-pomeron production of pion pairs results in larger average
absorption
(g2 = LA [ Ay + A (i)

a J Al | AO(TLy )2 ’
which is the phase space integrated cross section ratio between screened and un-
screened processes. We denote the full abstract set of 4-momentum variables by I

(5.15)
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MEASUREMENT GRANIITTI

\/§ PHASE SPACE CUTS value + stat & syst os o) <52>
qg 13 |yl <25, pt > 20 Gev 0.872 14.1 nb 0.06
7T+7TEL 7 [n] < 0.9, p¢ > 0.15 GeV 3.84 19.6 ub 0.20
7r+7r§D 7 [n] < 0.9,p¢ > 0.15, M; < 5 GeV 1.25 9.34 ub 0.13
ntrnp T Inl < 0.9,ps > 0.15, M1 ,5 < 5 GeV. 0.269 3.13 ub 0.09
ot 7 [Yx| < 0.9 9.27 45 pub 0.21
ata— 0.2 |1n <0.7,pt > 0.2 Gev 1.85 6.5 ub 0.28
WHWw= 7 Full 47 29.6 39 fb 0.76
ete” 7 ATLAS (93] 0.428 £+ 0.035 4 0.018(0.462 0.494 pb 0.94
purpm T ATLAS [93] 0.628 4+ 0.032 + 0.021/0.738 0.789 pb 0.94
7tr~ 13 ATLAS (Thesis) [94] 18.75 + 0.048 + 0.770 20 106 pb 0.19
pwtp~ 13 ATLAS [95] 3.12 + 0.07 + 0.14| 3.35 3.49 pb 0.96
ete” 1.96 CDF [96] 1.6 £ 05 +03| 1.65 1.74 pb 0.95
ete” 1.96 CDF [97] 2.88 +£ 0.57 £ 0.63| 3.24 3.37 pb 0.96
7t~  1.96 CDF [98] T+++71 1.93 896 ub 0.22
wrps T CMS [99] 3.38 £ 0.58 £ 0.21] 3.88 4.09 pb 0.95
7T+7TEL 7 CMS [100] 26.5 + 0.3 £ 5.12| 11.5 57 pb 0.20
Ttrgp T Wl <2p > 0.2, M1 <5 GV 3.77  28.6 ub 0.13
7T+7TBD 7 lyl < 2,p¢ > 0.2, My 5 < 5 GeV 0.851 9.4 ub 0.09
7r+7TEL 13 CMS [101] 19.0 £ 0.6 = 3.2| 14.6 80.2 ub 0.18
7T+7T§D 13 jn <24,p: > 02 M <5 Gev 422 342 ub 0.12
7T+7TBD 13 mi<24,p>02 M5 <5 Gev 0.903 11 ub 0.08

Table 5.1: LHC and Tevatron integrated fiducial cross section measurements com-
pared with GRANIITTI using the screening loop og and without og. Processes are
with elastic forward protons, unless otherwise stated. See the papers for the corre-
sponding fiducial cuts. Note that data contains also non-exclusive background, which
experiments have estimated and subtracted to obtain fully exclusive cross section in
the case of lepton pairs. T The paper [98] includes a differential cross section in
invariant mass, but no integrated cross section.
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Figure 5.4: The screening loop effect on the K™K~ continuum forward proton ‘glue-
ball filter’ observable on the left and the Mandelstam ¢, o) distribution on the right.

for the 2 — N process with the corresponding measure dlly. For details, see Section
5.3. The largest absorption is obtained in Durham QCD model based production of
a gluon pair gg. We see that lepton pair measurements have a systematically slightly
lower cross section than the simulations. The simulations were done with k;-EPA
amplitudes, but this discrepancy is not explained by using the full tree-level 2 — 4
QED amplitude either, which is available in GRANIITTI. First one must remember
that all photon-photon measurements in the table are non-exclusive and the exclu-
sive cross section has been obtained by the collaborations via subtraction procedures.
Regarding the semi-exclusive pion pair production, we see that our simulations are
reasonably close to the experimental values obtained by CMS.

Forward dissociation

Central production together with single or double forward dissociation is imple-
mented with exact skeleton kinematics, for details see Section 5.3. For dynamics
the basic idea is that we can use the well known triple-pomeron limit mzz,/]W2 <1
and M?/s < 1 of the forward system dissociation, which can be derived under the
Mueller’s generalized 3-body optical theorem [82]. This neglects low mass baryonic
resonance structure and all internal structure fluctuations of the proton. In princi-
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ple, one could think in terms of stochastic processes of partons. A coherent proton is
controlled by a diffusive Gaussian process where only small changes at a given time
interval are present. This results in a limited exponential type momentum trans-
fer distribution. The dissociation represents an incoherent jump process, perhaps of
Cauchy type, where a radical change may take over any finite time interval. Unifying
these together under a relativistic QCD framework is a challenge.

Single and double dissociation

The triple leg unitarity diagrams give at the cross section level the well known results
[82]

) ) s \epti)tap(t;) M2 ap(0)
[Aspl ~ [ aprl? r grre(t) (172 ) (%) (5.16)
1 S0
ap(t)+ap(t;) 2\ @p(0) 2\ @r(0)
9 9 508 P M7 M;
~ =L 2 1
Aol ~ L aeer () (75522 () () e

where we replace ap(t;) + ap(t;) = 2ap(t) and take the normalization scale sg = 1
GeV2. In general, one could easily include here a sum over all 23 = 8 different
pomeron and reggeon combinations in the triple vertex with corresponding g;;, cou-
plings and trajectories. The i,j and k indicate the Pomeron positions in the dia-
grams, where k is the one with the inelastic cut. For simplicity, we however use
only one triple pomeron coupling term with no t-dependence. The essential feature
is that with double dissociation, there is no proton form factor dependent term and
the sensitivity to the crucial triple pomeron coupling is squared. In the limit ¢ — 0,
we obtain the most essential triple pomeron scaling law

do 1
dM? (Mf)a(o)'

(5.18)

Different reggeon-pomeron triple terms give different scaling laws driven by different
trajectory combinations, respectively. The power law mass scaling gives clues in
the direction of critical phenomena. The proton structure function parametrizations
for the forward legs usually incorporate these Regge type scaling laws. The triple
pomeron coupling has a fundamental role in studies of the Reggeon field theory
in more fundamental terms, weak versus strong coupling and higher orders, parton
branching picture and QCD. With eikonal screening we obtain approximately a value
of gppp/gppp =~ 0.15 with g,,p ~ 8 GeV~2 when no other triple leg terms are
included. The value is small enough perhaps to consider that higher orders from
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Figure 5.5: Inclusive cross section ratios and the Pumplin bound (solid red).

the full interacting Reggeon theory, which is an incomplete theory currently, can be
neglected. It is well known that Eqs. 5.16 and 5.17 are not unitary, but scale with
s2¢P(0) and this is not compensated by the phase space which is for 2 — 2 given by
do/dt ~ 1/(16ms?), combined together giving ~ s2(@P(0)=1)  This is faster than the
total cross section which grows like s*P(9~1 with a single pomeron exchange at large
s.

To implement the eikonal screening for 2 — 2 single (SD) and double dissocia-
tion (DD) which restores unitarity, we use the same loop machinery as with central
production, but here we need to recover the approximate equivalent bare amplitude
by taking the square root and insert the pomeron signature factor phase — a crude
first order inversion procedure which needs to be verified a posteriori. The integrated
cross sections as a function of CMS energy are shown in Figure 5.6 with phase space
integration cuts as indicated, to be able to compare with experimental data. In
general, it is unknown both experimentally and theoretically what are the maximum
forward mass or ‘coherence’ limits other than given by 4-momentum conservation,
also the fragmentation gives irreducible smearing of the boundaries which we do not
consider here.

An interesting feature is the energy evolution of the double dissociation cross
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Figure 5.6: Eikonal screened single (forward + backward) and double diffraction

integrated cross sections within phase space [t| < 6 GeV2, M% < 0.05s and AYpp >
3, respectively. Data from [102-107].
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section, which develops a strong ‘bouncy’ oscillation in our screening computation.
Because of large uncertainties, higher precision data and collider energies up to /s =
100 TeV are needed to verify the behavior experimentally. The cross section ratios are
shown in Figure 5.5, where the Pumplin unitarity bound [108] ogr+sp+pp/oror <
1/2 is not violated. The opr/orNEL ratio is seen to have near power law scaling
towards value 1/2 on the energy interval shown. What is known as the black disc
(fully absorptive) limit corresponds to opr, = oynypr. Naturally, near the Planck
scale or beyond we may expect some unexpected behavior.

To point out for clarity, we are not using the triple pomeron amplitudes in the
central production dissociation, but pick up only the leading invariant mass depen-
dence. We shall describe this next.

Central production with dissociation

The dissociative legs in the pomeron exchange central production are implemented
via replacing the elastic vertex at amplitude level with an inelastic ansatz

gppPF(t) = [gppPgPPP]%f(t M2)7 (519)

where we take a coupling ansatz [gpppgppp]% motivated by the triple pomeron ex-
pressions. For the inelastic function F we use a minimal parametrization similar to
the Donnachie-Landshoff proton structure function parametrization [109]

so |1
M?|t|+a

sap(0)
:| ) (5.20)

F(t,M?) = [

where a = 0.56 GeV? and sy = 1 GeV?, obeying the triple pomeron scaling. Once
more measurements are available, this vertex and its normalization may be re-defined.
In photon exchange processes, the inelastic vertex is described in Section 5.2.

We illustrate the fully elastic and dissociation cross sections obtained for the pion
pair continuum production in Figure 5.7. The results depend on the process, so we
may take the continuum amplitude as the most simple example. Before screening,
we obtain the average ratios over a large range of energies

— +=
o 5p) g 4g, ZTTDD) L g 59 (5.21)

o(mtmgy) o(m*7sp)

Interesting is to compare with the ratio 1/2 of HERA results on dissociative photo-
production of vector mesons V' with oy v x(Wsp) = $04p—vp(Wyp). The HERA
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Figure 5.7: Continuum 77~ pair production with elastic forward protons (EL),

single dissociative (SD) and double dissociative (DD), without and with (S?) the
screening loop. In the lower figure the integrated screening ratio (S2) is shown.
Fiducial cuts: |7%| < 0.9 and py(7%) > 0.15 GeV with forward system M? < 0.05s
and AYpp > 3.

case is free from eikonal screening, thus it represents an interesting reference. After
turning on the screening loop, we obtain the ratios

L -
9s(T"Tpp) 99, (5.22)
os(mtmgp)
In Table 5.1 we have simulation results of semi-exclusive production for the LHC
experiments. The simulation forward mass M o cuts given in the table of the dis-
sociative production are approximations to the veto capabilities of the experiments.
For a given experiment, there is a smooth forward mass (veto) efficiency function
with asymptotics: €(M) — 0 when M — 0 and €(M) — oo when M — oco. How-
ever, due to lack of instrumentation, the forward mass is not a direct experimental
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observable at the LHC. Thus, this efficiency curve is obtained only through simu-
lations and its verification is highly non-trivial, also because of significant detector
material re-scattering effects. More precise effective cut estimates would require
forward fragmentation by PYTHIA together with reliable effective fiducial pseudo-
rapidity and transverse momentum cuts of the forward domain detectors obtained
via GEANT simulation. Anyway, we observe that there should be a significant dis-
sociative contribution in the data after the forward vetoes. This contribution can
be experimentally disentangled on a statistical basis by inspecting the transverse
momentum spectrum.

Pomeron-Pomeron interactions

The double pomeron fusion production of two, four and six central final state con-
tinuum is provided, generalizing the pp — pM Mp meson pair amplitude described
in [89, 110]. The simplest case is the two body continuum with the sub-¢ and sub-u
channel amplitudes, here for a pion pair production

Afgpﬂpﬁ,r—p =F(t1)gpppAp (513, t1) grmp Far(£) Aps (£) X
Frr(8)grnpAp(s24, 12) gppp F(t2), (5.23)

where the pomeron-pion coupling g,.p is obtainable from the total cross section fits.
The pomeron propagator part with the signature factor is

S

ap(t)
Aplst) = nlap 0.0 (2) (5.24)

with the normalization scale typically set so = 1 GeV2. The non-reggeized off-shell

meson propagator is
1

Ap(t) = ——
m(t) o

(5.25)
where My is the pion mass. Here we use a typical linear pomeron trajectory
parametrization and evaluate the signature factor with n(t) ~ 7(0)e™"2%* limit to
avoid signature poles encountered with the linear trajectory at high |¢|. The sub-u
channel amplitude is obtained by crossing 3 <+ 4 and thus ¢ < 4.

The kinematic invariants are ¢ = (¢1 — p3)?, %@ = (¢1 — pa)* and s;; = (pi + p;)?,
where ¢ = 1,2 denote the forward systems. The 4-momentum transfer squared are
t1 = (pa—p1)%,ta = (pp —p2)? and the total CMS energy squared is s = (pA+pB) =
(p1 + p2 + p3 + ps)?. For the four and six body central states we need a set of
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Figure 5.8: A pomeron-pomeron 4-body continuum amplitude on the left, resonance
production with intermediate states on the right and 2-body continuum with inter-
mediate states at the bottom, all with eikonal screening.

generalized invariants. For the straightforward details, we refer to the code which
calculates these and the amplitudes algorithmically. Enumerating all permutations
of charged particle final state legs gives 2, 16 and 288 sub-amplitudes growing like
Cayley-Menger determinant absolute coefficients. Some of the amplitude topologies
are illustrated in Figure 5.8.

For the off-shell meson sub-form factor Fj; (%), not to be mixed with the proton
form factor, there are several options already familiar from [89], such as an exponen-
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tial, Orear-like and a power law
Fﬁ(p(f; B) = exp (—B|t'|) (5.26)

F]\(?[rear(zf; K1, 52) = exp <—/<.72 |t/| 4 H% + I€1/£2> (5.27)

FY2V (4 k) with ' =1 — M2, (5.28)

C1-t/K
By default, we use the power law which seems to work quite well. These form
factors do contribute significant differences, effectively encapsulating unknown non-
perturbative effects in QCD, which in the perturbative limit typically has power law
behavior. We emphasize that the continuum amplitudes here have no explicit active
helicity degrees of freedom, but the produced angular distributions are still far from
isotropic J = 0. This is due to the amplitude structure. For a scenario where also
the continuum amplitudes incorporate helicities, see the Tensor pomeron model am-
plitudes in Section 5.2. For the spin analysis purposes, we provide a generation mode
of the crucial pure J = 0 continuum with exponential or limited t; o-distributions
for any number of final states produced by the isotropic decay.

The production of resonances interfering with the continuum is described with
simple relativistic Breit-Wigner poles
1

AR 2) = 5.29
Bw (m?) e g (5.29)

with the fixed or running width I' and the pole mass mp. The amplitude in the
pomeron-pomeron fusion for the production of a resonance R decaying to particles
3 and 4 is

5 R 2
zsap—>pR(—>34)p = F(tl)AP(Sla tl)gppPABW(m )X
VER (a1, q2, 3, p1) Ap(s2, t2) gppp F (12),
The kinematic variables are standard Lorentz scalars, discussed in Appendix B.2.

The pomeron-resonance-pomeron vertex has an unknown effective functional struc-
ture, which we write as

VIID%}??A(QD q2,P3, p4)
w
S
- [(qﬁroqz)Q} App—r(d1:42) Ar—34(P3: p4) Fr(q1, 42). (5.30)
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Figure 5.9: The invariant mass spectrum of 777~, KK~ and pp pair on the left
and the mean transverse momentum of the 777~ spectrum with elastic, single and
double dissociative production on the right. A constant (S?) = 0.15 applied.

The terms App_. g and Ap_,34 encapsulate the production and the decay couplings
and helicity dependence, respectively. The resonance production couplings gpp_gr
embedded in App_,p are free parameters (one per resonance) which we allow to be
complex for maximal flexibility, to set up the relative complex phase between the
continuum and resonance amplitudes. The rest of the production parameters for non-
scalar resonances belong in our description to the resonance spin polarization density
matrix. The vertex dependence in terms of the invariant mass squared (q; + g2)? is
parametric and the value w = 1/2 seems suitable. Technically, this is related to the
resonance form factor

Fr(q1,q2) = exp (— [(ql + q2)2 — m2R}2 /Aé) , Ao~ 1.0GeV (5.31)

which is responsible for the finite size of the resonance. These both together modify
the spectral shape beyond the effect of rising low-mass phase space, the Breit-Wigner
propagator, Pomeron propagators and interference with the continuum amplitude.
Again, alternative form factors are clearly possible.

Now we see very clearly that it is non-trivial to say which are the ‘true’ mass and
width parameters of the composite resonances here because they depend effectively
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on the production process, a well known feature. Figure 5.9 shows the invariant mass
spectrum and average transverse momentum for 77—, KTK~ and pp pairs. We
emphasize that the system transverse momentum allows one to gain control of the
dissociative contribution, assuming that the elastic central production ¢-distribution
is properly understood and controlled by forward proton measurements. The elastic
case is driven by the proton form factors which are here fixed by the eikonal pomeron
fits and the rest of the t-dependence comes from the pomeron slope o/ dependent
parts of Eq. 5.24.

Minimal spin pomeron

The polarized decay part Ag_ 34 for non-scalar resonances is driven by the spin po-
larization density matrix of the resonance and Jacob-Wick helicity 1 — 2 amplitudes,
details of this formalism are given in Section 5.2. For the production part App_, g,
we first assume a minimal effective spin for the fusing pomerons compatible with the
basic conservation laws. We take the pomeron spin to be J = 0 for the production of
scalar or tensor meson resonances, also in photoproduction, and take J = 1 for the
production of pseudoscalars. We have also other implementations in the code such as
the sliding helicity trajectories, as we discuss in Appendix B.1. Our minimal choice
introduces in the most resonance spin-parity cases no additional free parameters.
After fixing the spin of pomerons, we use the helicity amplitudes in 2 — 1 di-
rection for the two pomeron fusion. This generates the forward proton azimuthal
distribution Ap modulation which is dependent on the spin polarization matrix el-
ements. The feasibility of this computational trick depends on the chosen Lorentz
rest frame because these explicitly non-covariant amplitudes are parametrized by
a frame-dependent spin polarization density matrix. Some rotated frames where
pomerons have fixed (cos#, ) event-by-event, such as the Gottfried-Jackson with
pomerons back-to-back on the z-axis, are not directly suitable, neither is the helicity
frame resulting (seemingly) in a too strong system rapidity dependence. We found
out that a suitable generation frame is the Collins-Soper frame, which gives results
in a good agreement with the preliminary ATLAS+ALFA data with Ay < 7/2 and
Ap > 7/2 cuts [94]. This simulation is shown in Figure 5.10, also directly relevant
to the upcoming CMS+TOTEM measurements. We see also that the t-acceptance
cut results in a strong suppression of the photoproduced p° as expected. When
the pomeron spin is not zero, one should couple the proton legs with pomerons due
to the pomeron polarization information. Our machinery is capable of this, but we
encounter it only in the case of pseudoscalar resonances because of our minimal de-
scription. The pseudoscalar case is calculated in a faster way by using the results
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Figure 5.10: The exclusive 77~ pair production without and with forward proton

transverse plane angle cuts on the left. The mean transverse momentum with the
same transverse plane cuts on the right. A constant (S?) = 0.15 applied.

discussed in [111]. People interested in covariant 2 — N spin-dependent amplitudes
may generate events using the tensor pomeron model described in Section 5.2.

The parameters of the spin polarization density can be changed to arbitrary
values, but currently we take a diagonal ansatz of |J,| = 1 in photoproduction and
|J.| = £2 for the tensor resonances such as f5(1270). This discussion is intimately
related to the glueball filter introduced in [64]. Finally, the total amplitude is a
coherent sum over the continuum and resonances

At = AT AT+ 3T A (5.32)
R

The highly modular structure of our code and the input engine allows ‘experi-
menting’ with many of the phenomenological aspects of the scattering amplitudes,
or plugging in completely new ones. Interesting would be to see if models such as
‘dual amplitudes’ of early strings would provide useful input here for the resonance
coupling systematics [112]. A full theory would take into account also the analytic-
ity and unitarity of the S-matrix and derive all the resonance couplings, something
which is currently much beyond even the most radical amplitude technology.
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Photoproduction

We have a (k-EPA)-pomeron based photoproduction of vector mesons, with a pur-
pose of working as a suitable semi-reference process between the measurements done
with and without forward proton tagging. In future we may implement dipole pic-
ture based models, such as variants of Golec-Biernat and Wiisthoff [113]. Due to
the typical experimental t-acceptance at the LHC, the photoproduced vector mesons
should disappear from the spectrum, but be well visible without the proton tagging.
This seems to be the case in data as seen in [101] and [94]. The amplitude for the
photoproduction of a vector meson V' with a spin polarization dependent decay is

Appspv (ssayp = APy + ARy, (5.33)

where

-

1 bl
AV, = [&ffL(flaQt,l)} Abw (m*)Vyp (a1, g2, 03, 1) Ap(s2,t2).  (5.34)
The amplitude Ap, is obtained by permuting the variables with 1 <+ 2 and the
central vertex V is

Vyp (a1, a2, p3,p1) = Aypov (1, 42) Av3a(ps, pa) Fr(q1, ¢2). (5.35)
For more details about the photon flux fg; and kinematic variables see Section
5.2. The relative sign of Eq. 5.33 would be negative in the case of proton-antiproton
collisions, due to the anti-symmetric initial state. The pomeron side factor combining
the s9 and t9-dependence is

AK(SQ,tQ) = AP(SQ,tz) eXp(bot2/2). (5.36)

See also that so = Wfp is the typical notation in the deep inelastic scattering context.
The normalization scale sqg = WO2 = 902 GeV? in the pomeron propagator of Eq. 5.24
is the most typical scale to fix the parameters. Note that the energy dependence of
the subprocess is experimentally at larger energies approximately [114]

o(yp — p'p) ox W (5.37)
o(yp = J/Yp) o W%, (5.38)

which motivates in the literature the large intercept ~ 0.3 hard pomeron (BFKL
ladder) type production interpretation of J/¢ and T, where as for low mass vectors
the soft pomeron seems suitable.
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The gamma-pomeron-vector meson coupling and the pomeron side exponential
bo-slope have been fixed with HERA data. The slope parameters by are typically
~ 11 GeV~2 for p° production down to ~ 4 — 5 GeV~2 for .J/1, reflecting the in-
trinsic transverse size of the vector meson ¢g dipole. These experimental fit values
combine the effect of both the vector meson and the proton form factor. The photon
side has a much steeper t-dependence than the pomeron side, which is included in
our description. The main expected difference between photoproduction and spec-
ulative odderon-pomeron fusion is thus in the transverse momentum dependence,
but possibly also in the polarization of the produced vector mesons, which is easily
changed in the simulation. Also, we have simple odderon-pomeron amplitudes within
a simplified description. We take the odderon simply as odd signature pomeron with
unknown couplings to be fixed.

Decay couplings

The effective decay coupling for two-body decays Mpr — my + my is calculated
according to the branching ratios BR; = T';/T" imported from the PDG and the
standard partial decay width formula which factorizes, in the 1 — 2 case, between
the phase space and the decay matrix element squared. The partial decay width is
the well known

1/ ANMp, mi, m3)

I =— 2 5.39
S 167 M3 Mol (5.39)

where the v\ is the standard Killen triangle function and S is the statistical sym-
metry factor. That is, we simply invert the relation to find out the effective decay
coupling [Mp|? ~ |gp|? given the measured branching ratios. The full decay ma-
trix element is non-perturbative and unknown here for the f-mesons and glueballs
but may be estimated under certain frameworks such as holography. For non-scalar
decays, one needs to take into account the spin related normalization factors in the
machinery in Section 5.2. To obtain higher precision, we could calculate this using
our generic phase space sampling functions which integrate also phase space volumes,
more suitable for large width resonances and near threshold behavior. The machin-
ery allows one to add arbitrary many new resonances and their decays. We provide
arbitrary deep decay chains according to the phase space but also with (cascaded)
spin correlations initiated by the resonance amplitude. The cascaded spin correla-
tions require the intermediate decay [s-couplings as an input. A flexible decay chain
machinery is highly important for many experimental analyses, which need to test
different hypotheses and evaluate the significance of various ‘feed-down’ contribu-
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tions, for example.

Photon-Photon interactions

Two photon interactions are generated according the ki-EPA Equivalent Photon
Approximation formalism for the photon fluxes from protons, with both elastic and
inelastic fluxes at the cross section level [115, 116]

4 2G2 2 + 2G2 2 2
B q) = [(1—5>A2 T +54AG%W<@2>]
N oy ol L (s, Q%) & \2x8iFi(xp;, Q°)
¥ (faunX) - ; (1 g)A Q2 +M)2( _m127 49:233 Q? _|_M§( — m%
2
with A = = (5.40)

@+ — ) + el

where £ = 1 —pl,/p, is the longitudinal momentum loss of the proton, q; the photon

transverse momentum, Q> = —t the 4-momentum transfer squared, rB; = Q*/(Q*+
M2 — mIZJ) is the Bjorken-z identically one for the elastic case and M% is the forward

system invariant mass. These fluxes are then matched with the exact 2 — N phase
space construction taking into account the kinematic factors by a transform at the
cross section level

f'y = 16772[€q§]_1f'y7 (5'41)

which we have verified against the full QED pp — pl™1™p tree level amplitude.

The coherent proton electromagnetic form factors in Sachs form [117] are Gg
and Gjs. By construction, the linear relation between Sachs and F; (Dirac) and F
(Pauli) form factors can be written as

€6 DE-(-CL DE) o

where 7 = Q?/ (4mg). A simple dipole parametrization is used

1
G Hh=a N ——— 5.43
Gu(Q?) = 1mpGp(Q%), (5.44)
where the proton magnetic moment p, = 2.7928 in units of the nuclear magneton
pn = eh/(2m,) and A2 = 0.71 GeV2 The normalization here gives Fy(0) = 1
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and F5(0) = 1.7928. In addition, we have included more complex but still simple
parametrization from [118].

In the inelastic case, the proton structure functions are Fy(x, Q%) and Fy(z, Q?),
for which we use some classic parametrizations, to be plug-in replaced easily by more
relevant up-to-date external libraries or implemented by the user. In the parton
model the Callan-Gross relation holds

2eF () = Fa(x), (5.45)

due to spin-1/2 quarks, but in QCD with gluons a longitudinal structure function
component is present

4x2m?

Fr(z,Q*) = (1+ 7”)172(:5, Q%) — 22 P (z,Q%), (5.46)
which may be extracted from the scaling violations. The longitudinal component
is especially relevant at small values of Bjorken-z where gluon density rises steeply.
The terminology between transverse and longitudinal stems from the deep inelastic
scattering and the corresponding virtual photon polarization component cross sec-
tions. With high enough @2, for the F» here one could use the QCD evolved parton
density description

B =c| Y df@+ Y i@+ fi@), |, (5.47)

1€UY,dy i€Us,ds,Ss

with e? = 4/9 (1/9) for up (down) type quarks, where the parton densities are readily
available through the LHAPDF 6 library interface [119]. The longitudinal structure
function Fp, can be related to gluon densities within pQCD, an interesting topic also
algorithmically, for a recent work see [120].

To cross check the k-EPA implementation differentially, we have implemented
the pp — pllp tree level 2 — 4 full QED process with the standard covariant current

Tt = ien(p/, N )y F1(Q2) + %(p — ) FR(QP)v(p, \), (5.48)
P
where the term with F} is the helicity A conserving part and the term with F5 is the
helicity flip (non-conserving) part and o, = %(’y,fyy — YvYu)- This implementation
also provides proper distributions e.g. for very low invariant masses of the lepton
pair system, where the k-EPA + on-shell vy — X matrix elements are on the edge
of their validity.
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Currently, we have included on-shell matrix elements for the lepton pair and
WFW = production with helicity amplitudes imported from MadGraph5 C++ export
[121]. Because our kinematics construction is exact 2 — N, the photon kinematics
have always small but finite qi2 < 0, but MadGraph vy — X amplitudes assume
%2 = 0. We correct this by transforming the initial state photons to the closest
point at light cone which is found by Lagrange multipliers and iterate the final state
kinematics so that energy-momentum is conserved and amplitudes can be safely
evaluated. This procedure might be optimized in the future.

In addition, we have also j = 1/2 monopolium pair production and monopolium
bound state J = 0 resonance production with pure Dirac and velocity-dependent
couplings, as simple scenarios of fundamental magnetic monopoles. As magnetic
monopoles are strongly coupled, intrinsically non-perturbative and currently lacking
rigorous field theory framework, the QED matrix element replacement represents a
somewhat uncontrolled approximation, but still useful. The bound state modeling is
based on a simple Schréodinger equation type solution.

Durham QCD model

For the Durham QCD (KMR) model [122], we include the numerical gluon loop with
spin-parity projection and a generalized gluon pdf transformation which includes the
Shuvaev transform and Sudakov radiation suppression. The main interest for us here
is the transition region from the low mass Regge domain to this QCD domain. We go
now through the formulation, for more details see [123, 124]. The formulation starts
with the amplitude at parton level for gq¢ — ¢ + X + ¢ with a gluon loop, which is
most easily derived under the high energy eikonal forward quark vertex limit

—ia(p’, N)igs Ty u(p, A) = —2gsp" Tj50x x, (5.49)

where T}% = A{;/2 is the SU(3) generator matrix element (i[7|5) and color indices
run ¢ = 1,...,8 and 4,5 = 1,2,3. The amplitude will be dominantly imaginary
in the forward limit and the imaginary part of the loop amplitude can be obtained
most easily with Cutkosky cutting rules [125], which replace propagators by delta
functions. The Durham model is illustrated in Figure 5.11, where the Cutkosky line
goes vertically through the gluon loop.

We denote the quark momentum with color indices in the parenthesis

Left side of the cut: p1(i) 4+ p2(j) = p1(m) + p2(n) (5.50)
Right side of the cut: pi(m) + p2(n) — pi (i) + ps(J5), (5.51)
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where the color is oriented along the quark lines so that the system X is color singlet
and the amplitude will be compatible at the proton level. The sreening gluon carries
momentum ) with color ¢ on the left side of the cut and the fusing gluons ¢ (a), g2(b)
on the right side. Now writing these down gives [123]

1 2 2 2 2
ImA= = x 9 y dIl, gspl 9sP2p gspl gsp2><

(5.52)
~—~ 2
\2/ F#diagrams Q Q1 q2
cut-rule
Vi T T T 106 (1 = Q)7) 8 (p2 + Q)%) - (5.53)
At this point we take the integral over transverse momentum space in the eikonal
limit )
d°Q
dlly = — 5.54
/ 2= 28 (2m)?’ (5.54)

which can be overall justified by Sudakov decomposition, and we will change the
momentum variables to transverse variables. The average and sum over colors at
amplitude level gives

1 yab 2

1 b 1 b b
NCTfmﬂ%Tﬁ]@n:N—%Tr[TCTa}Tr[TCT} Wdcadc N2 =g (555)

where the last step is obtained, when the sub-amplitude gives equal N(% — 1 con-
tributions such as the SM Higgs production. The normalization color factor is

Tr = 1/2 from Tr[T°T"] = Tf}TZ = TR associated with the gluon splitting into

quark pair, Cp = (NZ — 1)/(2N¢) = 4/3 is the color factor with gluon emission
from quarks >, T3 Ty = >-,(T%T*);; = Crd;; and the gluon splitting into gluon

a ik
color factor fueqfoea = Cadap with Cy4 = No = 3. The generators are traceless
T[T = Y715 T = 0.

Kinematics and coupling factors give us
1 1 1

S %2 x
2 % “ 7% 95 2m)2

X = x (2v/4mag)t = 1602, (5.56)

Combined together with color factors we get

50,1) Valf)Néab N2 _ 1
Nz < 1602 - RE 402,
C

(5.57)

where the last step is in the case of SM Higgs like amplitude.
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Figure 5.11: Durham QCD model with eikonal screening.
The vertex contraction is manipulated into fusing gluon form by setting ¢; =
zipi + @i and 2qq - g2 ~ M%

M v

e1 92 < ap sz1zeM% S o Vab 5.58

Qv M2 qt,lqt,Q ) ( : )
X

- vyrab
Py pg Ve ~
18227V pv T, T

where one could use gauge invariance ¢’ ij = q5 Vlf,f = 0. The contraction with
the vertex is as with external polarization vectors € ~ ¢, which means a transverse
polarization with €; = —eg from Q¢ = —q1+ = g2, in the pure forward limit p;m’ —0
of outgoing quarks giving the J, = 0 selection rule.

Now we denote the color averaged sub-amplitude as [126]

NZ2—1
_ 2 1 - ab v ab
<M>:J‘4?<N%—1ab215 qh' 445 Vi (5.59)

The total result matching the derivation above can be written as

Im.A 2 2 dQQt
~ Cpal | —5——5(M). 5.60
s F Q?qfq§< > (5:60)

What one notices, is the infrared divergence in the loop Q7 which is to be tamed by
the Sudakov resummation.
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Now, the description above was at the parton level. At the hadron level, we need
the generalized gluon ‘Durham flux’ from the proton [127]

fola, 2/, Q2 ) = T(Q?12)G(5, 2, Q)| (5.61)
2°2

9
d1ln Q?
where the generalized (skewed) gluon pdf is obtained by a ‘Shuvaev transform’ of
the standard integrated gluon pdf g(z,Q?) with an integral method [128]

65500 =" [Cang (£.at) (-0, (5.62)

and the Sudakov suppression vetoing real radiation is

u? g2 2y rl-A
T(Q?, 1i%) = exp —/2 0;20%2(7]?)/0 dz | 2Py4(2) + Z Pyy(2)| |,
t q€flavors
(5.63)

where Pyq(z) and Py4(2) are leading order DGLAP splitting kernels. In the integral
the upper bound A = k;/pu is taken as described in detail in [124]. For the discussion
of single and double logarithmic terms and the origin of the derivative in Eq. 5.61,
see [127]. For completeness, the splitting kernels are for gluon Py, and quark Py,
emissions

z 1—=2 lch—4nfTR
P, =2 1-— —y)— =
gg(Z) CA |:(1 _ Z)+ + > +Z( Z) +5(1 Z) 6

Pyy(2) = Tr[z* + (1 - 2)?], (5.65)

where the ‘plus prescription’ is

A R R GO (GO N 1 fors
/Odz( )_/Od , with (1—2)4 =1—z, forz<1, (5.66)

1—2)4 1-=2

(5.64)

so formally the soft gluon divergence at z = 1 cancellation relies on f(1). The
integration and differentiation are done numerically, the results being cached into
look-up tables and interpolated. The Sudakov suppression is illustrated in Figure
5.12.

Finally at the proton level, the scattering amplitude for the total process is given
by

Im.A d*Qq
7= /Qt (Q: — pr,1) (Qt+Pt,2)2X
fo(z1, 21, QF, ) F(t) fy(we, o, Q3, p?) F(t2) (Mggx)  (5.67)
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Figure 5.12: The Sudakov suppression factor T(Q?, u?) evolution.

where the 72 factor comes from the parton to proton replacement asCr/m — fg-
Here we simply assume that the coherent proton form factors factorize with the gluon
fluxes. The fusing gluon vectors in the loop are q1 = Q; — p¢,1 and q2 = Q¢ + py 2,
with the outgoing proton transverse momentum py 1 2. Here, one sees that the process
cross section has a quadratic dependence on the gluon pdfs. This 2D-loop integral is
calculated numerically event-by-event and the default scales are chosen as p?> = M)Q(
and Q7 = min(|Q¢|?, |q;|?), but these can be varied easily with the program input.

For the sub-amplitude, it is useful to use the helicity basis and use the decompo-
sition [126] of ¢}¢3M,; which gives

with q1 ® 92 = q1,2¢2y + ¢1,yq2, and Q1 © Q2 = q1,2G2,2 —

JP =42t 4

JP =2t . ¢

2

2

N =N

JP=0% —l(fh'ﬁu) My + M__]
TP =07 :—(ar x @) Moy — M__]
(la1 © @z} +ila1 @ qa2]) M4

(la1 © q2] — i1 @ qz]) M1

(5.68)
(5.69)
(5.70)

(5.71)

q1,yq2,y. For each outgo-

ing helicity combination, let us point out that the sum over incoming helicity states

is here coherent.
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gg — Xco resonance and gg — mm pseudoscalar meson pair amplitudes. The gluon
pdfs and running couplings are provided by the LHAPDF®6 library [119]. We encour-
age users to implement their own processes and pay attention to the normalization
conventions. The phase space normalization factors are chosen such that the process
is compatible with 2 — N kinematics. Interfacing with automated matrix element
generators should be the target for the future. For more processes readily available
within Durham model we refer the reader to SUPERCHIC 3 MC [90].

Tensor pomeron model

The tensor pomeron model [129] implementation includes central exclusive processes
of a two body continuum production of pseudoscalar pairs, vector meson pairs and
baryon pairs. The resonance processes implemented here include the production
of scalar resonances fg, pseudoscalar resonances 7,7’, vector mesons p’(770) and
©(1020) via photoproduction and f2 tensor mesons interfering with the continuum
at the amplitude level. The model takes the ansatz that the pomeron should carry
a definite Lorentz structure, namely a rank-2 graviton like current, coupling thus in
a symmetric way between matter and antimatter. In this picture, it is the vector
odderon which provides the anti-symmetric coupling.

A tensor like pomeron has been also recently studied in a holographic AdS/QCD
context in [130] constructing a duality between the triple-graviton vertex and the
double pomeron fusion production of glueballs. In the classic Gribov Regge theory,
the pomeron carries ‘sliding spin’ as an infinite sum and, depending on the interac-
tion, may or may not coincide with definite Lorentz structures.

We consider the model implemented here as a practical one due to its explicit
enough computational rules, however, see also the aesthetics behind other descrip-
tions. An interesting problem is to see, how uniquely can the upcoming LHC or
RHIC measurements with forward protons constrain these structures. Based on this
and ansatz structures for couplings, one can write down a diverse set of interac-
tions with mesons and baryons using the corresponding Feynman rules [129]. As an
example, the tensor pomeron propagator ansatz is

. 1 1 . _
ZAW/,/@)\(Sa t) = &(g;mgu)\ + 9urGvk — igm/gm)\)(_zsagj)ap(t) 17 (5-72)

obeying permutation symmetries and identities

ij’,{)\(s,t) = AW,,)\H(S,t) = Ayuﬁ)\(s,t) = AR)\’/W(S,t) (573)
g”’\AM,,W\(s,t) =0, ¢" AL ra(s,t)=0. (5.74)
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The tensorial coupling with the proton or antiproton is

. ‘ 1 1
Ly (v, p) = =BBR) | 5@ + P + @ +0)u] = 29w +p) |, (575)
where t = (p—p')? and 8 = 1.87 GeV~!. We may illustrate the central vertex by the
double pomeron production of a pseudoscalar resonance. It involves two amplitude
structures

(1 .
ZFLV{H,\ (q1,92) = Z(g;mel/)\pc + Guk€urpe + Gur€urpo + gl,)\EMpg) X
(1 — @) (1 + q2)° (5.76)
(2 .
ZF;(W),HA(QL QQ) = Z{EV)\PU [Q1fﬂq2u —q1- Q2Q;m] + €urpo [QIHQQV —q1- qy]um]"‘

€vkpo [CID\QQu —q1- Q2qu)\] + €urpo [q17q20 — q1 - Q2Gur]} ¥
(1 — @)’ (a1 + q2)7, (5.77)

which correspond to [s-couplings (1,1) and (3,3), respectively [131]. In addition,
one adds couplings and form factors in the vertex. For the rest of somewhat lengthy
building blocks, we refer to the original papers [129, 131], or directly to our code
written in high level C++, which follows closely the algebraic notation. The effective
decay couplings of resonances, when possible, are computed according to the model
spin structure and PDG branching ratios, which in the scalar case matches directly
Eq. 5.39.

In the code, we have implemented the Dirac and Lorentz algebra including gamma
matrices, Dirac spinors, massive and massless spin-1 polarization vectors and spin-2
tensors, photon, pomeron and fermion propagators and resonance coupling tensors
and evaluate the scattering amplitudes helicity combination by combination with ex-
plicit component representations. Continuum and resonance amplitudes are summed
together at the amplitude level. Computationally speaking, the most complex sub-
amplitudes are the rank-6 Lorentz structures for J = 2 resonances. Some of the
resulting observables are shown in Figure 5.13. All basic identities are implemented
as code unit tests, such as completeness relations and normalizations. Performance
wise, this slightly ‘brute force’ approach could be improved in the future by a more
streamlined spinor-helicity formalism. The Lorentz index contractions are acceler-
ated with the FTensor tensor algebra C++ expression template library [132] origi-
nally designed for numerical general relativity.

We may discuss a bit the Lagrangian structures. As an example: the negative par-
ity of n-meson production is ‘compensated’, to conserve parity, by the anti-symmetric
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Figure 5.13: PP fa-vertex rank-6 tensor structures and the resulting angular distribu-
tions of final state pions in the system Gottfried-Jackson rest frame and Mandelstam
t1(2) distributions. A constant (S?) = 0.15 applied.

epsilon tensor structure which produces characteristic sin? Ay cross section depen-
dence motivated experimentally by WA102 data — a well known example. We can
take an analogous case from the two photon decays of pseudoscalar and scalar mesons
or Higgs. At the effective Lagrangian level, for a pseudoscalar this is a term like
FrYF"Pe,,cpn whereas for a scalar it would be Fy,, M fo, where 0, fo are the scalar
fields and F* is the photon vector field. The corresponding amplitudes behave like
e““”peiqieiqz and (etqi - ell,qi)(e2“q2” — €2 ¢*). Scalar versus pseudoscalar cases
can be discriminated if photons are virtual and decay to ete™, a classic example
of the 70 parity determination. This involves analyzing the angular distributions of
fermions, which then yields the conclusion that the virtual photon polarizations were
orthogonal. Thus, here the forward protons work in an analogous role with differ-
ent central resonances, which then bootstrapped together with the central system
decay products, yield the maximal information about the scattering dynamics and
the spin of pomeron. Thus, the full information is in the multidimensional angular
distributions.

The main open problems regarding this model parameters are related to the
resonance-by-resonance couplings, which require full spectrum simulation compar-
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isons with data simultaneously in several differential observables, which is possible.
In principle at the LHC energies, one needs to take into account the screening loop
(absorption) effects, which is also supported by our code. We return in the discussion
to some of the properties of the model.

Jacob and Wick helicity amplitudes

To be able to generate maximally model-independent two-body angular distribu-
tions for arbitrary resonances and daughter spin-parities, we have encoded in the
relativistic ‘wave function free’ Jacob and Wick helicity amplitude formalism [133].
Wave function free means that it involves no spinors, polarization vectors and so
on. The formalism is abstract, it does not consider the underlying dynamic micro-
scopic details. Because it is algorithmically very easy to rotate the frame or spin
density matrix event-by-event, we provide several different spin quantization z-axis
(rest frame) options for the event generation, for the definitions, see Section 5.4.
We use the Collins-Soper frame (CS) as the default frame for calculating helicity
amplitudes. Using this frame the two basic requirements hold: 1. Parity symmetry
is manifest, 2. p-angle dependence stays flat in the laboratory or CM rest frame, as
required by rotational invariance.

Canonical and helicity states

In this formalism, there are two different state representations which are intimately
connected. The two particle canonical states |J J,ls) and the helicity states |JJ A1 \2)
are constructed from the single particle canonical states |p, jm); and helicity states
|p, jA); for @ = 1,2, respectively. Their relation is

15, 57) = DY (0r, or)|F, jm), (5.78)

where the helicity rotation is defined by (0, ¢r) in terms of Wigner D function.
The explicit constructive definitions can be found in [134, 135]. The two particle
helicity state is

|JJ A1 \2)
N Y / D) (0,0)DE (0.9)DS (8.9)0pmims)  (5.79)
mims
Y / 4D (6, )0 A ha), (5.80)
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where Q0 = (cos#, p) denotes the direction of the particle 1 and the normalization
which gives simple unit completeness relations is

1/2
Ny = (2‘” 1) . (5.81)

41

Now the explicit relation between the two particle states in the canonical and
helicity basis are [135]

[TTAA2) =Y ({15, A1, Ao, 51, 52)) | T T.1s) (5.82)
ls
[T 0y = ({8, M0, Aol T, 51, 82)) [T T A1 Aa), (5.83)
A1 A2

where the re-coupling coefficient double products are denoted with

(L, 8,21, Aa|J, 51, 82)) = NE(IA|IsON) (sA]s150A1, —Aa), (5.84)

where minus sign between A; and A9 comes naturally because individual helicities
contribute in opposite directions. The normalization is

20+1\?

The two inner products denote Clebsch-Gordan SU(2) decomposition coefficients,
which we evaluate algorithmically via Wigner 35 symbols via Racah formula taking
into account also the algebraic selection rules. The re-coupling coefficients simply
connect the two basis states together

<J/J;ZS’JJZ)\1)\Q> = <<l, S, )\1, )\2’J, S1, 82>>6JJ/6JZJ£. (5.86)

To make the notation clear, we have the following variables for the process with
spins J — s1 + so:

Angular momentum projection: —J < J, < J with J=1+s (5.87)
Helicity : Ay =J - p/|p| (5.88)
Daughter helicities : — s1 < A\ < 81, —82 < A9 < 9. (5.89)

Note that in our notation J, = M, which we use to emphasize the physical meaning.
In the helicity frame, one has J, = Aj. We emphasize that the quantum numbers [
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and s are rotational invariants of the canonical basis, just like helicities are rotational
invariants of the helicity basis. They are defined by equations for the total spin and
fixed orbital angular momentum [135]

|0p smg) = Z (sms|simisama)|0p mims) (5.90)
mimsa
[lm smg) = /dQYlm(Q,gb)|0gosms>, (5.91)

which makes the relations clear.

Density matrix

The resonance state spin polarization is encoded in a fixed spin density matrix p;,
which is a (2J + 1) hermitian matrix obeying the standard von Neumann density
matrix properties and expectation values of operators (A4), = Tr[pA], where A can
be a spin operator such one of the Pauli matrices for the spin-1/2 case or their
generalization. The following properties of the density matrix hold always: A. Trp =
1, B. pj; = pji» C. pis =2 0, D. Tr p? < 1, E. Positive semi-definite «+ non-negative
eigenvalues. In general, the matrix can be described by using (2.J + 1)? — 1 real
parameters. If the density matrix is very complicated, more convenient ways have
been developed, see [134].

For a statistical mixture of pure states, giving only diagonal entries, the density
matrix is

pzzpi‘J, JZ>1<J, Jz|2 s.t. sz' = 1. (5.92)
i i
As an example a transverse only polarization for J =1 is

1/2 0 0

1 1
p:5\1,—1)(1,—1\—&—5\1,1)(1,1]: 0 0 0. (5.93)
0 0 1/2
Thus, the representation is
1, —1) =[1,0,0]", [1,0) =[0,1,0", |1,1) =1[0,0,1)7, (5.94)

which is easily continued for higher spins. Off-diagonal elements in the density
matrix are constrained by hermiticity and parity, and they generate the p-angle
dependence. In general, the off-diagonal elements are responsible for the quantum
superposition (coherence). A user can freely parametrize the matrices or generate
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completely random ones from Gaussian random matrix ensembles. Clearly, the spin
density matrix is not covariant but its elements depend on the chosen Lorentz rest
frame. An Unpolarized process has an equal probability for every helicity state, that
is, a diagonal density matrix with elements 1/(2J 4 1) which results in a uniform
angular distribution in (cosf,¢),r. In the most general case taking into account
the parity conservation and hermiticity, J = 1 requires 4 and J = 2 requires 12
independent parameters.

A natural frame The most natural Lorentz frame for the given process, which
always exists but might be non-trivial to know a priori, is the one which gives the most
simple, diagonal spin density structure without azimuthal (off-diagonal) dependence.
It can be argued to exist, in a mathematical sense, because the density matrix is
a hermitian matrix which can be always diagonalized by a suitable rotation. By
reciprocity, a process analyzed in an unnatural frame will have spurious off-diagonal
dependence and mixing of moments. We believe that the CS frame is probably the
most natural one, or very close, for central exclusive processes by analog with the
Drell-Yan process.

Amplitudes

The decay dynamics is encoded in the helicity amplitude matrix, which is given by
the linear combination [136]

T, =3 af (s, A Dol s, 52)), (5.95)

ls

where 0 < s < 51+ s9 and 0 <[ < J + s with dimensions (2s; + 1)(2s2 + 1). This
relation can be easily inverted, to obtain the canonical [s-representation coefficients
in terms of the helicity amplitudes. The unknown coupling weights are denoted with
ays, which are left as a user input. These are normalized such that

J J
3 ) P = 3 la\D12 = 1. (5.96)
ls

A1z

The algorithm takes the sum over all allowed values of [s given the angular mo-
mentum conservation, parity and spin-statistics and gives user a list of the required
al(j) coupling input. Here we remark that some combinations of quantum numbers
have very simple aqs coupling structure giving only 7" = 1, and thus only the spin
polarization density matrix is unknown. This is the case for example with a J© = 2+
state into a pseudoscalar pair.
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Now we have all the necessary input and the decay transition amplitude matrix
element is given by [136]

J J
Prares.(8,0) = DY) (0.0)T)., (5.97)

with dimensions (2s1 + 1)(2s2 + 1) x (2J 4+ 1). Above, the Wigner spin rotation
matrix in the spin space is

DY) (0,¢) = em™vd) (), (5.98)

written using the Wigner small d symbol matrix which we calculate algorithmically.
The phase convention is fixed by ¢™'¢.

Finally, the decay weight or decay amplitude squared of the event is given by the
standard expectation value trace

|A2 = NyTr[ps] = Ny Te[foifT], Nj=2J+1 (5.99)

where the operator product maps the initial state p; spin density matrix to the final
state spin density matrix ps, also known as the ‘Krauss operator’ map in quantum
mechanics. With the normalization in use, we get |A|?> = 1 for unpolarized decays.
In addition, we can directly also calculate coherent spin correlated decay chains by
tensor products. For example, X - A — {A; + A2} + B — {B1 + B2} gives

fror = [fa® fB] fx (5.100)

which are supported. The individual transition amplitudes f are evaluated in the
corresponding rest frames of each decay.

To choose different quantization axes, the rotation along direction (6g, ¢g) of the
quantization coordinate system is obtained via Wigner rotation matrices

J

J

L) =Y DY Ok, er)l . ). (5.101)
Jo=—J

The change of basis for the initial density matrix is obtained via a similarity transform

pi = DY) (Og, or)pi D) (R, ¢R), (5.102)

which is used to change the reference frame of the spin polarization density. The
rotation of the density matrix keeps it eigenvalues unchanged, thus also its von
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Figure 5.14: The glueball filter forward observable (top left), the forward proton
pair transverse angle separation (top right), the central pion pair rapidity separation
(bottom left) and the central pion pair acoplanarity (bottom right). A constant
(8?) = 0.15 and 0.7 (photoproduction) applied.
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Figure 5.15: Central final state pion cosf measured in different rest frames. A
constant (S?) = 0.15 and 0.7 (photoproduction) applied.

Neumann entropy. With parity conservation, the elements of the density matrix
obey

/

Py = (=)™ p_ (5.103)
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So we need to remember that if we unsuitably rotate the density matrix, the parity
conservation may not be manifest anymore, which is clear given that parity is a
spatial symmetry.

In Figure 5.14 we demonstrate how the glueball filter |[Ap¢|, the forward proton
transverse angle separation Ay, the central pion rapidity rapidity separation Ay
and the central acoplanarity 1 — |A¢|/m are being driven by the spin polarization
of J =1 and J = 2 resonances. We see that the forward observables are strongly
correlated with central observables, however, the analysis will be more difficult and
ambiguous without forward protons. The J = 2 states with longitudinal and trans-
verse polarization modes have opposite behavior in terms of forward azimuthal angle,
also the glueball filter observable peaks in a different domain. Perhaps the glueball
filter should be called a non-perturbative helicity amplitude filter. We can postulate
a hypothesis that J = 2 glueballs may be produced dominantly with J, = 0 and
quark states with |J,| = 2 polarization, but naturally they can have quantum me-
chanical mixing. In any case, we cannot say that the picture is complete at this point,
especially without new data and models working truly at a non-perturbative parton
level. Figure 5.15 shows the decay daughter cosf in different rest frames, which
demonstrates clearly how different frames smear the distributions due to different
rotations. Similarly, different frame rotations will induce non-flat p-angle dependen-
cies. We also point out that the tensor pomeron model cannot produce |J,| = 1
polarization modes for J = 2 resonances, by angular momentum conservation.

Symmetries

We check algorithmically the required symmetries of the amplitudes to obtain the
allowed subset, of s values:

Spin statistics The Bose-Einstein statistics requires [ — s to be even for identical
boson pairs. The Fermi-Dirac statistics requires [+ s to be even for identical fermion
pairs. These come simply from the symmetric wavefunction requirement for bosons
and anti-symmetric for fermions.

Spatial parity [P] The parity operator or spatial inversion operator P with
P|0) = P~Y0) = |0), which exchanges a left handed field to a right handed one,
operates on the helicity and canonical states as [135]

P|JJ. M) = PLPy(—1)7 751752 J.], =\ =)o) (5.104)
P|JJ.1s) = P Py(—1)!|J J,1s), (5.105)
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by flipping the sign of helicities A1, A2, but not the angular momentum projection .J,
because the angular momentum is an axial-vector. Thus, with parity conservation,
the helicity amplitudes obey a selection rule [135]

Tang = PP Py(=1)7 7517975\, (5.106)

where P, P, P, are the parity +1 of the resonance and daughters. Also, the spherical
harmonics are the eigenfunctions of parity

PY™(0,9) = V" (1 = 0,9 + 1) = (=1)'Y;"(0, ). (5.107)

Thus, the parity associates with the orbital angular momentum I.

Time reversal [T] The anti-unitary time operator T operates to the helicity and
canonical states as [135]

T|JJ. 1 Ae) = PrPy(—1) 772 |J —J. A1 \s) (5.108)
T|JJ1s) = Py Py(—1)'J —J.1s). (5.109)

by flipping the sign of J, but not the helicity of decay daughters.

Charge conjugation [C] The charge parity operator C operates by changing the
sign of internal quantum numbers. This gives for boson and fermion pairs

Clatn™) = (~D)/(=1)|rt 7)) = (=) F|rtr) (5.110)
CIFF) = (=D (=1 T (=1)[ff) = (=1)"**|£ ), (5.111)

where the charge conjugation action operates on the orbital part like parity and the
third factor in the Fermi case is the particle statistics requirement.
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5.3 Kinematics and Monte Carlo sampling

We follow along the lines of the exact 4-body phase space construction suitable for
diffraction used in [110, 137], but extend it to include forward proton excitation and
generalize it from N = 4 process to the case N in two ways: using the exact phase
space factorization and a ladder-type direct 2 — N construction.

Skeleton kinematics

The standard QFT cross section in terms of the phase space and amplitude squared
is
N

d*pi 45(4) ,
/H 2m) 32E (2m)*6 pA+pB—;pf [ A2 N7, (5.112)

where the Moller flux is F' = 4\/(pA -pp)? + mim% ~ 2s and S is the statistical

QFT symmetry factor to take into account identical final states. Now using the
relation from Cartesian to collider variables
3 3 3p
232 = dﬂPCZJ;dZ% > CQZ—E 1dcpdyptdpt, (5.113)
we can turn the sampling over 3-momentum into rapidity, transverse momentum and
azimuthal angle. Above, one uses the identity dy/dp, = 1/E.

The total number of Lorentz scalars or non scalar variables needed for 2 — N
process is 3N — 4 for N > 2. Thus a 2 — 3 process needs 5 variables, which we
use as our starting point. We can eliminate redundant variables using the energy-
momentum conservation. By Lorentz invariance of the expressions, let us work in
the frame where Z?:lﬁi = 0 and write

11

do zfg(zw)‘*é(El + By + E3 — \/5)x
3 d3
@z = 5,

67 (Pra + P2 + Pr3)0(Pz1 + Pz + P23 Z1;[1 )32E (5.114)
1. Eliminate d?p; 3 by pr3 = — (P11 + Pi2) dependence using an implicit integral over

the delta function

11 (2m)* d*py dPpy dp. 3

do =—— 0(E1 + Ey + B3 — d(p. ~ 5.115
7 =F 5 2n) (E1+ Ey + E3 — /5)0(p 1+p2+p23>2E12E22E3 ( )
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2. Eliminate dp.2 by p.2 = —(p:1 + p-3) dependence using dBp = dPpid, =
dppedped, and an implicit integral over the delta function
11 1 d3p1 dpapeadpe o dp 3
do =———=0(F1 4+ Es+ E3 — : : = 5.116
T =Fs s Bt P B ) T o, (5.116)
3. Then treat the last energy conservation delta function
11 1 Dt Dt,2 dpz3
do=—=——=6 dp1 —=dps1d dps—d : 5.117
° = FS@np (f(p=1)) P1g g e Pzl P25 pt,z][ZEg], (5.117)
where we denote
Fpe) = \/ME, + 02, + /M3, + 02, + By — /5 (5.118)
pZ,Q(pz,l) = _<pz,1 +pz,3) (5119)

with the transverse mass M? = M? + p? = E? — p2. Then, we obtain a factor

daf
dpz,l

_ Pz1 _ Dz2
2 2 2 2
\/Mt,l + P \/Mt,2 )

which is in most kinematic cases approximately 2. The need for this is based on the
relation

Pz1 _ Pz2
Er FEs

, (5.120)

rA:\

-1

)| (5.121)

dﬂ?i

S(f) = > Oz —w)
where the sum runs over solutions of f(z) = 0 (roots). We leave the sum implicit in
the notation, because we will use only one root, as we will see.

4. Finally, the change of a variable with dys = dp, 3/Es3 gives

11 1

o= - — Dt,2
F S (2m)>

2E,

A1 dir b dpe i [dips D dpy ] 5 ] (5.122)
1

The variables which are thus left to be sampled are the forward system @1, @,
Dt,1, Pt,2 and the central system rapidity y3. Then, to be able to include variable
invariant masses for the forward and central legs, we sample over M12,M22 of the
forward systems and over M3 of the central system, the squared masses. The overall
Monte Carlo event phase space weight of the main skeleton kinematics is

Wosz=Vos3— oo ron (5.123)

111 1 peapr2 -1
s oo AT
F 52 (21)5 2, 2E;
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The sampling volume is
Vass = [pra] X 27 X [pra] x 27 x [y3] x [M3], (5.124)

where [z] = |Zmax — Tmin| denotes the sampling interval. In addition, one includes the
sampling volumes of M? and M2, if excitation is included. Also, we need the phase
space factor related with the central system phase space, which we will calculate in
two ways.

Kinematic polynomials

The variables p, 1,p. 2, 1, Eo of the event skeleton kinematics are found in a closed
form by solving the non-linear system of equations

0.125
5.126

0.127
5.128

0= P21+ D22+ D23
sY2 = B+ By + E3
E} = M} +Pz,1 +p§1
E3 = Mj +p§72 +p%,2-

(5.125)
(5.126)
(5.127)
(5.128)

The resulting expressions are very lengthy due to the forward legs and can be found in
the code, together with the symbolic machine algebra code solution of the non-linear
system, which we used to generate the corresponding C++ code. The polynomial
root branch which results in a non-flip of the forward-backward momentum, is chosen.
1. Using the chosen polynomial branch, we calculate

DPz1 = SO](MlaMvat,lypt,2apZ,3aE3)7 (5129)

where the central system energy and longitudinal momentum are

{E3,p.3} = {M¢3cosh(ys), My 3sinh(ys)}, (5.130)

which are obtained in terms of the transverse mass, by solving the central system
transverse momentum from the forward system transverse variables, by momentum
conservation.

2. Then we get by momentum conservation p,o = —(p.1 + p-3). The variables E;
and FE5 are then obtained directly by substitution.

113



CHAPTER 5. GRANIITTI: A MONTE CARLO EVENT GENERATOR FOR HIGH
ENERGY DIFFRACTION
Factorized phase space

To be able to include the central system phase space, we use the exact factorization
relation of the phase space

dVTI(s; p1,pa, - - -, PN) (5.131)
1 _
- %dMA?( dgn(s;p17p27pX)dN QH(M,?(;pi%lev"'apN)a

where p1, ps are the outgoing forward legs, px the central system 4-momentum with
M)Z( = p?X and dNII abstracts the corresponding Lorentz invariant phase space mea-
sure. The integral over M)z( represents the integral over the central system mass
squared. The central system flat 1 — N — 2 phase space is constructed recursively
following the classic algorithm of Kopylov and Raubold-Lynch described by James
in [138], which calculates also the exact phase space volume weight Wi_,ny_o. The
basic idea behind the algorithm is to split the phase space into N — 2 sequential
1 — 2 decays with intermediate masses, for the explicit details of this well known
algorithm, we refer reader to the program code. The two body phase space is nearly
trivial and thus works as the building block. The total weight of the event is now
Wosn = WQ%S%WI—UV—Z- (5.132)
The classic algorithm can be plug-in replaced easily with alternative algorithms,
such as variants of RAMBO [139]. Also, we have a simple ‘chain recursive’ phase
space implemented which can be useful for long decay chains with intermediate prop-
agators. However, using it requires some care due to intermediate-mass squared
sampling. If the matrix element of the process contains all information about the
intermediate states, then the sampling should be done with flat masses squared
within reasonable ranges, given that the final state leg permutations for different
sub-amplitudes may probe different mass regimes in the phase space. Alternatively,
a1l — N — 2 central phase space can always be constructed, which is safe but with
low efficiency if IV is large. Finally, if the matrix element does not contain full de-
cay chain information, then a relativistic Breit-Wigner sampling in mass squared is
applied as a simple dynamic propagator model.

Direct phase space

As an alternative formulation of the phase space, instead of the factorized phase
space, we have constructed a ‘direct’ 2 — N kinematics based on solving a certain
linear system of equations. Let us denote the number of central states with K =
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N — 2. For the transverse degrees of freedom, we need K — 1 transverse momentum
k; variables, K — 1 azimuthal variables ¢. For the longitudinal degrees of freedom,
we need K rapidity y variables as our Monte Carlo sampling variables, in addition
to the 4 forward system variables as before. Thus, the total number of variables is
3N — 4, which is the minimum possible.

Let us have so-called difference momentum transverse vectors

Et,j = (kg jcospj, ke jsing;), j=1,...,K -1, (5.133)
which we use as the basis of the construction. Let us then write a system of equations
b = Ap, (5.134)

where p denotes the system vector of central final states. This is solved separately
for  and y components, which we leave implicit in the notation below. We construct
the system vector of difference momentum

ki — @ hen j =1
T (5.135)
—k¢j—1—w, when j=2,... K,

where the forward system transverse vector sum is @ = p7 + p>. Then, we can solve
the central final state transverse momentum components by

p=A"'b. (5.136)

The system matrices are full rank with components

2 01 1
2 0 201 0211

Ay = As=1(0 2 1],4,= , (5.137)
0 2 I 1021
110 2

which can be constructed with a simple algorithm up to any K and the inverses are
taken by symbolic machine algebra and saved. For example

) L T 1 1
1 (3 O\ 4 3 (1) 1 —1 - S G
A, —(8 1>,A3 =6 2 3|4 =% § _1 _1f, (5138
2 1 g 2 g 8 2 Z!
3 3 -2 3 _1 3
8 8 2 4
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which demonstrate the algebraic structures. Finally, the longitudinal momentum
and energy for the central final states are obtained with

Pzj = My jsinhy; (5.139)
E; =myjcoshy;, for j=1,... K, (5.140)

where mij = mj2 + pij. We sample K rapidity variables y; independently, which

then fix the central system rapidity and we can proceed with the skeleton kinematics
polynomials.
Then proceeding in a same way as in the 2 — 3 case, the total Monte Carlo phase
space weight is
K-1

11 1 1
Pt Pt2 s H kij, for N >4, (5.141)
j=1

VoosN— = :
2oNF 8 22(N=2) (97)3N-12E; 2B,

Wy N =

where the sampling volume is
Vaoun = [pea] X 27 X [pra] x 27 x [y;]5 x ([ke ] x 2m) 5L (5.142)

Again, if the forward excitation is included, the sampling volumes of M? and M2
are inserted. Let us point out that we have found this space construction to be
easily unstable with VEGAS with high leg count N > 4 Regge like amplitudes, due
to the complicated integration boundaries and a non-trivial structure of the high
dimensional Lorentz manifold. Typically, a larger number of integrand evaluations
has somewhat stabilized the behavior. In practice we recommend the factorized phase
space as the default stable option. However, this phase space construction provides a
cross check and may turn out to be of good use with alternative importance sampling
techniques. In general, we check all kinematic algorithms against the well known
exact volume formulas for the massive two body case and the massless N-body case.

Also, as the simplest possible construction, we include a collinear phase space
option 2 — N, where N is the number of final states excluding proton remnants.
This phase space is suitable for simple amplitudes convoluted with parton densities
or collinear EPA fluxes.

Monte Carlo sampling

The basic idea behind Monte Carlo integration with importance sampling in n-
dimensional space is

I:/def(x):/d % Wgzq ) when N = 00, (5.143)

=1
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where Vo = fQ d"x is the integration boundary volume, typically a box volume and N
is the number of samples. So instead of sampling x uniformly from [0, 1]", we sample
x according to ¢(x) and then compensate for this in the integral by weighting events
with 1/q(x). When ¢(x) — 0, no samples are generated, thus there is no division
by zero. However, unless f(x) also goes to zero simultaneously, the integral will be
biased. Also the normalization

/dxq(x) =1 (5.144)

needs to hold, which usually needs to be estimated simultaneously. We want to find
out the optimal importance sampling pdf

_ /)

Gopt (X) = Tax ()] (5.145)

This would give a vanishing variance for the integral estimate, however, the problem
of adaptive learning of ¢(x) is non-trivial.

For sampling the phase space and integrating cross sections, the engine includes a
fully multithreaded implementation of classic VEGAS adaptive importance sampling
[140], where multithreading is implemented using C++17 standard library threading
support by distributing the integrand samples over a fixed number of threads. We
have tested the scalability up to thousands of threads. The correctness of VEGAS
implementation can be cross-checked with a naive flat sampling mode. In a standard
Monte Carlo way, we operate over a unit hypercube [0, 1]™ and scale and shift each
dimension with z; — a;+(b;—a;)x; to the interval [a;, b;]. Because describing the cor-
relations in high dimensional phase space is in general highly non-trivial and requires
neural networks or similar techniques, VEGAS takes a factorized simplification

qg(x) = [ ai(=:). (5.146)
=1

Clearly, neglecting correlations gives bad efficiency if the process kinematics X ma-
trix element squared does not ‘align’ along the dimensions. The complexity scales as
O(nB), where B is the number of bins per dimension. In contrast, full n-dimensional
histogram representation would scale exponentially fast O(B™). Other classic alter-
natives or extensions are mixture model importance densities, also known as multi-
channeling in high energy physics.

VEGAS histogram grids for each dimension need to be initialized over a few
number of iterations. The number of iterations R and the number of samples per
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iteration Ny in the initialization burn-in phase and in the integration phase are free
parameters of the algorithm. In the integration phase, we use also a maximum
relative error o7 /(I) target as a criterion.

For each k-th iteration, the integral estimate and its variance are

1 Ok px L xi) \?
<zk>=Nk;q{;§<j(), a%ksz_l;[(q{;()(x)i)) —W], (5.147)

where one accumulates the sum of values f(x)/q(x) and their squares during the
operation. We evaluate the quality of the set of integral estimates using the y? test

/ndf = ER: (k) — <I>)2, (5.148)

N —1 o
BTt =t D

with values close to unity being an indicator of solid results. Above, the global
estimate of the integral is the weighted sum

R
(1 = [ZN’“

(o2
=1 L

g Ny (Ik)
> . (5.149)

g
=1 Ok

The binning algorithm operates with a fixed number of bins per dimension and shifts
the bin boundaries during the operations according to the original description [140].
The stability of the re-binning is controlled with an additional regularization parame-
ter A\. There are also variants of VEGAS, where stratified sampling is combined with
importance sampling, but we did not find them effective enough to compensate for
the additional complexity. The unweighted event generation is based on a standard
hit-and-miss, where estimate for the crucial maximum weight max [f(x)/q(x)] is ob-
tained during the pre-event generation phase. After the event generation, the user
is given the statistics of events overshooting the maximum weight, thus indicating a
need for a longer pre-event generation phase.

In addition to VEGAS importance sampling, variables related to steeply falling
spectra such as the forward system invariant masses are MC sampled in log space
together with the corresponding Jacobian inside the integrand, often with much im-
proved behavior. The rest of the standard kinematics not described here is based
typically on heavy use of the Kéllen triangle function. To point out, we have experi-
mented with deep learning techniques, similar to [141], which could provide superior
scaling in higher dimensions and with difficult scattering amplitudes. The results are
promising and we may expect these techniques for learning the distribution ¢(x) to
be included in the future versions.
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5.4 Analysis engine

The analysis engine includes highly efficient plotting machinery to gain quick under-
standing of fiducial observables for different processes and theoretical constructions,
such as eikonal densities. Naturally, these are also part of the automated test suite
to control the quality of the code at a high level.

Lorentz rest frames

There is an infinite number of different Lorentz rest frames for the system X, ob-
tained by fixed or event-by-event kinematics dependent SO(3) rotations. However,
certain Lorentz rest frames have more special properties than others. These differ-
ent frames have been originally designed to be more ‘natural’ either for s-channel
or t-channel dominated processes or mitigate the effects of the system transverse
momentum, which is the case with Collins-Soper frame. In practice, it is trivial
and highly recommended to repeat the analysis in multiple frames. Different frames
give different projections of the angular distributions and spherical moments, by
definition.

Let us have beam protons in the lab frame pll‘lb and péab and their boosted versions
p, py in the system X rest frame. We now define a set of frames X', which are
related to the frame X by a rotation. The definitions of the z-axis are as follows

CM: z=10,0,1]7 (5.150)
HX: z = u(—(p¥ +p3)) (5.151)
CS: z = u(u(py') — u(p3)) (5.152)
AH: z = u(u(py) + u(py)) (5.153)
PG: z=u(py) or z=u(py), (5.154)

where u(x) = x/||x|| returns a unit vector.

Center of Momentum (CM) The quantization z-axis in the center of momentum
X' is the same as in the X frame. No rotation is involved in the transformation to
this frame, only a boost from the colliding proton-proton beam frame (lab).

Helicity (HX) The quantization z-axis is defined by the system X momentum
vector direction in the lab frame, or equivalently, by the negative direction of the
sum of the initial state proton p;* and p; momentum in the system X rest frame
[142]. This is a common analysis frame in quarkonium studies.
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Collins-Soper (CS) The quantization z-axis is defined by the bisector vector
between the initial state proton py and —ps (negative) momentum in the system
X rest frame. This originated from the context of Drell-Yan process [143], but is not
limited to it.

Anti-Helicity (AH) The quantization z-axis is defined by the bisector vector
between the initial state p{( and p§( (positive) momentum in the system X rest
frame. This frame may be interesting for pure symmetry reasons, because it is
perpendicular to the CS frame.

Pseudo-Gottfried-Jackson (PG) The quantization axis defined by the initial
state proton p7* (or pj ) momentum vector in the system X rest frame [144]. Note
that sometimes, this is known directly as the Gottfried-Jackson frame.

For all frames except CM which has y = [0, 1,0]7, we define the y-axis as the normal
vector from the plane spanned by the initial states

y = u(u(py’) x u(p)). (5.155)
Finally, the x-axis is obtained by taking the cross product
X =y X z, (5.156)
with the axes being orthonormal. These give us a rotation matrix
R=[x,y,2]T, (5.157)
which we apply to all boosted final states in the system X
pX « Rp (5.158)
to transform them to the new frame X'

Forward proton dependent frames The quantization z-axis may be defined by
the momentum transfer vector ¢!® = pla® — pllab (or ¢l = plab — pllab) momentum
boosted to the system X rest frame, also known as the Gottfried-Jackson (GJ) frame.
In the lab frame the production plane is spanned by q®® and g¥**. In the GJ rest
frame the momentum transfer vectors are back-to-back qf/ = —q§"” along the 2-
axis. The transform to this frame from the lab can be obtained by two rotations
after the boost, which fix also the z- and y-axes. We note here that the boosts and

rotations do not commute, so the order counts.
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Density matrix in terms of spherical tensors

It is often useful to represent the density matrix in terms of generalized spin-J
operators, also known as spherical tensors [134]

[T .50 = (JIL|TTJL) = (LT T m), 0<1 <2, ~l<m <1, (5159

defined in terms of Clebsch-Gordan coeflicients. However, we note here that there
can be many other representations too, this one being one of the most common.
The rank of the tensor operator is denoted with [. Now the matrix valued multipole
expansion is

1
2] 41

> @+ nEm T (5.160)

lym

p

with expansion coefficients (multipole parameters)

;™ = > (JL|J T Im)py, g, with t7) = (=1)™;™. (5.161)
Jo,J.
These are normalized with t8 = Trp = 1, such that the expectation value is

Tr (pT;™) = 17" or Tr (pTle) = t;™. Next we describe how to extract the expan-
sion coefficients from the data.

Spherical harmonics inverse expansion

The angular distribution expansion engine is based on a complete spherical harmonics
expansion described in [145]. We shall re-derive it, add some extra rigor regarding
the phase spaces and inversion algorithms and clarify some aspects relevant at high
energies. Experimentally, with forward protons and Mandelstam ¢, to measured, one
is interested in general in the multidifferential cross section

d°N

~T(Qty, to, M2,Y). 162
dt1dt2dM2dY dS) (@50, 12, M7, Y) (5.162)

Alternatively, without forward protons and also integrating over typically flat rapid-
ity Y dependence of the process in the central domain, one has
N (% M2, Py) (5.163)
dM2dP,dQ I ‘
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where Q = (cos, ) is the decay daughter momentum direction in the chosen rest
frame of the system X with invariant mass squared M? and transverse momentum
P;. For every single crucial kinematic variable which is integrated (summed) over,
a Monte Carlo event generator dependent bias is being induced through the accep-
tance expansion — unless the event generator is one-to-one with reality. This event
generator dependence is even higher with naive single dimensional histogram based
efficiency corrections, naturally. That is, fully MC generator independent results
can be obtained only through fully differential hyperbinning, or by fully differential
continuum techniques such as our DeepEfficiency which is based on inverting the
high dimensional efficiency response via Deep Learning [146].

Phase spaces

We need three different spaces: a detector space Q4¢t. a fiducial phase space Q4
and an angular flat phase space Qf#®. Our definition of the detector space contains
the reconstructed and selected events with the fiducial cuts applied, thus this space
includes any finite efficiency effects. Naturally, it includes also possible biases (offset)
and variance (resolution) effects of the track momentum measurements, which can
be corrected a posteriori after the spherical expansion, if needed, by unfolding the
spectrum histograms. We remark here that in general, there can be also measured
events outside the fiducial domain, such as events with very low transverse momen-
tum tracks, but still reconstructed. Thus, one needs careful definitions. The pure
fiducial phase space contains the geometric n-acceptance of the detector equipped
with a minimum ps-cutoff, basically the geometric ‘ideal’ of the detector space and
minimally extrapolating. The angular flat phase space is the space that leaves scalar
decays uniform over the solid angle, for example, a limited range on the system
rapidity — any cut applied only on the system will leave scalar decays uniform, by
Lorentz invariance. One could take also the full 47 solid angle space as the flat phase
space definition, but that usually means massive extrapolation from the detector (or
fiducial) phase space at high energy experiments, easily a factor of 10. An example
of a practical definition is

Angular flat phase space Q12 = {|Yy| < 2.5}. (5.164)
Fiducial phase space Q1 = {|n| < 2.5 A p; > 0.15 GeV} (5.165)
Detector phase space Q% = Qfid @ detector response function. (5.166)

That is, the system’s rapidity limit is taken the same as the pseudorapidity of the
decay daughters, which is fine given that always monotonically |n| > |y| for single
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final states, which bounds the system rapidity. That is, we must have
Qdet C Qﬁd C Qﬂat C Q47r, (5167)

so that all events in the detector space belong to the fiducial phase space, and all
in the fiducial phase space belong to the flat phase space. In Eq. 5.167, the first
relation dictates the efficiency corrections, the second relation dictates the amount
of geometric-kinematic inversion (extrapolation) done by the spherical harmonics
expansion and the last relation is obvious. The ratio |Qf4]/|Q%2¢| is order of 0.4 -
0.7 at the LHC for our processes with the type of definition given by Egs. 5.165
and 5.164. The generator level ‘ground truth’ sample needs to contain cuts of the
flat phase space. Our code includes examples that illustrate this straightforward but
crucial detail. The crucial thing to understand is that the spherical moments are
mixed in the pure fiducial phase space, unless the detector acceptance is extremely
good. This is the ultimate reason to use the angular flat phase as the inversion
target, even in principle the fiducial measurements should be always the primary
target, because they minimize data extrapolations, by construction.

Spherical harmonics

The ‘intensity’ function Z describes the angular distribution. This function is ex-
panded in terms of spherical harmonic moment expansion

llna,x l

) = > tmYim(), (5.168)

=0 m=—I

where we use a real valued representation of the Laplace spherical harmonics, which is
an alternative to the complex representation. We illustrate these functions in Figure
5.16. Both the real and complex representation provide a full orthonormal basis for
square-integrable functions. The conversion from the complex representation is

V2(=1)™m[Y™] ifm <0
Yim = Real[Y]"] = < VP ifm=0 (5.169)
V2(=1)mRelY™] if m > 0.
The conversion in the inverse direction is

5V = Yy pp)  ifm <0

Y, = Complex[Y,] = < Yo ifm=20 (5.170)
C (Vi) + 1Y) im0 > 0,
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Figure 5.16: Real spherical harmonics Y}, basis functions up to lpax = 4.

which obey the basic symmetry relation
Y™ (0, 0) = (=1)"Y,;"(0, ). (5.171)

The harmonic functions are calculated using standard numerical methods up to any
Im-value using the quantum mechanics normalization conventions.

The expansion coefficients (moments) ¢;,, we are interested in are defined by the
inner product integral

tim = / AQT(Q) Y (Q) (5.172)
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with normalization

too = / dQI(Q), (5.173)

returning the number of events, typically. The inner product works because our basis
functions are orthonormal.
Parity inversion (6, ) — (7 — 0,7 + ¢) gives the relation

Yim(—1) = (=1)Yi(r), (5.174)

where r is a unit vector and (—1)! = parity. With parity conservation in the process
and the chosen rest frame, only even values of [ are needed, because then the values of
tim will integrate to zero for odd I. Now if the processes are also rotation symmetric
with respect to ¢, we see that it is enough to write the expansion in Eq. 5.168 only
over non-negative m. This is seen also in Figure 5.16, where for negative m the basis
functions are odd under translations of ¢ over 0 — 27, thus giving a vanishing t;,,
integral for yp-symmetric distributions. However, if the detector response induces
major asymmetries which should be also included in the detector simulation, one
may need to use the full expansion.

Inverse expansion

The crucial acceptance X efficiency function moments are
Eim = / 49 A(Q)Yir, (5.175)

where the acceptance x efficiency function A(2) is known only indirectly through
detector simulated samples. In its simplest form, it corresponds to geometric fiducial
cuts of the detector. The rest of the detector efficiency effects are then variations on
this manifold.

The acceptance x efficiency mixing matrix is

Eom i = / 49 Vi () Yiro () A(Q), (5.176)

which describes how the experimental acceptance cuts will ‘mix’ different spherical
moments. In the limit A(Q) — 1 we get & iy = 01Oy, by orthonormality. We
calculate the Singular Value Decomposition (SVD) based condition number of the
matrix £ as

Umax(g)

K(€) = 7R

(5.177)
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which we use to characterize the geometric ill-posedness of the problem characteriz-
ing the limited detector geometric acceptance, but also the simulation Monte Carlo
sample size sufficiency given the chosen expansion truncation l.,. The maximum
and minimum singular values of the matrix are denoted with omax, Omin. The iden-
tity matrix has a condition number 1, whereas an ill-posed problem has a very large
value of k.

The observed moments of data are

pobs _ ] 42 Y (DI () A(S2)
m T [AQT(Q)AQ)

(5.178)

which are calculated through a finite sum over the hyperbin sample. One needs
to pay attention to normalization, that is, we use the standard quantum mechanics
normalization of spherical harmonics [ [Y;"|2dQ2 = 1 which conserves probability. To
conserve number of events, we multiply each finite sum with /4.

The inverse estimate in the flat phase space is given by the direct algebraic inverse

Bt = " [ ] 00, (5.179)

U'm!

which we take through SVD with possible regularization. That is, one does not nec-
essarily need to do Maximum Likelihood optimization. Note here that once we have
tim in the flat phase space, we can push forward it to the fiducial phase space using
the fiducial acceptance map F which is calculated analogously to the acceptance x
efficiency matrix, leading to

0= Fumpmrtis. (5.180)
U'm/

With low event count statistics, usually the most optimal approach to find f?j;t
is a dQ2-unbinned extended Maximum Likelihood formulation with Poissonian event
fluctuations in the hyperbin. The likelihood functional is

" T Z(S%)
L= ( [[1 T AT (5.181)
where (n) = / ZdQ (QA(Q) =) Emi, (5.182)
Im

where the expected number of observed events is (n), thus the denominator and Pois-
son term cancel partially. Now taking the negative logarithm for the minimization

126



CHAPTER 5. GRANIITTI: A MONTE CARLO EVENT GENERATOR FOR HIGH
ENERGY DIFFRACTION

gives

—InL==) ") HAY(Q) + D Emli, (5.183)
i=1 lm Im

where we dropped the constant terms depending only on n. This non-convex op-
timization problem is minimized numerically via MINUIT routines, more specifi-
cally by Davidon-Fletcher-Powel quasi-Newton algorithm (MIGRAD), initial esti-
mate given by the algebraic inverse. Once the set of moments {tgibt} is extracted,
one may construct other observables based on this set, such as density matrices. We
point out here that for each hyperbin independently, one repeats the whole chain of
calculations including the detector expansion matrices. Technical extensions of this
could include interpolation between hyperbins, to suppress statistical fluctuations of
the simulation and data samples.

We demonstrate the spherical harmonics expansion in Figure 5.17, 5.18, 5.19,
5.20, 5.21 and 5.22 with cuts suitable for the ATLAS and CMS experiments, where we
have neglected the forward proton cuts, thus also the photoproduced p° is well visible.
We emulated the detector p-efficiency transfer function with a smooth hyperbolic
tangent function for illustration and used flat n-efficiency within the acceptance cube.
The corresponding acceptance decompositions are shown in Figures B.1, B.2 and B.3
in Appendix. The somewhat peculiar acceptance bowl at low masses is due to the
interplay between the peripheral kinematics and phase space definitions.

The spectra are normalized to one, but naturally, one may use event counts or
cross sections. The figures contain results in both the fiducial phase space and in
the inverted flat phase space. The pure J = 0 process verifies the correctness of
the inversion algorithm giving no visible moments other than Im = (0,0) in the
flat phase space, as should be the case. All other frames than the CM frame have
non-zero coefficients with m # 0. The case m = 0 reduces always to the ordinary
Legendre polynomials

2041

Yig(6,9) = \/ = Pi(cos ), (5.184)

with no ¢ dependence. However, one needs to remember that also in this case the
flat phase space inversion machinery is crucial for easy interpretations, otherwise we
could just use directly the ordinary Legendre polynomials without any algorithmic
machinery.

The reference J = 0 process used for the acceptance expansion is on purpose
here taken, for the realism, with a slightly different effective b-slope than the full
spectrum process. The result is that we obtain slightly varying inversion results in
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different frames which is visible especially at low masses. This is just the Monte
Carlo model dependence which is propagated differently in different frames. This
dependence is minimized by using a b-slope value closely matching the data. If event
statistics allow, binning over the system transverse momentum solves the problem.
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Figure 5.17: CM frame: Harmonic moments in the fiducial phase space (rows 1-3)
and in the flat phase space (rows 4-6).
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Figure 5.18: CS frame: Harmonic moments in the fiducial phase space (rows 1-3)
and in the flat phase space (rows 4-6).
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Figure 5.19: HX frame: Harmonic moments in the fiducial phase space (rows 1-3)
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and in the flat phase space (rows 4-6).
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Figure 5.20: AH frame: Harmonic moments in the fiducial phase space (rows 1-3)
and in the flat phase space (rows 4-6).
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Figure 5.21: PG frame: Harmonic moments in the fiducial phase space (rows 1-3)
and in the flat phase space (rows 4-6).
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Figure 5.22: GJ frame: Harmonic moments in the fiducial phase space (rows 1-3)
and in the flat phase space (rows 4-6).
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5.5 Technology

The event generator is implemented in modern C++, utilizing features from the
C++17 language standard with full parallel processing using multithreading, basi-
cally with no limit in the number of threads. As an example of the current state-of-
the-art hardware, Intel Xeon Platinum CPU provides hardware support up to 112
threads with 56 cores. The default random number generator in use is 48-bit RAN-
LUX [147] with easy command line seeding for the distributed grid computing use.
The inline commented and physics literature referenced codebase is currently O(35k)
lines.

The generator steering is done using JSON5 style input control cards and a
command line interface. To ease out using the software correctly, we check the input
and use extensively exception throwing for failure situations. Free parameters of the
models are easily changed by modifying the system JSON cards which are grouped
under the same folder which allows creating easily different ‘tunes’. Event output is
provided in HepMC3 (default), HepMC2 and HEPEVT formats and a converter to
LHE format is provided. The ROOT 6 library is used for the analysis algorithms,
fitting and plotting, but the generator side is a standalone code and should compile
on any modern Linux platform. Compiling the source code is fully automated with
standard MAKE tools and a GCC7+ or Clangb+ compiler is needed.

The code is constructed with modern quality standards, driven by an extensive
set of fully automated and semi-automated custom test cases and Catch2 library,
a software development aspect which we have found highly crucial for reducing the
likelihood of the code ‘regression’ and other types of problems.
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5.6 Discussion and conclusions

We have seen that GRANIITTI provides a new computational edge on the topic of
central diffraction, accelerating the progress on the road towards understanding the
topic from the first principles, whatever they are in the future. This concrete code,
hopefully, also demystifies several aspects of the expert literature. We simulated how
the glueball filter observable is being driven by the spin polarization components of
the resonance spin density matrix, thus providing an ansatz that J = 2 glueballs
produced in central production could be produced with different polarization com-
pared with reasonably established tensor mesons such as f3(1270) produced most
probably in pure transverse |.J,| = 2 polarization, which is our hypothesis — of course
a mixture of pure states is possible, also with off-diagonal density matrix elements.

For the higher multiplicity final states, we point out here that the ‘parallel pro-
cesses’ of simultaneous multiple pomeron-pomeron fusion are interesting. In prin-
ciple, one could assume these to be distributed according to a Poisson distribution
in the first approximation. We see that the ‘serial process’ of peripheral ladder ex-
change, which we have implemented, generates a cross section orders of magnitude
lower than what is measured for the 7*7~ 77~ in the preliminary ATLAS measure-
ment [94] or seen in ALICE data [148]. Within the ALICE fiducial phase space at
/s = 7 TeV, the cross section for the two body, four body and six body central states
with double rapidity gap veto scales approximately oc 37V, with N = 2,4,6,.... The
peripheral ladder exchange simulation has more like oc 10~V scaling in this phase
space, unless the ladder has some unknown non-perturbative mechanism enhancing
the couplings or modifying the form factors within ladder vertices. There is always
the possibility that the production of intermediate enigmatic fy(500) mesons and
their sequential decays, which is readily available within the generator, would pro-
vide the explanation. Discriminating experimentally between the parallel, serial and
sequential production is non-trivial, but possible based on the final state kinematics
and higher dimensional statistical techniques. We emphasize the need for rigorous
(multidimensional) fiducial measurements: cut and count and efficiency correct with
possible generalized unfolding. Model-based interpretations or fits of data are always
of limited use for the theory development, such will be any attempts to remove any
physics background in the soft domain. Such subtractions can be done as a bonus
exercise.

The tensor pomeron model predicts a distinctive ‘dip’ in the rapidity separation
of a central proton-antiproton production, due to the fermion spin-1/2 structure. In
essence, t- and d-sub-amplitudes have a negative relative sign in this case. Unfortu-
nately, we see that this dip can be destroyed to become unobservable by the screening
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loop but also by certain modifications of the unknown internal form factors. The
destructive effect of the screening loop can be readily simulated with GRANIITTI. In
general, it will be interesting to understand what is the detailed mechanism behind
the baryon pair production in central production, what are the effective degrees of
freedom and whether models such as Lund strings or other QCD motivated pictures
can provide better descriptions.

Regarding spin, GRANIITTI is currently the only event generator that can gener-
ate arbitrary spin-dependent scattering amplitudes in low-mass central production.
For the spin analyses, our engine puts the fiducial acceptance inversion on a rigor-
ous footing. We demonstrated the ‘implicit complexity’ of the Lorentz rest frames
measured by non-zero coefficients of the acceptance decomposition. This is shown
in Figures B.1, B.2 and B.3. Unsurprisingly, the most simple one by this first-order
measure is the direct Center of Momentum (CM) rest frame without any rotation
from the lab and the most complex one seems to be the Pseudo-Gottfried-Jackson
frame (PG). We recommend to implement and publish the experimental analysis in
several different frames, which makes the measurements more future proof. The full
dataset together with detector simulations should be made eventually available at
portals such as opendata.cern.ch, because this allows re-studying the higher dimen-
sional kinematic correlations and arbitrary observables. After all, even the spherical
harmonic decomposition is only a projection to a certain basis and frame. We probed
also dualities between central and forward observables. This is especially interesting
for the ALICE and LHCb cases which do not measure forward protons.

We shall here shortly mention the related open inverse problems. What is the
optimal tensor basis, not necessarily the spherical tensor basis, which would allow
reconstructing the density matrix p given the measured set of moments ¢;,,7 The
formulation of this problem was proposed originally by Pauli for spin-1/2, which
has a particularly simple solution in terms of Pauli matrices. A related question is
what is the ‘best way’ to solve amplitudes in the partial wave basis from the mea-
sured spherical moments, a problem which is known to have polynomial ambiguities
in numerous solutions [135]. Finding out a single physical solution is ill-posed for
the case of overlapping resonances and continuum processes, which sum coherently
at the amplitude level. The partial wave problem may be, however, actually more
tractable for the full 2 — 4 process. To characterize the intrinsic invertibility of the
detector acceptance through spherical harmonic expansion, we proposed calculating
the condition number of the detector acceptance moment mixing matrix through sin-
gular value decomposition. The measured and inverted moments in multiple Lorentz
frames, as we showed, give directly useful information for the theory development,
independent of the underlying models. Also, GRANIITTI is fully equipped to fit the
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parameters of the Tensor pomeron model against spherical moment expansions or
any other observables — this requires only some CPU time. Finally, it would be inter-
esting to construct maximally model independent and fully covariant spin measures
from the frame dependent moment set.

In the future, one could include more scattering amplitudes, lattice simulations
fused together with generative machine learning techniques for event-by-event proton
structure fluctuations which would be a truly novel case, higher dimensional spin
analysis algorithms and deep learning driven ultra efficient Monte Carlo importance
sampling.

138



6 Combinatorial Superstatistics for Soft

QCD

High energy diffraction and soft QCD span exciting final state topologies and fluctu-
ations which have not yet been measured or characterized in a fully exhaustive way.
In this work, we go beyond the standard measures and formulate a new framework
to generalize rapidity gap counting with an emphasis on abstract structure, fidu-
cial observables, experimental limitations and factorizing model dependence. The
construction is based on a higher dimensional Bernoulli vector statistics with a com-
binatorial incidence algebra structure, independent of the underlying field theory.
This is the first experimentally feasible framework designed to probe the seemingly
arcane sign alternating scattering amplitude cutting rules of AGK-style, which are
of interest in Regge theory, perturbative QCD and even in stringy black hole calcu-
lus. As an additional novel show case, we pose, construct and solve a highly related
combinatorial stochastic superposition Poisson inverse problem using the Md&bius in-
version theorem.

Chapter in: arXiv:1910.06279 [hep-ph]
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6.1 Introduction

The physics signatures used in searching and analysing interactions at high energy
colliders are often based on specific final state ‘topologies’. Examples of these span
from the soft diffractive QCD processes, where different event classes are identified by
detector responses in pseudorapidity space to new physics searches spanning complex
event topologies with jets, leptons and missing transverse energy. In this work, we
represent the final state topologies using binary vector spaces. This allows us to
use powerful mathematical tools of combinatorics, namely, the incidence algebras
introduced by G.C. Rota [149].

The combinatorial problems in high energy physics are numerous. To name a
few, they span from combinatorial symmetry factors and Feynman diagram enumer-
ation in QFT, Wick’s theorem (Isserlis’ theorem), Gribov-Glauber cancellations in
heavy ion physics, Abramovski-Gribov-Kancheli cutting rules in Regge and field the-
ory, numerous experimental combinatorial puzzles in track fitting and primary vertex
association and in the resonance search analysis of final states with combinatorial
background. Here we take a slightly different angle on this topic than what has been
done previously. From the experimental point of view, the framework here can be
utilized for the extraction of diffractive cross sections and completely novel fiducial
measurements, and can be considered as a complete generalization of the double
diffractive measurement done by the TOTEM experiment [38]. The approach devel-
oped in this work is the first explicit utilization of the Mdbius inversion theorem in
high energy physics, as far as we know. Perhaps the most well known Mobius inver-
sion paper in physics is by Chen [150]. Kowalski, Polyzou and Redish used these tools
in the context of partition combinatorics of a non-relativistic multiparticle scattering
operator formalism [151]. The connection to supersymmetric mathematical physics
models was first developed in papers by Spector [152] and Julia [153], and later by
Onofri, Veneziano and Wosiek, which they called ‘supercombinatorics’ [154].

In soft QCD, different minimum bias processes have very different final state
configurations over rapidity. However, when the luminosity grows high, nearly all
capabilities to study diffractive processes are lost due to the multiple proton-proton
interactions per bunch crossing — the pileup. This can be both on-time and off-time
pileup, that is, it can propagate from the same or previous bunch cross due to the
short 25 ns spacing at the LHC and long detector integration time windows. As an
illustrative example, when the average number of inelastic interactions is p ~ 10,
the so-called large rapidity gap events vanish almost completely when we talk about
low-pr events, and we are left only with uniform event signatures as our observables
over pseudorapidity. Thus, there are naturally some fundamental limitations in how
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large the luminosity can be even without considering all instrumentation and detector
level complications. The optimal running setup depends heavily on the physics signal
and background. The pile-up rates, being an order of 30-50 in ATLAS and CMS,
even higher in the future, pose a major challenge for physics analysis, cross section
measurements and searches for new physics phenomena. However, some high-pp
channels are still experimentally manageable up to u ~ O(10?) or more. Thus we
point out that one practical application of our work is the inversion of (minimum
bias) trigger combinations under pileup, which was treated in work by ATLAS [155]
and ALICE [156] collaborations with less powerful tools. In our other paper [157], we
solve a related inverse problem of multiplicity distributions undergoing a compound
Poisson autoconvolution process, by fusing techniques of characteristic functions and
algorithms.

Section 6.2 starts with multivariate Bernoulli observables together with vector
spaces over the finite Galois field GF(2) and sets them in the context of high energy
diffraction. In Section 6.3 we go through the partially ordered sets, incidence algebras
and the M&bius inversion and Section 6.4 is devoted for concrete measurements of
observables. The other half of the paper deals with the combinatorial superposition
problem in a compound Poisson scenario. Section 6.5 constructs the compound
Poisson problem and a mathematical model is built, which is then solved using the
combinatorial techniques from the first half of the paper. Finally in Section 6.6, we
study the inverse problem numerically and summarize in Section 6.7. The appendix
provides supplementary information.
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6.2 Binary vector spaces and Diffraction

For the algebraic construction of Bernoulli observables, we need a vector space F5
over the finite Galois field GF(2) with addition as a component wise Boolean OR (V)
and multiplication as a component wise Boolean AND (A). As the inner product we
can use (ab) = /Y a; A b; € Fy, where a,b € FY. The vector space is spanned
by N standard basis vectors as span(FY) = {e,}2_, and the number of elements in
an N-dimensional binary vector space is [F)'| = 2V illustrated in Figure 6.2. The
total number of subspaces is given by a sum over g-binomial coefficients, given in
Appendix C.1.

The most useful property concerning the physics involved here is that the sub-
spaces form an orthomodular poset (partially ordered set). Another aspect is that
Boolean operators which are diagonal in one basis are diagonal in all bases. Projec-
tion operators are always diagonal, which is semi-intuitive if one thinks about the
N-dimensional unit-hypercube structure. In [158] it was pointed out that the mul-
tivariate Bernoulli can be considered as a certain generalization of the Ising model.
However, here we apply these to high energy physics.

Bernoulli random variables

Every component observable of vectors in IF%V is treated as a Bernoulli random vari-
able B; with 1 <4 < N. The random variables B; follow the distribution

Ber(B;|m;) = Pp(B; = blm;) = ml(1 —m;)' ™7, (6.1)

)

where b € {0,1}. The mean is m; and variance Var[B;] = m;(1 — m;). Together,
these can be encapsulated with a multivariate Bernoulli distribution P(By = by, Bs =
ba,...,By = byl|f). The full distribution is either described directly with 2V — 1
parameters (—1 from normalization) associated with every 2!V elements of the binary
vector space, in what we may call the fundamental or natural representation, or with
parameters describing the expectation values and multipoint correlations between
different Bernoulli variables, what we may call the correlation representations. We
use the notation and representations constructed by Teugels [159].
Example N = 3: A centralized correlation representation is

m; = <BZ>, 1= 1,2,3
0:;j = Cov[B;, Bj] = ((Bi — m;)(Bj — m;))
= <BlBJ> - <Bl><B]>7 (27]) € {(la 2)? (1’3)7 (273)}
0123 = ((B1 — my) (B2 — ma)(Bs — mgy)),

~ Y~ ~
> > e e
Tt &~ W N
PN i
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where the moments or correlation functions are centralized, that is, the mean is
subtracted. The structure is only slightly more complicated for larger values of N,
and is described in the following chapters. One interesting property is that for the
multivariate Bernoulli distribution component variables which are pairwise uncor-
related Cov[B;, B;| = 0 are also always independent, that is, the density factorizes
P(B;, Bj) = P(B;)P(Bj) [158]. This does not hold in general for multivariate prob-
ability distributions.

Probabilities and cross sections

In the fundamental representation, a probability vector p encapsulates the probabil-
ities of mutually exclusive combinations of observables in the binary vector space

p:(Pbov‘Pbu”'vPbQNil)T’ chzl (66)

where indices go through all the elements of the binary vector space. The one-to-one
correspondence is given uniquely by the binary expansion'

N
c=Y 027" & b= (b1,by,....bn), (6.7)
i=1

between the index 0 < ¢ < 2V — 1 and the binary vector b € Fév
Now turning into physical observables, the differential cross section element is

given by the usual
11

do, = e, ALy | Min|?, (6.8)
where the matrix element squared |M;_,,/|? is the probability amplitude for the
transition from the initial state to the n/-particle final state, encapsulating all dy-
namics. The S,/ is a QFT combinatorial symmetry factor for identical final states,
F =4y/(p1 - p2)? — m$m3 — 2s (high energy limit) is the incoming invariant Méller
flux and the standard Lorentz invariant phase space element is

n' 37,

diLy = (2m)* ] AR (6.9)
" (27)32k0
=1 J

'Here we remark on the difference between left and right ordered bit strings. We use the con-
vention of most significant ‘bit’ (MSB) on right. In the most significant ‘bit’ on left representation,
this expansion would be ¢ = 3"~ | b;247".
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We now divide the fiducial phase space seen by the detector into N elements.
Using the combinatorial incidence algebra notation, then the so-called 2V partial
cross sections can be expressed with

1 1 @ o (1 —1\®Y
O Do IR CRTSS wrY IO

<A{{kj1};EN}> ©
(A{{kj}l; EN1}> v <A{{kjl};51}> - (6.10)

The expression above is a 2V-vector, where the component o denotes the null
part outside the total fiducial phase space. The acceptance (indicator) functions
A :{k;} — {0,1} encoding the Bernoulli trials are

1, if 3k; € 5

] (6.11)
0, otherwise.

Ai({ki}:Ei) = {
The acceptance function returns 1 if any of the final state particles was inside the
phase-space domain Z; defined for B; and returns 0, if none were inside the domain.
This function can be constructed with simple phase space cuts suitable for analytical
calculations. In practice, they are most eagily calculated with soft QCD Monte Carlo
event generators, where arbitrary fiducial phase space cuts are possible. We abstract
out the detailed singularity and theory structure connections with the phase space
cuts out at this point, they are theory specific, but certainly collinear and infrared
singularities may be used to design a specific structure for the acceptance functions.
Experimental efficiency and resolution functions work as a mixing map o, — o,
which is a highly complicated stochastic non-linear operator modulating the pure
acceptance indicator function. For the expectation values, it can be represented
with a finite linear folding operator acting on the final states partial cross section
vector as F : ¢ — &, where o denotes the partial cross sections at the fiducial phase
space particle level and & denotes the visible partial cross sections at the detector
level. Both can have almost arbitrary definitions, depending on the problem. The
hierarchy goes as follow

Zn/ fQ /
F
dO “s o
vk —og,tor

Q:

(6.12)
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where the first map is the ‘theory’ or ‘generator’ and the second one is the ‘detec-
tor’, to illustrate. The zero-th component g of o denotes the invisible fiducial cross
section in the fiducial phase space division (geometrically invisible), only accessible
theoretically or via indirect measurements. The inverse operator F ! is the so-called
unfolding process, which can be naively solved with a 2 — 1 matrix inversion, ob-
tained via detector simulation. The o denotes the integrated efficiency loss, which
is not the same as pure acceptance loss og. Integrated leakage from outside the fidu-
cial to inside the visible is denoted with o, which may happen due to e.g. material
re-scattering — this can be a non-negligible effect with very forward detectors. We
emphasize here that the unfolding is for efficiency and smearing induced corrections,
not to extrapolate the detector geometry.

As an example of the indicator functions one could consider a simple divi-
sion of the (pseudo)rapidity into N intervals with suitable p; thresholds per in-
terval. Experimentally, the intervals may overlap over pseudorapidity such that
(7, min, Mi,max) U [17j,min, Mj,max] 7 {0} for a detector pair (ij), and thus making them
trivially correlated. It is possible, in principle, via suitable non-overlapping fiducial
definition to take this into account in the unfolding procedure which de-correlates the
data. Another option is simply to take care that no overlap happens physically. Also,
the detectors may have gaps over 7 such that [7; min, 7 max] U [1jmin, 7j,max] = {0}
However, it is worth pointing out that the formalism presented here does not assume
statistical independence of any kind, either implicit or explicit.

Abramovski-Gribov-Kancheli cutting rules

We collect here some illustrating results of the AGK cutting rule calculus [25]. By
no means this is a complete description, but rather of an introductory nature. These
rules are somewhat similar to more well known Cutkosky-Landau cutting rules based
on the S-matrix unitarity, the rules which treat scattering amplitude discontinuities.
The AGK rules were introduced in the Regge theory context, but they are actually
flexible in terms of the underlying theory. What we need here is the reggeization,
which happens in field theories under Regge limit but also in string theory. The
AGK calculus results here are collected from a stringy black hole context [160] and
from QCD papers [161, 162]. We assume the usual unitary S-matrix and 7 matrix
related with

S=1+4+1T. (6.13)
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Let us have the elastic scattering amplitude Tap(s,t) with a Sommerfield-Watson
integral transform representation in the complex angular momentum space as
—iTw

dw T—e

Tan(s,t) :/mf(w)sl+“’f(w,t) with {(w) = ——, (6.14)

S Tw

where F(w,t) is the corresponding partial wave, w = J — 1 € C being the conjugate
variable to s together with the signature factor £ for the positive or negative signature
7 = £1. The positive signature case, such as Pomeron exchange, can be written more
compactly as {(w) = i + tan(fw). Now assume an exchange of n Reggeons, that is,
exchange of Regge trajectories.

The n-cut discontinuity over w of F(w,t) can be written in terms of vertex func-
tions V¢, V? and integrating over transverse momentum phase space as [162]

DISC{V[F(w, t)] = 2mi ZBJ ({8 Vi ({kj wh)Vn({kj,w}) (6.15)

n

o d?k;
2, = (2m)%0%) | q =)k | [] (%)g (6.16)

o _ cos [ Z (Bj + H_T?}
if) =1m | =t |G| = (— ' ’
I({5;}) =1 1:[ 3 (=1 [T, cos {%(B] + 1; ? )]

where B(—k?) = a(—k?) — 1 with a(t; = —k?) being the Regge trajectory function,
for the soft Pomeron often used parametrization is a(t) ~ 1.08 +0.25¢. The factor n!
comes from all possible exchange diagram planar and crossed non-planar orderings.

Now the amplitude for the n-cut exhange can be written using the Sommerfield-
Watson transform and the cut discontinuity as [161]

(6.17)

Azgcut(s’t) :/@g(w)sl+lescgjn)[f(w,t)] (6.18)

23
-x/ T e(Y A ST VA Y BV, Y 65)
j Z " (6.19)

Next we write down the Abramovski-Gribov-Kancheli sign alternating combina-
torial factors [162]

(6.20)

an — 21 (—1)" +11({B,}), for k = 0 cut Pomerons,
B Y on-l(—1)nk for 0 < k <n,

n!
(n—k)kD
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nk| 0 1 2 3 4 5 6
1 |0 1 0 0O 0 0 0
2 11 4 2 O 0 0 0
3 /3 12 12 4 0 0 0
4 |7 32 48 32 8 0 0
5 |-15 80 -160 160 -80 16 0
6 | 31 -192 480 -640 480 -192 32

Table 6.1: AGK factors G} for the even signature (Pomeron) case with n exchanges
and k of them cut.

which we tabulate for illustration in Table 6.1.

Let us now point some integer sequence properties of the AGK series, which
might be illuminating in our hyperspace context. The series |G}_,| is the number
of edges in an n-hypercube. The series |G}_,| is the number of diagonals in an n-
hypercube of length /2. The series |G}_5| is the number of 3-cycles in the halved
n-cube graph. These suggest to us directly that in order to be (experimentally)
sensitive to n Pomeron exchanges, the number of rapidity slices N should be at least
n + 1. Now the use of AGK cutting factors is that they allow us to represent the
total discontinuity over s-space scattering amplitude as a weighted sum over all k-cut
Pomeron contributions [162]

A™(s,t) = DISC,[T15" (s,t)] = > _aj(s,t), where
k=0
o [, -
o = 2mi Gy [ ST, Y Ak A (620

The last step in our short discussion on this topic is the impact parameter b
space picture and eikonalization. The eikonal opacity function in the impact param-
eter space is obtained using the (inverse) Fourier transform of a single discontinuity
integrated over w [162]

2
Q(s,b) = L / éﬂ‘;‘zeib'q / dwDISC,,[F(w, —q?)] s* (6.22)

with the amplitude recovered in the s-space by (forward) Fourier transform of the
n-times exponentiated amplitude, by assuming factorization of each exchange as
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10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80

Figure 6.1: A tensor product chain M®* on the left and a tensor sum chain $M®*
on the right. Black to red to white denote values in [0,1].

Vi = [V1]", giving

_1\n—k )
A (5, 8) :4@3M / Pbe™a [0(s, b)]" (6.23)

with summation n > k resulting in
Ap (s, t) = 4is / d*be™® AP (k, s,b). (6.24)

Where the probability is a sum over the S-matrix elements [162]

[Q(s, b)) )

P(k,s,b) = Z[S(s,b)S(s, b))} = x ,

n>k

(6.25)

which gives a Poisson distribution with (k(s,b)) = Var[k(s,b)] = Q(s,b). That is,
the number of k-cut Pomerons at given energy squared s and impact parameter b is
Poisson distributed in this picture. Now, in typical Monte Carlo implementations,
one needs also the parton densities to pick the longitudinal momentum fractions
from vertex factors V} ¥ for each exchanged Pomeron and at least triple-Pomeron
interactions with diffractive cuts, in addition (hard) QCD matrix elements, parton
shower and fragmentation.
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As an example, we shall refer to the description of QGSJet-II event generator for
details [163], which implements advanced Reggeon calculus for soft and hard inter-
actions. The scope of this paper is to provide new algebraic methods for measuring
the observables. We use the Poissonian AGK distribution as our motivation for the
later construction. We shall also note here that a left stochastic matrix devised by
Ryskin and Bartels [161], describes the ‘non-diagonal’ cut transitions necessary for
rapidity gap configurations

00 %
M=1010 |, (6.26)
10 3
which has x = [1,—4,2]7 as its eigenvector, the first non-trivial row from Table

6.1. That is, for every rapidity interval, these ratios hold, and the transition matrix
describes the stochastic probability of transition from different configurations per
chain. In Figure 6.1 we illustrate the nature of this matrix under the Kronecker
product A® B and the Kronecker sum defined as A B = AR 4+ Ig® B, where I
is an identity matrix. The product matrix belongs to the class of inclusion-exclusion
matrices whereas the sum matrix resembles a hypercube adjacency (connectivity)
matrix. Later we learn how these concepts appear in the incidence algebra.

Rapidity gaps as a spacing distribution

It is typical that ‘non-diffractive events’ have an exponentially decreasing maximum
rapidity gap distribution ~ exp(—£.Ay), where the correlation length £, ~ 1 depends
on the average multiplicity density. This can be derived assuming n independent final
state emissions over rapidity. Diffractive events are those which have ‘anomalously’
large gaps. The rapidity gap itself is a kinematic consequence given the excited
(dissociative) proton system mass is small enough and the initial state boost large
enough, however, the M? distribution itself is driven dynamically. The standard
triple Pomeron limit distributions obtained via generalized multibody unitarity to-
gether with Regge asymptotics give do/dM? ~ 1/(M?)*P(©) where the ap(0) is the
effective Pomeron intercept ap(0) = 1+ Ap ~ 1.08. Then by standard kinematic?
change of a variable ¢~!(Ay) = sexp(—Ay) = M?, we obtain the single diffractive

*Beam rapidity is y+ = £1n(y/s/m;) and the diffractive system spans yspan = In(M?>/m2).
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rapidity gap distribution

do  do , 4 dp~t
B 1
 (sexp(—Ay))ar0)

Pp(Ay) ~

—S

m = eAy(aP(O)il). (627)

Above, we neglected Mandelstam t-dependence of the triple Regge expressions
by taking ¢ — 0, but this is not relevant for this discussion. Now Equation
6.27 is a slowly rising exponential, instead of decreasing such as for the random
non-diffractive processes. In the case of a double diffractive process, the equiva-
lent derivation goes via the Jacobian determinant det J(Ay,yo) = smge*Ay, from
o H(Ay,y0) = (STrL‘,,%e*AyﬂyO)1/2 = M? with i = 1,2 for the two systems and
AfD = —1In (M{M3/(sm2)) and yo = 3 In(M}/M3). This gives us

Ppp(Ay) do____d'o (p72(Ay, yo)) |det ()|
PRI dAydyy — dMEdM3Z 12 Y:Yo
1 smg
- 6.28
1:[ (Sm?,exp(—ij:2yO))aP(0)/2 eAy ( )
~ eAy(O‘P(U)*l)’ (6.29)

where the dependence on yy vanishes and the functional dependence is the same as in
the single diffractive case. The boundary conditions are different, because the both
edges of the gap are moving in the case of double diffractive scattering. In general,
the gap may be taken with respect to the detector geometric boundary or with re-
spect to the minimum or maximum of the rapidity interval (type I), or we can count
distances between particles (type II). One must remember that any unitarization
scheme may modify these results. That is, the triple Pomeron expressions do not
satisfy unitarity under s — oo, which is a long standing problem, with numerous par-
tially plausible solutions (eikonalization, triple Pomeron decoupling, ...). Currently,
there is no detailed data enough to gain new insights on this problem neither the
non-perturbative QCD techniques are advanced enough to solve it. However, new
LHC data may change the situation.

At this point, we refer the reader to mcplots.cern.ch for the measured rapidity
gap distributions at the LHC with different minimum p; thresholds and Monte Carlo
event generator comparisons. The large (diffractive) gaps spanning several units of
rapidity originate from charge-neutral exchanges, such as exchange of color neutral
gluon systems (pomerons) or photons. The interaction rate of gap events may be
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screened by additional elastic or inelastic interactions, this is known as the gap
survival discussion. An important property is that measuring the final states down
to an arbitrary infrared cutoff, not experimentally accessible, modifies the observed
rates of rapidity gap events. This corresponds e.g. to extra emission of soft gluons.
Thus, the rapidity gap events are not clearly ‘infrared safe’ without an explicit p;
threshold definitions. Later in this work, in Figure 6.6, we show with a toy Monte
Carlo simulation how the combinatorial gap rates run as a function of p; thresholds
for four different particle densities per rapidity slice. We see that it is possible,
given different p; thresholds and particle densities, to run the relative event rates of
different final state topologies to wildly different values.

For the non-diffractive events, now let Yy, Y1,...,Y, be n + 1 rapidity intervals
spanned by an n particle final state proceed e.g. via ‘string breaking process’. To
calculate statistics of these, we may use the Darling’s contour integral technique from
mathematical statistics [164] via the Laplace transform

nl c+ioco n 00
B AM)- f0)] = 5 [ <1 | dzan ey 630

210 Joioo

The path of the integral is along the straight line Re{z} = ¢ and f;(z) are arbitrary
real valued functions. Using this expectation integral, one can derive numerous
results regarding the spacing statistics. For example:

MaxGAP: The probability that all rapidity gaps are smaller than 3 is

Py <= X (") - s (6:31)

0<5<1/8 J

MINGAP: The probability that all rapidity gaps are larger than « is
PY;>aVj)=(1-(n+1)a)" st. a<l/(n+1). (6.32)

Both of these are derived in Darling’s paper [164] under the uniform distribution
assumptions. We see that given uniformly distributed rapidities, the number of final
states gives physical boundaries for the probabilities, visible in the inequalities in
Equation 6.31 and 6.32. Now clearly, one can consider higher-order spacing statistics
such as distributions of the largest and the second largest gap and so on. Clearly,
our incidence algebra construction is an integrating embedding of these taking also
into account the translation (boost) position on the rapidity axis.
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Figure 6.2: The binary vector space illustrated as an N = 6 hypercube graph with
its corresponding adjacency matrix (black is 0, white is 1).

Our construction includes, in the limit N — oo, exactly the ‘traditional’ rapidity
gap description. That is, one can recover the one dimensional rapidity gap distribu-
tion from the N-dimensional combinatorial distribution. Moreover, in practice, N
needs not to be infinite due to the random correlation length over rapidity which
smears out useful information at very small gap values.

Hypergraph and topology

In Figure 6.2 we demonstrate the vector space as an equivalent hypercube G(E, V).
Each vertex in set E corresponds to one particular final state configuration and
partial cross section component. The number of edges in the graph is N2V~ also
counting the number of non-zero phase space elements (bits). The total number of
subspaces is 2825, for N = 6. That is, it is a radically richer space than a single
dimensional projection of rapidity gap distributions. In the following sections, a
complete algebraic construction for any finite N will be given.

We point out that our definition of ‘event topology’ is reasonably well defined
even if slightly abstract at first sight. Regarding the topological invariants of the
hypercube, the Euler characteristic gives us V — E + F = 2 — 2v(Gy) where F is
the number of faces and the minimum genus of N-cube for N > 2 is [165]

Y(Gn) = (N —4)2V 73 4 1. (6.33)
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That is, if N < 3, then v(G ) = 0 and we can embed the planar graph without edge
crossings on a sphere, N = 4 requires a one hole torus and then exponentially more
complicated topologies are generated. The connection between final state geometry
(kinematics) and topology is now well defined — more complicated ‘event topologies’
require larger N. An interesting construction would be the limit N — oo, that
is, from finite dimensional hypercubes to an infinite dimensional construction. In
practice, approximation schemes such as neural networks could be useful proxies for
that.
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6.3 Posets, incidence algebra and Mobius inversion

To have the necessary mathematical preliminaries to attack our problems further,
we need to first define here a few basic concepts well known in combinatorics. For
more information, we refer the reader to the original papers on incidence algebras by
G.C. Rota [149] and a textbook on combinatorics by R. Stanley [166].

Let P be a set. A binary relation < between elements z,y, z € P satisfying

1. Reflexivity: < x for all x € P (6.34)
2. Antisymmetry: if x <y and y < x, then z =y (6.35)
3. Transitivity: if x <y and y < 2z, then z < 2 (6.36)

is called a partial order. Thus, a set equipped with a partial order is called a poset.
Now (P,<) is a poset. An incidence algebra is constructed by first defining an
interval [z,y] = {#z € P|z < z <y}. Then the incidence algebra on P is

I(P)={f:PxP—R|f(x,y) =0 unless x < y}. (6.37)

Thus, it gives us the precise definition of the inclusion operation. The incidence
algebra has two operations of addition and multiplication defined as

L. Addition : (f + g)(z,y) = f(x,y) + g(z,y) (6.38)
2. Multiplication : (f * g)(z,y) Z f(z,2)g(z,y) (6.39)
z<z<y

so the addition is point-wise and the ‘multiplication’ is a convolution sum. Thus,
division can be understood as a deconvolution operation. Common examples of
locally finite posets P are: the positive integers ordered by divisibility, an inclusive
order of the subspaces of a vector space over a finite field (projective spaces) or all
the inclusively ordered subsets of a given set.

In order to proceed, we need a (-function® defined as

1, ifx<uy.
T,y) = - 6.40
Say) {O, otherwise. ( )

and its inverse (7! is the so-called Mé&bius function v (as in number theory) defined

3This has a relation with the Riemann (-function, which explains the name.
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Figure 6.3: Matrices (128x128 and Cﬁéxl?s for N = 7. On the left black is 0 and
white is 1. On the right, orange is 0, black is -1 and white is 1.

with a recursive relation

1, fr=y
u(a,y) =4 =<, ulz,z) forz<y (6.41)
0, otherwise.

The identity or delta-function works as expected in I(P): d(z,y) = 1 if x =
y, and 0 otherwise. In what follows, the (-function can be represented with an
upper triangular matrix of size 2V x 2V with Boolean elements, unit diagonal and
determinant 1. Thus, the Md&bius matrix is found easily by inverting the (-matrix
which results in an upper triangular matrix with unit diagonal and alternating signed
elements.

The Mo6bius inversion theorem

The Mébius inversion theorem goes as follows [166]. Let (P, <) be a finite poset and
f and g elements of the incidence algebra I(P). The theorem states two equivalent
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formulas in direct g — f and inverse f — ¢ directions

fl@y) =Y g2 & f=gx¢ (6.42)
g(z.y) = Y fla,2)u(z,y) & g=fxu (6.43)

Intuitively, multiplying by ¢ can be understood as integration and by u as a differ-
entiation operation. The same convolution products are easily written as

f=(g & g=(C"f, (6.44)

using a representation with column vectors f, g and triangular square matrices ¢, 1.
When increasing the dimension N, the recursive Sierpinski triangle fractal structure
in these matrices will manifest itself. This is shown in Figure 6.3.

The principle of inclusion-exclusion

The Principle of Inclusion Exclusion (PIE) is the M6bius inversion for subsets [166].
The basic ‘sieving’ principle of PIE itself has been known for long. Now let different
scattering cross section domains for each Bernoulli observable be represented with
subsets Dy, Da,...,Dn C D. By defining two functions f and g on the poset (P, C)
having |P| = 2V and F) = P as

Fo0 =) D (6.45)
1EX
g(x) ={x € D|x € D; for all i € x holds « ¢ D; for all j ¢ x}|, (6.46)

where x C P. This can be written in the forward direction with
FO0 =Y 9(x)- (6.47)
xCYCP
Now the inverse, the PIE, follows directly as
900 =Y (=) (6.48)
XCTCP
with the earlier introduced Mobius function

mmnz{“”mw’ﬁxgr

] (6.49)
0, otherwise.

Next we apply these tools.
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Algebraic representations

The vector valued Bernoulli distributions can be now written using

QN QRN
1 -1 1 1
p= (O ] ) m < m= (0 1) P, (6.50)

where we immediately recognize on left (~! and on right the (-matrix obtained via
recursive use of the Kronecker tensor product. This is the form given by Teugels in
[159], but he did not point out the connection to the incidence algebras or Mobius
functions. The form is very similar to ones often used in quantum mechanics with
finite degrees of freedom, for example the Hilbert space decompositions into subsys-
tems. Using the Kronecker tensor products, the probability vector p is

pc=<((1) _11>®N<BIN>®<B;1>®...®<§1>>c. (6.51)

The polynomial vector of ordinary moments m is

el )= (8, )o () oo (5)) oo

The polynomial vector of central moments § is

N
= <H<Bi - <Bi>>bf>

=1

- << By _1<BN> > ® ( B _1<BN_1> ) Q- ® ( 5 —1<Bl> >> (6.53)

where c is given by the binary expansion, 0 < ¢ < 2V — 1 and b¢ € {0,1} of b®. The
central moments describe the multipoint correlations (# 2~ — N — 1) between any 2
or more subspaces in phase-space (such as rapidity intervals) and B; are the corre-
sponding Bernoulli random variables. The correlation functions (B; ... Bj) factorize
to a product of (B;)...(Bj) if no correlations are present, as usual. This property
can be used to test factorization of physics, such as factorization properties of (soft)
QCD amplitudes.
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Subspace decompositions

Now we drop the zero vector case ¢ = 0, which corresponds to the case B| = By =
...Bx = 0. This gives no contribution being the additive identity of the algebra,
physically outside the fiducial phase space of the definition. Thus the vector p will
be then 2V — 1 dimensional, and Y p. = 1 still by definition. By a slight abuse
of notation, we will continue with this convention for the rest of the paper unless
otherwise mentioned. Now analogously to Equation 6.50, we write

Ap =r, (6.54)

where r is an auxiliary vector which collects the additive subspace probabilities of dif-
ferent mutually exclusive final states and A is a full rank (invertible) square Boolean
matrix of size 2V — 1. The number of different subspaces of varying dimensionality
is given by g-binomials of Equation C.1 in Appendix C.1.

Example N = 2: Denote the Bernoulli probability of the observable B; with Pg,
and of By with Pp,. The probability of events obeying fiducial binary combinations
b; = (1,0) = [B1] A [=B2], by = (0,1) = [-B1] A [Bg] and b3z = (1,1) = [B1] A [B2]
can be obtained by inverting a system

1 0 1\ /P Pg,
01 1| ([P.]= Pp, , (6.55)
1 11 Pl,l PBlVBQZPBl+PB2_PB1ABgzl
0O -1 1
Ajls=1|-1 0 1]. (6.56)
1 1 -1

Example N = 3: Observables are now B, Bs, Bs. We get in a completely
analogous way as in the N = 2 case

101010 1\ [P Ps,

011001 1|][PRuo Pg,

000111 1|]|Pu Pg,
1110111 Py | = Pp,vB, = P, + P, — P, B, ;
1011111 Pio1 Pp,vB; = Pp, + P, — P B,
011111 1|]|Pus Piyvp, = Pp, + Ps, — Ponn,

1 111111 P17171 PBlVBQ\/B3:PB1+PB2+PB3_251

(6.57)
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20 40 60 80 100 120

Figure 6.4: Matrices Ajo7x127 and A1_217X127 for N = 7. On the left black is 0 and
white is 1. On the right, orange is 0, black is -1 and white is 1.

o 0 0 0 0 -1 1
O 0 0 0 -1 0 1
o 0 -1 0 1 1 -1
Azl,=f0o o o -1 0 o0 1|, (6.58)
o -1 0 1 0 1 -1
-1 0 0 1 1 0 -1
1 1 1 -1 -1 -1 1

where Z = Pp,aB, + PBiaB; + PByaB; — PBiAByAB;-

We can proceed in a same way up to an arbitrary number N of Bernoulli observ-
ables, which span a number of 2V — 1 non-zero combinations. To summarize: the
idea is to generate a system of all linear combinations of event rates described by a
full rank (invertible) matrix A. This matrix and its inverse will be used directly in
the solution to the compound inverse problem. The matrix A, or more precisely the
inverse of it, can be generated recursively utilizing the principle of inclusion-exclusion

N N
P(Uby=>_ (0" > pPDn|. (6.59)
i=1 i=1 Ic{1,..,N},|I|=i
The inner sum runs over all subsets I constructed by the indices 1,..., N, with
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cardinality of I identically ¢ elements. Also above we have defined

Dy = (D (6.60)

el

Figure 6.4 shows an algorithmically generated example where the fractal structure
is again evident. Finally the relation between the inverses of (-matrix and A matrix
can be written as

T, —1 - N
it1441, when1<4¢,7<2% —1
) TC71]1+1,]+1 o = ‘ j —N 7 (661)
(T ¢ it — 1, ifi=j=2"% -1
which is evident by careful inspection of the definitions. Because our space Fév is
linear, all subspaces Fé” with 1 < M < N are naturally included in it as Fé” C ]Fév ,
and we used that property. An additional funny remark is that the probability to

have an n x n matrix over Fo with determinant # 0 is 1/4. This is easily proven.
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6.4 Measurements

Regarding proper observables and measurements, we could start to write down suit-
able theory formulations from which one could perhaps derive semi-analytical distri-
butions for the Bernoulli observables, at least with toy models. However, here our ab-
straction level is different. This construction is essentially a new model-independent
definition of high energy diffraction: different correlations over space-time observ-
ables, in terms of rapidity and transverse momentum (and multiplicity), are em-
bedded in the construction and predictions can be obtained directly with any Monte
Carlo event generator. We rely only on the observable fiducial final state information.
Incidentally, our construction has some similarities with the coherence definition by
Glauber in quantum optics [167].

Partial cross sections

To be concrete, a practical measurement procedure of the combinatorial partial cross
sections, which may be called also vector fiducial cross sections, goes as follows.

1. INPUT: Use minimum bias or zero-bias (bunch cross-over) triggered data.

2. BEAM BACKGROUND FILTER: Filter event by event the beam-gas and satellite
interactions via detector time-domain cuts, if possible. Tune the beam background
cuts using a combination of Monte Carlo (pure beam-beam) and data in a way that
beam-beam interaction efficiency is preserved.

3. FibuciAL CuT DEFINITION: Apply fiducial cuts for pseudorapidity n and trans-
verse momentum p;. A single fixed set of cuts gives 2!V —1 non-zero observable binary
combinations. A sliding threshold cuts give a ‘trajectory of observables’.

4. RESIDUAL BEAM BACKGROUND CORRECTION: Correct residual beam-gas back-
ground at statistical level using beam-empty, empty-beam, empty-empty trigger
magks: N < N — Zj a;Nj, where weight factors a; are obtained from the j-th
trigger mask statistics with pre-determined and/or random trigger downscaling and
N is the number of events.

5. PiLe-Up: Correct pile-up via statistical Mébius inversion using Eq. 6.79, if the
run was with high instantaneous luminosity.

6. LumiNOSITY: Map event counts to visible cross section units via integrated lu-
minosity, calibrated via van der Meer scans, see Appendix C.5.

7. MULTIDIMENSIONAL UNFOLDING: Unfold visible partial cross sections to fiducial
partial cross sections. One may use ‘standard’ unfolding algorithms.

8. OuTpPUT: A vector o (set) of fiducial cross sections.
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Figure 6.5: Partial cross sections evaluated with proton-proton minimum bias Monte
Carlo event generators at /s = 13 TeV. Statistical uncertainties are indicated with

error bars. The total inelastic cross section for all models is set to 80 mb.
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In addition, one may now use the unfolded partial cross sections to obtain highly
constraining multidimensional fit extractions of diffractive cross sections and the
Pomeron parameters or the maximum diffractive system mass limit, sometimes called
the ‘coherence limit’ [168]. Also, re-projections of other observables are possible. For
highly efficient algorithms, see Appendix C.6 and C.7.

In Figure 6.5 we have several Monte Carlo model [163, 169-174] fiducial proton-
proton cross sections at /s = 13 TeV with cuts suitable for the ALICE experiment.
The fiducial acceptance domains for charged particles with N = 6 are

n € [-7.0,—-4.9],[-3.7,—1.7],[-2.0,0], [0, 2.0],[2.8,5.1],[4.8,6.3] A p; > 0.05 GeV,

(6.62)
motivated by the nominal acceptances of AD, VO and SPD detectors of the ALICE
experiment. A large variation between models is seen, representing different tunes
and design choices. In certain sense, the vector fiducial cross sections are closer to
classic diffraction measurements (aperture + screen), than the typical rapidity gap
counting. Regarding the multidimensional unfolding, we recommend using several
reference MC models together with the detector simulation. One should also char-
acterize the unfolding regularization parameter strength in a data-driven way, for
example, using the Shannon information entropy

S=-> PP, (6.63)

where P, =0,/ > ; 05, by calculating the entropy of the unfolded spectrum and the
relative entropy between the unfolded and raw combination rates

D= Z:Pi In <§) . (6.64)

Naturally, pure simulation studies should be done also. The non-trivial systemat-
ics behind efficiency corrections are made here very explicit by the multidimensional
unfolding, which accounts for both efficiency losses and the flow of event topologies
from one combination to another. This flow is not just because of efficiency losses
but also due to major material re-scattering and other detector effects, often hardly
understood with single dimensional rapidity gap counting measurements.

To this end, we point out that in principle one could extend the fiducial measure-
ment vector space from the GF(2) finite field FY to Fév, where ¢ is an integer power
of a prime number. The prime power is a finite field requirement. We see that this
could be useful regarding different rapidity slices containing different extreme (low
or high) multiplicity densities in the same event, not necessarily hard scale or jets
driven, for example.
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Fractal marginal distributions

We proceed as before, but now measure all single dimensional distributions available
per binary combination, such as the multiplicity P(N,j,) and transverse momentum
P(p;) distributions, once the slicing is done over (pseudo)rapidity. For example,
assume N = 3 slices over pseudorapidity. For the combination (0,0, 1) we have one
nomn-zero Component P(Nch)<0,07[1}); for <0, 1, 1> we get P(Nch)(O,L[l])y P<Nch)<07[1]71>
and similarly for transverse momentum. As an illustrative example, we tabulate those
in Tables 6.2 and 6.3 with N = 3. The number a(n) of non-zero distributions per
vector combination is enumerated with a(0) = 0,a(2n) = a(n),a(2n+1) = a(n) +1,
producing a fractal sequence 0,1,1,2,1,2,2,3,.... That is simply the Hamming
weight. The total number of distributions is N2V~1, the number of edges in an
N-hypercube.

f(Oz) 0,011
0

==

f(Oz)0,11,0)
f(O) oy | f(O)ea,np

8 FOD iy | FODany | Oy
YL O ==y | f(O) ==y | F(O) -

n'g

fAnl d17 fAn2 dn fAn3 d?]

Table 6.2: Combinatorially embedded marginal 1D-distributions of the observable
O, with N = 3 slices over pseudorapidity.

1 0 0 f(oza Oy)(070,[1]>
2 @ f(0x7 Oy)((],[l],()) @
3 0 f(Os,0h) 0111y | F(Oz, Oy)io,1,1))

8 f(O,0) oy | f(O,0))am | (O, Oy) iy
S| f(Oz, Op) )= =y | F(Oz, Oy)—1y,—y | F(Oz, Oy)— — )y

n'g

fAnl dT] fAn2 dn fAn3 dT]

Table 6.3: Combinatorially embedded marginal 2D-distributions of observables
(Og, Oy) with N = 3 slices over pseudorapidity.
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We emphasize here that this is just cut-and-count with bookkeeping, a well de-
fined fiducial measurement. The problem of unfolding from detector level to particle
level, however, can be non-trivial. We believe that these fractal distributions to-
gether with combinatorial partial cross sections can be key handles to test the AGK
rules and (topological) fluctuations, perhaps driven by anomalous QCD color field
configurations. A potentially related theory discussion can be found in [175, 176].

Threshold gapflow trajectories

The idea here is a straightforward one. One measures 2V — 1 fiducial vector cross
sections over rapidity as a function of a threshold condition. The threshold condition
can be global over rapidity, or local. For example, a minimum transverse momentum
threshold, a minimum multiplicity threshold or a minimum flavor content threshold
(e.g. strangeness).

The measurement is illustrated in Figure 6.6, where the transverse momentum
threshold is changed for four different average particle densities, particles drawn from
a simple Poisson distribution with the given mean value. Here we used a simple soft
exponential p? distribution with particles generated uniformly over rapidity with
N = 3 slices. The exponential in p? results in a Rayleigh type p;-distribution with
Gaussian distributed p, and p, components. Now it is very easy to see that rapidity
gaps are not invariant under transverse momentum cutoffs, a well known fact but
sometimes a forgotten truth. Depending on the particle density and the cutoft,
different event topology rates may have a cross over. The transition to pQCD with
power law tails will be interesting.
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Figure 6.6: A toy simulation of ‘gapflow trajectories’ as a function of the normalized
transverse momentum cutoff z = p**/(p;) with four different particle density.
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6.5 Combinatorial supercompound Poisson process

By using the tools introduced earlier, we formulate a Poisson superposition prob-
lem and its inverse. This is essentially a minimal non-trivial mathematical model
needed to understand the problematics involved, before trying to deconstruct more
complicated scenarios. This model has no interfering amplitude structures, a priori,
whereas the AGK type compound interactions do contain interfering amplitudes,
by construction. We will see later that certain boundary conditions will force the
solutions to this problem towards more complicated scenarios.

We start by assuming a Poisson fluctuating random variable K ~ ”k—};e_“ with
mean g and argument £ € N denoting the number of simultaneous interactions,
such as multiparton interactions or multiple independent proton-proton interactions.
Both cases are treated analogously, modulo the energy-momentum conservation
differences. The probability generating function for Poisson is G(z) = E(z¥) =
exp(u(z — 1)) which is useful for deriving the compound moments. In general, the
expectation values and variances of a random variable Cjg~q = Z]K:1 X after com-
pounding stochastics are obtained from the compound relations

(C) = Ex>0[Ec|x>0(C)] = (K > 0)(X) (6.65)
Var[C] = Ex~o[Varcx>o(C)] + Varg=o[Ecx>0(C)]
= (K > 0)Var[X] + Var[K > 0]((X))?. (6.66)

The zero-truncated Poisson mean and variance of K are given in Appendix C.4. We
need the zero truncated distribution, because the 0 case is not a physical observable.
However, all the N-point moments necessary to describe the multidimensional case,
i.e. the case N > 1, are not handled with these simple formulas but only via the full
machinery which follows.

For preliminaries, the ordinary binomial coefficient is

n_ (n) n!
Ck_<k>_k!(n—k)!’ 0<k<n (6.67)

which describes how many ways k numbers can be chosen from a set of n num-
bers. Counting Bernoulli random variables in a binomial setup, one obtains the
Binomial distribution. By counting random variables in a multivariate Bernoulli
setup, we obtain analogously the multivariate Binomial distribution. However, for
the sake of practicality we use now the multinomial distribution with random vari-
ables X1, Xo,...,X9~_q, which is as many as we have non-zero fiducial vectors in
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the binary space. The multinomial probability distribution is

2N 1
k!
Pp(Xy =21, ., Xon_y = @on_4|p) = =— [ »i (6.68)
Hc:l Le: =1
2N 1
with Y z.=k 2. €Nand Y p.=1, (6.69)
c=1 c

which represents sampling or occupying a different number x; of different fiducial
vectors per mixed event, the number of vectors in superposition per event is the
number k. The first term is the multinomial coefficient easily derived using the
binomial coefficient, also known in Maxwell-Boltzmann statistics. The probability

k
generating function is here given by G(z) = (Zzif ! pczc) , z € C™ which is useful,

when expanded, in interpreting multinomial distribution as polynomial coefficients
pe with unit sum.

Here distinguishability means that we can separate between different final state
vectors but not between a vector of the same type. This is a sampling with re-
placement scheme. Sampling without replacement gives, for example, a multivariate
hypergeometric distribution instead of the multinomial. Similar non-multinomial
sampling scenarios are encountered with Fermi-Dirac and Bose-Einstein statistics,
for example.

Direct model

We define a generative direct model f : ® — Y, where © denotes the space of
parameters and Y the space of observables. The unknown parameters are in p —
[p1,D2, - - -, pn]T € O and the compounding process diluted or enhanced combination
rate measurements are in y = [y1,v2,...,%s]7 € Y. The model estimates for the
observed rates y. are generated, as a sum over product of combinatorially selected
multinomial distribution terms W, and Poisson probabilities P,(k = j) order by
order as

P, (k =1,
Y1 Wi Wi Wiz... Wi Ppgk 9. Z;
p\R = 4
vl 1 W1 W22 Was ... Wase Pk =3 | (6.70)
| T e :
Yn Woa Wha Wiz Wi Pp(k = 003 1)
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where we have an infinite series. The (re)-normalization factor P,(0;pu) =1 —e™#
is needed, because we exclude (truncate) the null case k = 0 of the Poisson density.
Solving the inverse of Eq. 6.70 is a non-linear problem, because the matrix elements of
W depend on the unknown parameters. Now more explicitly written, the compound
Poisson model equation for each probability component is

1 ad uk
- Ll 1
Ye =1 e K W
k=1
eH & Mk z;
= 2 Z T o H (6.71)
k=1 {xj}cszck

with . y. = 1. The multinomial term and its values of x; are evaluated over all
valid combinations or partitions for y. from the set of n-tuples Q, that is, those
which are allowed by pileup poset combinatorics. Formally, this set of compositions
can be enumerated with

Qck: (.Il,...,l‘j,...,xn”\/l‘jbjzbi and Zl‘j:k y (672)

where the boolean \/ operator takes care of ‘summing’ the binary vectors b; of
multiplicity z; and thus evaluating the pileup compositions. The p; are the proba-
bilities we want to find out by inverting the compound Poisson process, that is, the
probabilities of each n = 2V — 1 fiducial final state.

Example N = 2: a (heavily) truncated Poisson series at O(u?) is

D1 Pm(zaovo)
Wsx2 = | p2 Pm(07270) . (6-73)
ps Pn(1,1,0) + Py, (1,0,1) + P,(0,1,1) + P,,,(0,0,2)

Now a brute force inverse f~ : Y — © would be to use Eq. 6.71 and then estimate
parameters by minimizing a non-linear y?-function between the generated 7. and
measured y. values p = argmin,, x?%, where x? = (y — y)TE;,l(y —y) and usually
E;,l = diag(1/6y?). This is a typical fit approach, which is the statistical Maximum
Likelihood (ML) solution when the measurement noise (counting fluctuations) is
approximated with Gaussian distribution. A ML solution taking into account the
multinomial counting fluctuations can be formulated also. However, if the direct
model is constructed just order by order in k, this approach is computationally
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extremely expensive at high values of k (and N) due to factorial growth. This can
be seen in Table C.2 in Appendix C.2. Instead of using this, we will formulate an
‘all-order’ solution based on the Mobius inversion.

Solution for N <2

The first case N = 1 is trivial, because we have just one Bernoulli observable, no
combinations involved and because of our normalization condition . p. = 1. Thus,
the most interesting quantity is directly the Poisson distribution u-value and proba-
bilities for k =0,1,2,....

The case N = 2 is straightforward. An explicit formula for y; is obtained by
noticing that the set 2y allows only ‘autocompound’ for all k. Thus By = k and
By = Bs = 0 for all values of k, which gives

I VA S
N=q " en Zﬁ o101 1P2Ps

k=1
e =k
T 1_en Z Epl
k=1
e“pl _ 1

Above we used the definition of Taylor series for e*. By calculating similarly for yo
by replacing above p; with po, then we get y3 using the conservation of probability

2 e/j’pc _ 1

w=1- —— (6.75)

c=1
Now the inverse is given by

In((eh — 1)ye + 1
po= U =Dyt D) oy (6.76)

W

and again by conservation of probability

2 b
ps=1-Y In((e :)y‘f +1) (6.77)

c=1

which completes the solution.
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Solution for N > 1

The arbitrary N case follows recursively from the N = 2 case and can be done
in practice by constructing the matrix A and its inverse according to the incidence
algebra described earlier. The main result follows. The combinatorial statistics is

—puAp] — 1
_ A1 xXP[=pAp] (6.78)

y(P; 1) pra—

which has also the inverse we are looking for

- A_lln [(e7* —1)Ay + 1]
_/1/ ’

p(y; 1 (6.79)

The exponential and logarithm are taken vector entry wise, such that the Taylor
series representation is using the Hadamard power: exp[v] = > 77, %VGk. Equa-
tions 6.78, 6.79 are relying on the matrix A constructing linear combinations of the
probabilities of elements in F év and the property that multinomial probability dis-
tribution is factorized as a product of different terms. The multinomial distribution
obeys the so-called grouping property: re-partitioning conserves the multinomial dis-
tribution. Similarly A~! deconstructs the linear combinations, and in between there
is a non-linear transformation according to the compound Poisson statistics. One
can understand this also in terms of convolution theorem which turns the convolu-
tion into a usual product in the transform (Fourier) domain or vice verse. Here the
Moébius inversion has the same role as Fourier decomposition.

The example with N = 3 gives a vector

In(e”y; + 1)
In(e’ys + 1)
— Y In(e"y.+1)+In(l+ e’ ye)
c=1,2 c=1,2,3
1 In(e” ys + 1)
L = > In(e"y.+1)+In(1+ Y ey.)
c=1,4 c=1,4,5
=Y In(e"y.+1)+In(1+ > e y.)
c=2,4 c=2,4,6

pt > In(elye +1) —In(1+ > ely.) —In(1+ > ely.) —In(1+ 3 elyc)
=1.2,4 c=1.2,3 c=1.4,5 c=2.4,6

o>
Il
\

where by conservation of probability we chose to fix y; = 1 — 22:1 Yy and for
compacting the notation we set e/ = e# — 1. The fractal structure of the problem is
visible again. Components ¢ = 1,2,4 only undergo autocompound, thus no mixing
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between other vectors. These are the unit basis vectors [1,0,...,0]7,[0,1,...,0]"
and [0,0,...,1]7 and cannot be thus constructed as a linear combination of other
vectors. A practical remark when working with non-linear equations with exponential
and logarithmic functions: numerical evaluations are prone to floating point accuracy
problems at high p values.

Maximum Input Entropy

The constraints used in the construction required that both p and y are probabil-
ity distributions and that the problem satisfies the combinatorial incidence algebra,
together with the multinomial statistics embedded in the Poisson process. Next, we
treat certain special solutions.

One interesting case to study is the maximum input entropy case p = 1/n, that
is, all different combinations are equally probably. We go through the case N = 3
here explicitly. First we solve

1 1
In(e” 1 = — ==
n(eZyr +1)/p=— =+
eMT 1
Y1 = T = Y2 = Y4. (680)

Then get we the third component by first substituting y;

s 1
[_2% +In(1 +2(e*T = 1) + e y3)] /pu = -
—2et/T 4 e31/T 41 _

@“ = Y5 = Y6- (681)

Y3 =

The last component is obtained by conservation of probability

w71 o2l
Ser — ) 41, (6.82)

yr=1—y16 =
e

where y;.6 denotes a sum over all the given indices. It is interesting also to take a
look at

— 3eM/T 4 o30/7
Fw =Y ve— > yc:3(2 3“#+ 7, (6.83)

(&
c=3,5,6 c=1,2,4 -

Maximum input entropy solutions are represented in Figure 6.7 as a function of p.
We see that there is a fixed maximum output entropy point when y = 1/n with the
critical p-value depending on N.

172



CHAPTER 6. COMBINATORIAL SUPERSTATISTICS FOR SOFT QCD

10°

h
Y2
Y3

Y
Y2
Ys
Yu
Ys
Yo

Figure 6.7: Trajectories of y with the maximum input entropy initial condition
p=1/n.
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Maximum output entropy

Here we construct solutions with maximum output entropy. Examples of functional
behavior are given in Figure 6.8. We see that it is not possible to obey the constraints
of all probabilities being non-negative, thus we obtain p with negative elements when
4 is high enough. An interesting oscillating phenomenon appears with nodes at higher
u due to the polynomial structure of our construction.

Negative values are seemingly unphysical unless one extends the domain of the
problem to include also ‘negative probabilities’ — sometimes called quasi-probability
distributions, utilized first by Wigner [177]. In Wigner’s construction, these are
fundamentally non-classical distributions of quantum states. The construction here
has certain analogous behavior, essentially because it is the vector y which are ob-
servables and the vector p contains the parameters of the states, which may have
non-classical distributions.

Non-classical distributions of p here may thus be useful for quantum interfer-
ence, absorption, shadowing and diffraction. A natural extension is complex vector
distributions. Negative probabilities as a useful intermediate step of calculations
were also discussed in a well-known article by Feynman [178] in the context of two
non-commuting observables.

Master Equation

The first order derivative of y with respect to u results in

9y _ -1 (exp[—u/\p] -1 Apo® exp[—uAp})

o et(e=# —1)2 e h—1 (6:84)

The higher order derivatives follow similarly, with lengthy expressions which we eval-
uated with symbolic computer algebra. It is this expression which can be called the
master equation of describing the evolution of probabilities in terms of the p-value.
Visualized, we obtain wavelet like behavior shown in Figure 6.9. Now obvious future
direction would be to probe a set of stochastic equations which would use these basic
building blocks. In Figure 6.9 we show also the ‘analytically continued’ case with
negative p-values for completeness and leave the possible applications out of discus-
sion here. The values of y are positive with positive u values, but obtain oscillating
positive and negative values at negative u. The behavior is actually opposite, if we
invert the case and study values of p at negative u when y = 1/n.
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Figure 6.8: Inverted trajectories of p with the maximum output entropy y = 1/n
boundary condition. The gray area shows the non-positive definite domain.
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Figure 6.9: Trajectories (1st row) and first and second order derivatives (2nd and
3rd rows) with the p = 1/n input, for N = 3 and N = 4. We have added a tiny
perturbation to the input for visualization (parity degeneracy).
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Semi-Bose-Einstein construction

The construction above was the most relaxed one, in a sense that we allow for
example [0, 1] 4 [0, 1] — [0, 1] type vector combinations. However, one can construct
a modified statistics by forbidding same the vector combination appearing more than
once, but not limiting occupation number per vector dimension. This will limit a
large number of possible combinations meaning all ‘autocompound’ is forbidden. In
even more strict construction, on the other hand, we would allow only one occupation
per vector dimension. We recall that different canonical particle statistics are most
easily derived using the combinatorial method presented in any advanced book on
statistical mechanics.

The case N = 2 is

y1 = Px—1Pn(1,0,0)
ys = Px_1P(0,1,0)
ys = Px—1P(0,0,1)
+ Pg—o[Pn(1,1,0) + Pp(1,0,1) + P, (0,1, 1)]
+ Pg_3Pn(1,1,1), (6.85)

where the notation is the same as before.
The case N = 3 is

y1 = Px=1P,(1,0,0,0,0,0,0)

y2 = Px-1P(0,1,0,0,0,0,0)

y3 = Px-1P,(0,0,1,0,0,0,0)
+ Pg—2[Pn,(1,1,0,0,0,0,0) + P,(1,0,1,0,0,0,0) + P,(0,1,1,0,0,0,0)]
+ Pg—3P,,(1,1,1,0,0,0,0)

y4s = Px—1P(0,0,0,1,0,0,0)

ys = Px—1P(0,0,0,0,1,0,0)
+ Px—9[Py(1,0,0,1,0,0,0) + P, (1,0,0,0,1,0,0) + P,,(0,0,0,1,1,0,0)]
+ Px—3P,,(1,0,0,1,1,0,0)

ye = Px—1P,(0,0,0,0,0,1,0)
+ Px—2[Pn(0,1,0,1,0,0,0) + P,(0,0,0,1,1,0,0) + P,(0,1,0,0,1,0,0)]
+ Pg—3P,,(0,1,0,1,0,1,0)

yr =1—yus, (6.86)

177



CHAPTER 6. COMBINATORIAL SUPERSTATISTICS FOR SOFT QCD

Semi-MB Semi-BE

Semi-FD

10°

107t 10° 10t 102

Figure 6.10: Semi-Maxwell-Boltzmann, Semi-Bose-Einstein and Semi-Fermi-Dirac
boundary conditions with the maximum input entropy p = 1/n initial condition.
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where the last component is obtained simply by conservation of probability. In this
‘Semi-Bosonic’ case, we did not find such a simple closed-form formula as the matrix
equation 6.79, but solutions for any N can be found simply algorithmically using
symbolic computer algebra.

Semi-Fermi-Dirac construction

In the Semi-Fermi-Dirac construction, which is the most strict one we consider here,
we allow only one occupation per vector element.

The case N = 2 is

Yy = PK:lpm(lv 070)
Yo = PK:l-Pm(O7 170)
Y3 = Pi—1 P (0,0,1) + Pg_sPn(1,1,0). (6.87)

The case N = 3 is

y1 = Px-1Pn(1,0,0,0,0,0,0)

y2 = Px-1Pn,(0,1,0,0,0,0,0)

y3 = Px-1P,(0,0,1,0,0,0,0) + Px—2P,,(1,1,0,0,0,0,0)

y4s = Px—1Pn,(0,0,0,1,0,0,0)

ys = Px-1P;,(0,0,0,0,1,0,0) + Px—2P,,(1,0,0,1,0,0,0)

y6 = Px=1Pn,(0,0,0,0,0,1,0) + Px—2P,,(0,1,0,1,0,0,0)

y7 =1 — Y16 (6.88)

Again, the any N case can be constructed algorithmically.
The results are shown in Figure 6.10, where different constraints on the combi-
nations result in different asymptotic behavior in the tails.
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6.6 Invertibility simulations

To evaluate the finite sample statistics invertibility from y into p using Equation
6.79, simulations are necessary. Standard numerical uncertainty methods such as
bootstrapping may be used to quantify the uncertainties in-situ. We do the simula-
tion in a fully controlled way and use the multidimensional Dirichlet distribution

1 =2 [T, T(cv)

a;—1 i=1 i
: = — - wh o)==~ 6.89
fo(x1,. ... xp;00, ... an) Bla) ZLll xt ere B(a) TS, o) ( )

as a random distribution for probabilities of p with a constraint ) p. = 1. This
constraint is by construction included in the Dirichlet distribution. The normaliza-
tion factor is the multivariate Beta function, seemingly closely related to the famous
Veneziano amplitudes of early string theory. We illustrate the Dirichlet distribu-
tion drawn realizations in Figure 6.13, where we observe how the Shannon entropy
S(y) of the superposition result is running as a function of the compounding Poisson
process p-value. Interestingly, the entropy has often a non-monotonic, somewhat
universal behavior. Picking up random distributions allows us to sample the spec-
trum of different probability distributions of p maximally. This means a wide range
of possible applications can be effectively probed, in a model independent way. We
set the parameter vector of the Dirichlet distribution ¢ = a1 with a concentration
parameter o € {0.5,1}. The case o = 1 corresponds to the maximally uniform case
in the multidimensional space of probabilities.

As a measure of agreement between the estimated probabilities and the true ones,
we use the Kolmogorov-Smirnov type test statistic

D =max |F(i)— F@)| €[0,1], i=1,...,n (6.90)

where F (i) = Z;':MUJ' is the cumulative distribution function (CDF) of the true

components of p and F(z) is the CDF of the estimate p. We are now neglecting all the
technicalities related to how rigorously extend the KS test to discrete distributions.
We calculate only the test statistic itself, and do not calculate the significance level
or p-value. In principle this could be done using the Kolmogorov distribution.

The inversion results of several simulations are shown in Figures 6.11 and 6.12.
The dashed lines correspond to uncorrected distributions and the solid ones for in-
verted results and error bars are 1 sigma (68 CL) uncertainties around the median
value, obtained via Monte Carlo runs. The p-value is varied between 10~ and 30.
To demonstrate the /Ng scaling or asymptotic efficiency of the algorithm, we vary
the number of simulated events Ng. We observe a clear saturation in the inversion
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process at high p-values, because at that point all event signatures are almost identi-
cal. That is, all binary observables are B; = 1 for all ¢ = 1,..., N. The distributions
for the relative components errors

A= (ﬁc - pc)/pm (691)

are shown in Figure 6.12 sampled over different p-value runs. In the histogram
legend, the mean square error {(p. — p.)?) of the estimates are shown. The estimates
are seen to be numerically unbiased, as expected from the construction, thus the
mean square error of the estimates is equal to the variance of the estimator. In
Figure 6.12 we see also that the relative component error distribution variance is
seen to grow as a function of dimension N, demonstrating growing complexity in the
combinatorial mixing process. The uncorrected residuals are significantly biased, by
the nature of the problem which results in extreme mixing between event topologies.
These simplified simulations give also new orthogonal insight into the hardness of
understanding soft inclusive QCD processes in detail where mixing may happen at
more complicated amplitude level.
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Figure 6.11: Kolmogorov-Smirnov error on the vertical axis. Median values and +1o
intervals as a function of p in different dimensions N. The simulated number of
events are Np = 103,104, 10° counts, denoted with black, blue and red markers.
Solid lines are after, and dashed lines before the inversion.
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Figure 6.12: Relative component error A, distributions in different dimensions N.
The simulated number of events are Ng = 103,104, 10° counts, denoted with black,
blue and red markers. Solid lines are after, and dashed lines before the inversion.
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Figure 6.13: Shannon entropy S(y) of the Dirichlet simulation realizations in different
dimensions N running as a function of p, where individual random realizations are
visualized with different colors.
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6.7 Summary

We built explicitly the following new constructions:

o A novel algebraic formulation for N-point correlations and complex event
‘topologies’ over rapidity, transverse momentum and multiplicity designed as
new observables of high energy soft QCD diffraction. The framework includes
vector fiducial partial cross sections, fractal marginal distributions, transverse
momentum or multiplicity dependent gap trajectories and multidimensional
diffraction fit and projection algorithms.

o A novel description of combinatorial compound processes based on the inci-
dence algebras and inversion of the corresponding superposition Poisson prob-
lem based on the M&bius inversion theorem. The invertibility with finite statis-
tics was simulated.

As a related technical remark regarding the superposition problem, the current
event by event pileup correction methods at the LHC are essentially non-linear filter-
ing operations (such as the median filter) applied to the observables event by event.
A combination of the statistical approaches developed here and the event by event
methods of [179-182] could be possible.
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7 On the Inversion of High Energy Proton

Inversion of the K-fold stochastic autoconvolution integral equation is an elemen-
tary nonlinear problem, yet there are no de facto methods to solve it with finite
statistics. To fix this problem, we introduce a novel inverse algorithm based on a
combination of minimization of relative entropy, the Fast Fourier Transform and a
recursive version of Efron’s bootstrap. This gives us power to obtain new perspec-
tives on non-perturbative high energy QCD, such as probing the ab initio principles
underlying the approximately negative binomial distributions of observed charged
particle final state multiplicities, related to multiparton interactions, the fluctuating
structure and profile of proton and diffraction. As a proof-of-concept, we apply the
algorithm to ALICE proton-proton charged particle multiplicity measurements done
at different center-of-mass energies and fiducial pseudorapidity intervals at the LHC,
available on HEPData. A strong double peak structure emerges from the inversion,
barely visible without it.

Chapter in: arXiv:1905.12585 [hep-ph]
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7.1 Introduction

Differential distributions of final state particles in high energy collisions, such as
multiplicity distributions, are notoriously difficult to model precisely from the first
principles of QCD, due to the nature of confinement and non-perturbative infrared
physics. The topic has been studied since the early days of the Hagedorn fireball
model [183], Feynman scaling [184] and Kobe-Nielsen-Olesen/Polyakov self-similarity
(fractal) scaling [185, 186]. Hadron production has been treated as resulting from a
breakdown of classic strings [187], the Feynman-Field model [188] and Lund strings
of PYTHIA [189, 190], cluster hadronization of HERWIG [191], the topological ex-
pansion of cylindrical pomeron particle production model or ‘quark-gluon strings’
[192], to name some well known concepts. From the perturbative side, the local
QCD parton-hadron duality [193] is perhaps the most appealing, with much support
already from LEP data. Basically, it states that the hadronization happens at a low
virtuality scale independent of the hard scattering scale. However, then the case of
pure soft hadron-hadron scatterings without any hard scale involved is very interest-
ing for collectivity or global color coherence reasons. These concepts are in one way
or another implemented algorithmically in the Monte Carlo event generators, with
a varying number of free parameters to be fixed by data, with goals of factorizing
universal, the initial state and center-of-mass energy (in)-dependent properties.

In proton-nucleus (pA) and nucleus-nucleus (AA) physics a whole new class of
phenomenological topics appear, from the space-time evolution of relativistic hydro-
dynamics and medium expansion to quark-gluon plasma signatures and the separa-
tion of different stages and collective phases of the process. A very interesting topic
is the question which of these are due to heavy ion physics and which of them already
happen in the elementary proton-proton interactions. To probe the ab initio physics
behind many phenomenological models, and to factorize effects between heavy ions
and elementary pp, solid mathematical approaches are crucial as analysis tools.

In this work, we introduce a novel inverse algorithm to invert a certain simple
stochastic integral equation, the K-fold autoconvolution. By autoconvolution we
mean convolving the distribution with itself and K-fold means repeating the oper-
ation recursively K-times. This is a nonlinear operation. In addition, we take the
K to be a random number. The ‘direct problem’ and closely related problems are
well studied in probability theory and implicitly ubiquitous in high energy physics,
given the much studied pQCD logarithmic evolution integro-differential resummation
schemes such as DGLAP in In(Q?) and BFKL in In(1/z), which require as input the
non-perturbative parton densities. The ‘inverse problem’ has been studied much less,
considering the variety of methods for standard deconvolution and more generally,
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methods to invert approximately linear and nonlinear integral equations with varying
kernels. In experimental high energy physics, the unfolding of detector responses is
more well known problem [194-197|. It corresponds to the usual deconvolution in
the special case where the detector response matrix is of a convolution kernel type.
One reason why inverse methods have not been studied extensively is, perhaps, the
Monte Carlo event generators, which are extensively used as direct models. The de-
manding inverse problem, in that case, is the multidimensional parameter estimation
or tuning of the event generator itself.

The problem of inverting the pileup effects in inclusive soft QCD multiplicity
measurements by inverting a K-fold autoconvolution was treated in [52]. However,
the subtractive iterative solution there was proposed without a statistical treatment,
explicit regularization or uncertainty estimation and only for a small number K. We
address these issues here by developing an all-order inverse. As far as we know, our
approach which combines statistical modeling, Fast Fourier Transform (FFT) and
Efron’s bootstrap, is the first of its kind in high energy physics, but also including
other fields. However, we mention that related problems have been studied also in a
different context in laser optics [198], inverse problems and mathematics [199-203],
and the problem is also closely related to the inverse Born series problem [204].

In Section 7.2 we introduce the mathematical direct problem and related formal-
ism together with some simple examples and in Section 7.3 and 7.4 we go through the
corresponding inverse problem, its discretization, regularization and the algorithmic
solution. Section 7.5 is devoted to simulations and finally in Section 7.6 we do a
proof-of-concept study of LHC-ALICE proton-proton multiplicity data. In Section
7.7 we discuss further applications and research directions.
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7.2 Direct problem

Let the underlying continuous or discrete differential distribution be fx, with nor-
malization [ fx(x)dz = 1 and the corresponding random variable be X. The dis-
tribution can be discrete, for example, in a case of charged particle multiplicity
spectrum measurements. The K-fold autoconvolution means that the measurement
gy is a sum of mutually independent identically distributed (i.i.d) random variables
Y =X1+ Xo+ ...+ Xk. If we take K ~ Poisson(u) and all X; ~ fx, this is known
as a compound Poisson distribution. The convolution arises here naturally, because
the sum of random variables is equivalent to a convolution between the probability
distributions of the corresponding random variables.
The autoconvolution operation is defined with

Mx®ﬁd@)5/mfk@—xﬂk@ﬁm- (7.1

If we take the support of fx on [0,00), because physical observables are usually
non-negative, then the autoconvolution integral range lower bound is zero. As a
remark, in a different setup, a translation dependent Green’s function G(z,y) would
be used instead of f(z —y). That would give a Fredholm’s integral equation instead
of a convolution integral, leading us to the ‘inverse Schrédinger equation’ type of
problems, as they are often called in the field of inverse problems.

For now, let us assume that the measurement follows a compound Poisson. How-
ever, in our algorithmic formulation we allow also any discrete distribution for K,
not just Poisson distribution. The distribution of random variable Y is now given,
by construction, as an autoconvolution series weighted with Poisson probabilities

gy (y) = Pifx(y) + P[fx @ fx](y) + B3[[fx ® fx] ® fx](y) + ...

1 S §
— *)n
= mZEe "Iy (W), (7.2)
n=1
where the convolution power & is defined recursively as f®" = f®" " @ f and
f®1 = f. We have removed the unobservable case n = 0 which gives Y = 0 and
renormalized the remaining Poisson probabilities P,,n = 1,2,3,... to sum to one.

The zero suppressed mean of the variable K is

E[K > 0] = u/(1 - exp(—p)) > 1, (7.3)

189



CHAPTER 7. ON THE INVERSION OF HiGH ENERGY PROTON

where as the mean and variance (second central moment) of the compound distribu-
tion are given by useful formulas

E[Y] = E[K]E[X] (7.4)
Var[Y] = E[K]Var[X] + Var[K](E[X])2. (7.5)

See [205] for all higher order moments and central moments of generic compound
distributions.

In the Fourier spectral domain, the characteristic function (CHF) ¢x is defined
as

1
X dFy(z) = / X fx(x) da —/ et@x ) gp (7.6)
R 0

ox(t) = Ele™] = [

R
where Fx(x) and Qx(p) are the cumulative and the inverse cumulative distribution
functions of the random variable X € R. A probability generating function (PGF)
Gx corresponding to a discrete probability mass function p ~ X € N is a Laurent
series around zero defined as

Gx(z) =E[zX]= Y p(n)z". (7.7)
n=—oo
For the rest of the work we assume that the characteristic and generating func-
tions are defined in the complex plane within their domain of convergence of the
corresponding integral and sum, respectively, and leave the extensive algorithmic
treatment of possible singularities for future work.
Using these tools, the well-known characteristic function for the compound Pois-
son is obtained with

oy (t) = B[] = Ex [(E[*¥])"] = Ex [(ox(®)"]

= > ex()"P(K =)
n=0

— eMlex()-1) (7.8)

and solving similarly for the case K >0 (n =1,2,...) gives

e H (e/Wf(t) _ 1) 1

Polt) = pyicsolt) = L = (@O — 1), (79)
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where we denoted the characteristic function of fx(t) with ¢f(t). A direct attempt
to invert this would be to take the inverse Fourier transform, but we would encounter
the problem of multivalued complex logarithm. Defining the complex logarithm in a
suitable way was proposed together with a kernel estimator, for ‘decompounding’ in
[202]. Here we take a different approach, where we avoid altogether using complex
logarithms or other multivalued complex operations such as complex roots.

We will obtain a practical formal notation for the algorithm by representing the
problem with an operator F : Qx — Qy, where (0x and (y are the original and the
smeared domain

F(f)+dg=g. (7.10)

Our main goal is to invert this nonlinear mapping taking also into account the sta-
tistical fluctuations dg. The nonlinearity comes directly from the fact that the auto-
convolution operator F is constructed from f.

As a side remark, the existence of K-fold convolution is guaranteed by the in-
finitely divisibility of a probability distribution, which is the Lévy-Khintchine theo-
rem. That is, for a given distribution f, there exists for any n, the corresponding
n-th convolution power. All members of the stable family - for example Gaussian,
Poisson, Negative binomial, Gamma, Cauchy (non-relativistic Breit-Wigner), Lévy
and Landau - are infinitely divisible. They are also closed under convolution.

Examples

An interesting phenomenological fact, already observed in the CERN proton-
antiproton UA5 data at /s = 540 GeV [206, 207|, is that the charged particle
multiplicity distributions tend to follow approximately a negative binomial distri-
bution (NBD) or two of them, as the classic two component models may suggest.
The same observation is still approximately valid at the LHC [208]. Mathematically
speaking the NBD follows from a compound Poisson distribution of number of K
logarithmic series f(n;p) = p"/(—nlIn(1—p)),n € N, i.i.d variables each with shape
parameter p € (0, 1) while K being Poisson distributed with parameter 1 € Ry. Thus
we obtain a negative binomial distribution on N, as the compound distribution with
parameters 1 —p € (0,1) and —p/In(1 — p) € R4. This mathematical picture may
be useful to keep in mind while thinking the possible dynamical explanations.
Monte Carlo models reproduce NBD like distributions by multipomeron cuts or
multiparton interaction modeling — the low multiplicity shape of the distribution
is usually wvery sensitive to the non-perturbative proton profile or eikonal density
driving the number K with impact parameter dependent distributions, and also to
the diffraction contribution. Kinematically, a system with the cms energy W will
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span a longitudinal rapidity range Y ~ In(W?2/W@), where Wy is at the order of
the proton mass. In Lund model like scenarios, also the average number of particles
scales like (N) ~ In(W?2/W2). A multistring system total multiplicity consisting of
K-strings will behave as (N) ~ Zfiﬁl ln(si,iH/Woz) with s; 41 = (ki + ki1)? being
sub-Mandelstam invariants constructed from the parton 4-momenta {k;} spanning
the strings and the variance Var[/N] behaves proportionally to (V) [209], which is
a Poisson like behavior. So if the sub-W? distributions behave typically like falling
power laws and the number of K-simultaneous strings are also modeled as Poisson
like with impact parameter dependence or not, one will generate negative binomial
like distributions. Let us emphasize at this point, the soft transverse momentum
dependence with multiplicity is not understood from first principles.

Now let us think instead of the experimentally visible superposition of ‘pileup’
proton-proton interactions at the LHC for a given Poisson p. At the LHC Poisson
@ is measured for low values of pu ~ 0.05 (ALICE) using the minimum bias trigger
occupancy! (R) =1— Py(p) =1—e " & pu = —In(1 — (R)), where R € [0,1]. For
large values of u ~ 50 when the occupancy is completely saturated (ATLAS, CMS),
the scaling of the track multiplicity or the number of primary vertices is used to
determine . A combination of both can be useful for intermediate values of u ~ 5
(LHCD), for example. The pileup is illustrated in Figure 7.1. The convolution of a
negative binomial with a negative binomial is yet again a negative binomial — this is
the closure under convolution. It is worth pointing out that the estimation of p based
solely on the measured distribution g(x) itself cannot be done in general. This is
because if the distribution is from the family of distributions which are closed under
convolutions, then we have no capability of identifying if the measured distribution
is pileup free, or, one with a larger scale and position parameter than the expected
one, or the autoconvoluted version of one with smaller scale and position parameter.
Thus, p must be a parameter of the inversion and must be inferred from other
measurements or theoretical constructions.

Clearly, our discussion is now very close to the KNO / Polyakov scaling [186],
which states that there is one elegant scaling function v giving the probability of
multiplicity n as a function of the scaling variable n/(n(s))

1 n
Plnis) = Gy ? <<n<s>>> ’ (7-11)

where s is the center of mass energy squared Mandelstam variable, a Lorentz scalar.
However, this scaling is known to be violated at some level since the ISR times, and

1
YRy ng = W, where Np is the number of colliding bunch pairs, fo the LHC revo-

lution frequency (Hz) and fr(t) the instantaneous trigger rate (Hz).
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Figure 7.1: K-fold compound Poisson autoconvolution of the negative binomial dis-
tribution with varying u.

at the LHC it holds merely in limited regions of the full phase space, in a narrow
central rapidity window. In general, when inspecting scaling or its violation one
needs to take into account the collision initial state, e.g. pp versus eTe™, the fiducial
phase space of the measurement and contribution of diffraction. At the model level,
multiparton or multipomeron exchanges running as a function of energy are usually
creating significant deviations from the KNO scaling. Additional effects arise from
soft versus hard scale interactions. See the books [210, 211] for a discussion on a
variety of perturbative QCD and other scenarios exhibiting scaling.

By the central limit theorem, the K-fold convolution will map almost? every
distribution eventually into a Gaussian distribution when E[K]| — oo. This is clearly
visible in Figure 7.1, where we used the direct mapping of Equation 7.2 with different
Poisson p-values to convolve the negative binomial distribution

. _ D(k+n) my 1" k 1F
Proo(ns (). k) = 5050 51 [lﬁ—(nﬂ [k:+<n>] (7.12)

with a fit to the LHC charged particle multiplicity data in proton-proton at /s =7
TeV for pseudorapidity range n € [—0.9,0.9] obtained from [208]. The fit parameters

*For example Cauchy / non-relativistic Breit-Wigner type distributions do not turn into Gaus-
sian, also moments for these distributions are undefined.
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central values are (n) = 12.5 and k = 1.4 , where (n) is the average multiplicity of
NBD and k is related to the variance D? = (n?) — (n) by D?/(n)? = 1/(n) + 1/k.

In an explicit experimental realization, to take into account the detector response
and its effects on the resolution and efficiency, an unfolding algorithm with uncer-
tainty estimation and other corrections should be processed first — if necessary. The
output of this can be then propagated to the algorithm described here. For the rest
of the work, we assume this to be the case.
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7.3 Inverse problem

Solving the K-fold autodeconvolution means here a statistical inverse of Equation
7.10. Unfortunately, the measurement noise and modeling errors will usually always
forbid us executing a direct inversion in practice, even if we would have a closed-
form expression to do so. This ill-posedness requires usually either implicit or explicit
regularization which turns the problem into a more well-posed one.

We calculate the convolution by pointwise multiplication in the Fourier domain
using the convolution theorem f ® g = F[f]F[g], which works also the other way

around F[f] ® §lg] = fg, which is also often called ambiguously convolution or
folding of distributions of f and g. Now, a fixed K € N autoconvolution is given by
L5 = GBS = 3lg), (7.13)

where the power is applied as 25 = (|z|ei(¢H2m)K — |5|KiKe2minK ¢ 7, Thus,
in the spectral domain the stochastic autoconvolution results in a random scaling of
amplitudes and a rotation of phases of the characteristic function. Now when K is
not an integer this results in a multi-valued operation, because e does not map
a full rotation around the complex plane for different values of n. As a reminder, if
we shift the probability density f(z—x), this results in a phase shift in the frequency
domain by exp(—iwxo)§|[f]-

A formal ‘naive’ inverse is obtained by taking the complex K-th root in the
Fourier domain, and then proceeding with an inverse Fourier transform
/K

(Lo (7.14)
=5 [@ln"]. (7.15)

(3[A15)

analogously to the standard naive Fourier deconvolution. However, complex root is
a multivalued operation |z|'/KeH(Arg(z)+2m)/K with n = 0,1,..., K — 1 roots with
suitable branch cuts to be specified algorithmically, in principle. Now we see that
the only strictly well posed case is the case when the characteristic function is real
and non-negative <> a mirror symmetric (even) probability density around zero by
the properties of the Fourier transform, a case which is clearly too restrictive to be
of interest here. Also, this ‘solution’ does not take into account that K is a random
variable, neither it takes into account the finite statistics of g and mismatches between
the measurement and modeling causing instabilities to be regulated. For some related
discussion, see for example [212].
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Discretization

To solve the finite sample version of the problem, we need a (discrete) representation
of the problem. For simplicity, computational efficiency and due to the high energy
physics analysis convention — as a practical format of the measurement, we use
histograms as the density estimators of f and g, even if simple kernel (Parzen)
estimators and even more advanced density estimation techniques could be used in
principle. Also, we consider only a 1D-version of the problem. However, extensions
to higher dimensions are formally straightforward.

The histograms are defined in terms of D, KD bins with corresponding fixed bin
width Axz = Ay. In the context of algorithms histograms are represented with finite
non-negative column vectors, which we denote with bold symbols

fin] =|{fi € [zn,zn + Ax)}|, n€Zq, ={0,1,...,D—1} (7.16)
and similarly for a K-fold autoconvoluted
g[n] = ‘{gl € [ynayn + Ay)H , ne ZQY = {0> L... 7K(D - 1)}a (717)

where f;, g; € R denote sample elements and z,, y, denote the bin lower edges. We
extended the domain of autoconvoluted by K-times and because K is a random
variable, in practice we take some large enough integer which avoids any truncation
problems in the upper tail. Only values of {g;} are directly observable and measured.
Now the discrete autoconvolution is defined as

(D-1)
f@flln] = > flmlfln—m], (7.18)
m=0

and the K-fold version follows recursively. In the algorithmic implementations, when
necessary to extend the domain of vectors due to convolution, we do it explicitly by
zero padding.

In principle, the binning can be also non-uniform, such as logarithmic. How-
ever, that must be taken explicitly into account in the evaluation of the discrete
convolution, which is defined using uniform sampling. One classic solution could be
interpolation and resampling schemes with B-splines, for example. Here, however, we
use only fixed binning. The bin width Az needs to be chosen such that the spectrum
resolution criteria and event count statistics are taken into account. This in order
not the create a ‘noisy spectrum’ with low bin counts, or on the other hand, induce
a loss of resolution. Thus, it has also a role as an implicit regulator.
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Relative entropy minimization

The measured histogram g is assumed to be bin-by-bin Poisson distributed, a
usual assumption, given also the Poisson superposition property » . Poisson(u;) ~
Poisson (>, pt;). The Poisson likelihood with a known constant background his-
togram b is then written as a product over the histogram bins

Ff + b¥ie~FEHbl:
p(elf) =] [ ]g,! (7.19)

i

and its negative log-likelihood is now our fit quality term

J(f|g) = —logp(g|f) = Y —g;log([Ff +bl;) + [Ffl; + b; +log(g!)  (7-20)
and by neglecting terms which do not affect the solution and rearranging gives

J(fg) = ;gim + [Ff]i — gi- (7.21)

This often used formulation is the minimum entropy solution, and is equivalent to
minimizing generalized Kullback-Leibler divergence (relative entropy) [213], known
also as the Csiszar I-divergence [214]|. The gradient of this functional is

VJ(f)

— aaf (—g” log(Ff +b) + 17 Ff) = fﬁ—ﬂffi o= Fr (1 - Ti b) ,

(7.22)
where divisions are understood component wise. If distributions are normalized to
unity, then 71 = 1 holds. Here, we use event counts.

The gradient based iterative update or a fixed point iteration is now obtained
from the steepest descent update fy 1 = f — yDiVJ(fy), where Dy is a gradient
scaling matrix. If we set D¢, = diag(fy) and v = 1 which is well known to correspond
in this case to the expectation maximization (EM) [215] formulation of a frequen-
tist maximum likelihood solution under the Poisson likelihood, then we obtain a
Richardson-Lucy [216, 217| type multiplicative deconvolution formula well known in
optics and astrophysics

w, = (o (F'1) o (F'go (Ff +b), (7.23)

where ® and @ are Hadamard’s vector component wise product and division, re-
spectively. This was also re-invented by D’Agostini [197] in high energy physics
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unfolding context. For the rest of the paper, we set the background b = 0. The
RL-type update conserves non-negativity of the solution and the total number of
events. Another way to derive the RL type update is to set gradient Equation 7.22
to zero, move terms on both sides, multiply by f and do fixed point iteration.

Regularization

The problem of choosing the spectral bandwidth cut-off or regularization strength in
the non-transformed domain are the most common but also the most difficult topics
of inverse problems. Motivated by the fact that the distributions of observables
for us are usually smooth and non-discontinuous, we use a traditional variational
regularization with a Tikhonov fs-norm type regularity functional

Tr(f) = A /Q IV (@) d, (7.24)

where 2 C R. The minimum of this is given by

VJr(f) = AV ( i HW(ac)H?dx)
= A\V'Vf(z) = —Miv(Vf(z)) = —AV?f(z) = 0, (7.25)

where we applied to the integral von Neumann boundary conditions and Gauss
divergence-theorem, the standard vector analysis identities and V? is the usual Lapla-
cian. That is, the gradient descent direction is given by the negative Laplacian.
Instead of using the abstract functional gradient, the regularization term is dis-
cretized using a finite difference matrix and the corresponding finite Laplacian

1 -1 0 - 0 -1 2 -1 --- 0
o 1 -1 : o -1 2 -1
Vu=| . , Vi =V V=
: .0 : 0
o --- 0 1 -1 o --- -1 2 -1
(7.26)

It is naturally also possible to modify the boundary conditions which affect these
matrices, based on a priori assumed or known properties of the distribution f(z).
Regularization parameter A depends on the number of observed events count NV,
the number of histogram bins D (= problem discretization) and the shape of the
distribution of interest. The average pileup p and the functional smoothness of the
distribution under inversion are very important factors affecting the nonlinear direct
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operator and thus the necessary regularization strength. In the limit Np — oo and
w — 0, we can take asymptotically A — 0. There are several semi-heuristic ‘data-
driven’ methods developed for selecting the regularization. The well-known principles
are the L-curve, generalized cross validation (GCV), Morozov’s discrepancy principle
and various covariance and residual spectrum analysis methods [218]. Monte Carlo
event generator driven or a toy model based analysis together with data driven
approaches is also a reasonable choice in high energy physics. We use a simple
variational equilibrium approach to choose the regularization parameter. This is is
described in Section 7.5.

The full solution taking together fidelity + regularity usually means directly
minimizing in the direction of combined gradient of the full cost

mfin J(flg) + AJr(f) (7.27)

as implemented for example in [219] in the context of image deconvolution. However,
this we observed to give very unstable results in this problem. Thus, we implemented
the regularization step through forward-backward slitting type gradient update, sim-
ilar in fashion to proximal optimization algorithms. It means that we update the
result after the EM-update step as

fri1 =Py (we — AV ), (7.28)

where P, (-) is the positive solution projector operator Py : R" — R’ such that
Pi(x) =y gives y; = x; if ; > 0, else, y; = 0, Vi = 1,...,n. Separating the
regularization as a separate step resulted in a much improved behavior. However,
the approach chosen here is the best performing we found from the vast phase space
of optimization algorithms and regularization approaches. One must remember that
we are not dealing here with an inverse problem with a fixed kernel, thus this problem
has its own peculiarities.
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7.4 Algorithm

For every iteration, we construct the autoconvolution operator by taking the dis-
crete Fourier transform using FFT as F' = §[f] and then construct the empirical
characteristic function of the projected measurement with a nonlinear complex map
G = eulq (e“F - 1) using Equation 7.9, where complex exponential is the single
valued function exp(z) = >,+,2"/n!, z € C. The autoconvolution ‘kernel’ in the
spectral domain is then obtained by taking a point wise division H = G @ F, inverse
transforming h = F~![H] and finally representing it as a Toeplitz convolution ma-
trix to obtain F = T [h]. The operator T represents here a simple standard way to
construct a Toeplitz matrix. We assume F' to be non-zero for all of its components,
which might be violated in pathological cases. These are intrinsically non-invertible
without extra a priori information.

We remark here that this nonlinear map and division in the spectral domain has a
different goal than in the usual Fourier domain linear deconvolution such as in Wiener
filters [220], where the noise amplification is regularized in the spectral domain. In
Wiener filtering, the division gives a solution to the problem non-recursively. Here,
on the other hand, we use the spectral domain as a way to obtain the Toeplitz
matrix representation in the probability domain extremely efficiently via FFT. The
full solution is recursive and regularized in the probability domain.

Discretization of the operator F in the case of arbitrary (non-Poisson) com-
pound distribution is done with a finite number of convolution Toeplitz matrices
FM n=1,...,K with FO = I up to a numerically suitable finite order K. The
maximum order is basically limited only by the available computing resources. These
Toeplitz matrices are then added together with weights P,. That is, we evaluate the
discretized and truncated version of Equation 7.2. This numerical finite order imple-
mentation was cross checked against the exact all order Fourier domain method in
the Poisson case, as described above, and they agreed within floating point accuracy.

Now summarizing: the multiplicative algorithm describe above corresponds to a
non-negative solution with Poisson bin fluctuations likelihood with the generalized
Kullback-Leibler divergence being the fit criteria. On the other hand, subtractive
algorithms are usually encountered with iterative solutions to unconstrained opti-
mization under Gaussian noise and fo-minimum norm minimizing the least squares
cost Jis(f) = 3| FFf — g||? with an iterative solution

foy1 = f — Vg = f, — v FL (Ff, — g) (7.29)

which is known as the Landweber iteration scheme [221]. Non-negativity of the
solution should be enforced simply with the projector P (-), because it is not a
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Algorithm 1 Kisu: K-fold Inverse of Stochastic Autoconvolution

INPUT: Smeared histogram g with N events, regularization strength A € Ry,
Poisson mean p € Ry OR discrete distribution P, with Zi{:l P, = 1, number of
iterations R € N, background histogram b or otherwise b = 0.

If 1 given, use option §1 below, else, use input P, and option §1I below
Initialize f; < Z; (g — b) with K-fold zero padding Zg (-)

forallk=1,...,Rdo
Step 1. Construction of the direct operator:

8I: Poisson case; ‘all-order’ map:
F <+ §lfi]. G+ 215 (e = 1), H+ GO F, h+«+ §'[H], F; «+ T[h]

§1II: Generic P, case; evaluated ‘order-by-order”:
foralln=2,..., K do
F, ,5”) — T[f,f@n_l] # Construct convolution Toeplitz matrix
f,f.an — f,f‘)n_l ® fi, # Calculate convolution power

end for _
Fi Zle P, F, lin), where F,gl) = I # Weighted sum of convolution matrices

Step 2. EM-step + regularization/smoothing with positivity constraint:
u; + (fr 0 (FT1)) o (FT'g @ (Ff + b)
f11 < Py (w, — AV uy)

end for

OUTPUT: Deconvolution estimate f + ZIT(I (fr) with the same support as g.
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built-in constraint of the standard least squares. The + is a relaxation parameter
that controls the convergence and can be optimized by several different line search
methods or by fixing it to a constant ~ 1, which gives (much) slower convergence.
This Gaussian version of the algorithm could be utilized with large event samples.
With low event count histograms, the multiplicative solution was observed to be
superior in terms of the stability of the solutions.

Uncertainty estimation

Point estimates are obtained with Algorithm 1, which we call Kisu. The algorithm
first solves the direct problem and then one EM-step plus regularization of the inverse,
and recursively alternate between these two until convergence. The regularization
is done explicitly, because it is well known that the EM-type maximum likelihood
solution alone will amplify the high frequencies (~ Poisson noise) when the number of
iterations k — oo. That is, iteration first fits the low frequency Fourier components
and later starts to fit the high frequency noise to the solution. A semi-explicit
regularization strategy would correspond to an early iteration stop. However, with
an explicit regularization scheme as here, the iteration can be allowed to continue
till convergence within some numerical threshold.

The iterative bias estimation and uncertainty estimation are done using numer-
ical Monte Carlo bootstrap with Algorithms 2 and 3. We call these the daughter
and mother bootstrap, respectively. The algorithm is started by calling the mother
bootstrap, which calls the daughter bootstrap, which calls Kisu. The bootstrap is
selected here due to the nonlinear and recursive nature of the problem which makes
the usual linearized Taylor expansion error propagation and analytical (Gaussian)
approximations unreliable or semi-impossible. The bootstrap was introduced in the
seminal paper by Efron in 1979 [222] and the recursive bias correction was first dis-
cussed in 1986 [223]. In high energy physics unfolding context, bootstrap iterated
bias correction and related confidence intervals were utilized only quite recently in
[195] and we follow a similar strategy. The underlying inverse problem is nonlinear
here, in contrast. The bootstrap is a relatively easy method to implement and vari-
ants of it have already long been used in high energy physics dubbed often under the
large umbrella of ‘toy Monte Carlo’. A practical problem is the high computational
cost, fortunately, bootstrap sampling is trivially parallelizable. However Algorithm
1 and iterative bias correction loop of Algorithm 2 are recursive, and thus cannot be
made fully parallel.

The bias of a parameter estimator is by definition Bias[d] = E[f] — 0. An it-
erative bootstrap estimate of the bias replaces the unknown expectation with a
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Algorithm 2 ‘Daughter bootstrap’ — Iterative Bias Correction
INPUT: Smeared histogram g, number of bias correction iterations M € N,
bootstrap sample size per iteration B € Ny and Algorithm A1 parameters.

Run A1 using g as input, obtain f
Set f, « on, i g
foralli=1,...,M do
Set S; 0
for all j=1,...,Bdo
Draw g7 ~ g, with replacement using toy Monte Carlo
Run A1 using g} as input, obtain f, update S; « S; U {f;}
end for
Step 1. Iterated bias estimate using bootstrap sample S; mean:
Bias|[f] « Mean[S;] — f,
Step 2. Point estimate with bias correction, and non-negativity re-enforced:
f, « P, (fy — Biaslf])
Step 3. Using direct operator estimation Step 1. of Al, generate:
g — Fu(fy)
end for

OUTPUT: Bias corrected estimate f'*, first estimate f; and the sample Sp for the
standard bootstrap confidence interval evaluation.

Algorithm 3 ‘Mother bootstrap’
INPUT: Smeared histogram g, bootstrap sample size Q) € N, Algorithm A2 and
A1l parameters.

Set Sy, < 0,50« 0
forallg=1,...,Q do
Draw gj ~ g with replacement using toy Monte Carlo

Run A1 using gj as input, obtain f'**q and fé‘q, update Sy + S, U {f'**q}, So
So U {fgq}
end for

OUTPUT: Samples S, and Sy for calculating the confidence intervals, median etc.,
for both bias corrected (%) and uncorrected (0) estimates.
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bootstrap sample mean and the true parameter value with the current estimate
of the parameter. This is described in algorithm 2. However, the variance of
the estimator var[d] = E[() — E[f])?] can grow as a result of the bias correc-
tion. That is, thinking in terms of classic but non-robust mean squared error
MSE[]] = E[(d — 0)2] = var(d) + (Bias[f])?, it is clear that a good estimator is a
combination of both qualities. The classic goal has usually been to find out the min-
imum variance unbiased estimator (MVUE), which clearly minimizes MSE among
the unbiased estimators. For more information about the iterative bootstrap, we
refer the reader to the book by Hall [224].

We calculate the uncertainty estimates by ordering the sample obtained from the
mother algorithm and calculate the vector component (pointwise) 1 — 2« percentile
intervals at level a as [f:/Oa’
rected (x) and uncorrected (0) estimates and their intervals. As another option, the

so-called basic bootstrap intervals would be obtained with [2?— f**/o o of — f'**/o 1ol

where f is the estimate obtained directly running Kisu. Basic bootstrap intervals
have clearly a possibility of flipping the intervals upside down, which we observed
also in the simulations. One could also go further and estimate the spectrum global
uncertainty coverage, not just point by point local one. For more information, see
[225].

~

% ; .
f*/O,l—oc]7 where /0 means we consider both bias cor-

204



CHAPTER 7. ON THE INVERSION OF HiGH ENERGY PROTON

7.5 Simulations

The first scenario to study is the simplest fixed K autoconvolution inverse of the
negative exponential distribution without any uncertainty estimation. We illustrate
this in Figure 7.2 and compare with the naive Fourier domain inverse with spectral
cut-off regularization, that is, we set high frequencies above the cut-off A, to zero,
with w € [0,1]. The spectral cut-off is tuned to give the best performance for
this scenario. We observe nearly perfect reconstruction with Kisu and very large
oscillations with the naive Fourier domain algorithm. These oscillations seemed to
appear immediately after a small amount of counting fluctuations in the observed
spectrum g, which we simply added here as Gaussian noise. For a typical iteration
trajectories, see Figure 7.3. We see that the variational regularity cost is kept as
almost constant, and the error to the ground truth and the re-projection error behave
in the same way, which is always called for behavior.

We tried to two different ‘data-driven’ ways of choosing the regularization param-
eter, see Figure 7.4. First, the regularization parameter A was selected as the equi-
librium point min(« + ), where the re-projection error is a = Xz = |l(e-8)/vall;,

and the regularity cost is 8 = X2V2f = HV%'/\/?H%Q, with operations taken element

wise. Re-projection is simply defined as g = F (f), available after the inversion. The

100 o 102
————— True f
| Smeared g, K =2 |
80 Naive A, = 0.40
| KISU A =0.10
@ 60 |
- 10t
]
© 40t
20
0 10°

0 2 4 6 8 10 12
T T

Figure 7.2: Simplified fixed K autoconvolution inverse using the naive Fourier domain
inverse with spectral cut-off and Kisu based inverse. The true distribution is f(x) =
1/aexp(—x/a) with a = 2.
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Figure 7.3: Typical Kisu algorithm iteration trajectories. Red lines denote the re-
projection error, blue lines are the error with respect to the true distribution (avail-
able only in simulation) and black lines denote the variational regularity (smooth-
ness).

values for different A values are obtained via brute force loop. This was repeated
for each simulation scenario separately. The second criteria was to use the Morozov
like discrepancy principle point where the re-projection error « is approximately the
same as the number of histogram bins D. For the rest of the simulations, we use
the equilibrium solution. When A — 1, the solution becomes over smooth which
results in a loss of high frequency details and when A — 0, we start to fit the noise
in high frequencies. In general, slightly larger A values were always obtained as the
equilibrium solution compared to the discrepancy principle.

In more demanding simulations we have a scenario that corresponds approxi-
mately to inverting minimum bias pileup at the LHC. We chose fully analytical
distributions as the ground truth f and draw samples via von Neumann acceptance-
rejection Monte Carlo sampling. The distribution is a negative binomial with pa-
rameters given in Figure 7.5 and exponential in Figure 7.6. The number of events N
and the Poisson p were varied, with the histogram bin size Az kept approximately
fixed. One must remember that the overall statistics scales also with the p-value,
so there must be an optimal point with respect to the pileup deterioration and the
collected number of events.

The convergence of the iterative algorithms was obtained in every scenario, and
the fundamental limitations were hit when the smeared distribution g was almost
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1072 107t 10° 10t

Figure 7.4: Data driven equilibrium between the re-projection cost o and the vari-
ational regularity cost 5. The horizontal line denotes the number of bins D in the
measured histogram ~ number of degrees of freedom.

purely Gaussian, which was the case when i ~ 10 or more. In that case, the inverted
distribution was lacking any fine structure. Frequentist pointwise uncertainty bands
(a = 0.05) ~ 95 CL were obtained from the bootstrap procedures. The coverage
is heuristically reasonably when comparing with respect to the truth, however, the
nonlinear oscillation is not completely covered by the bootstrap. A 3o signal to
uncertainty ratio, shown in each figure, seems to be a reasonable safe threshold cut.

In Figure 7.5, we observe some oscillation or ‘nucleation’ of certain eigenmodes in
the solution, which is not an unusual phenomenon in inverse problems. We see that
the bias correction seems to increase the variance of the estimates slightly, which is
visible in bin-by-bin fluctuations. This is expected due the to bias-variance tradeoff.
The optimal number of bias iterations should be studied further, because it is a
free parameter unless taken till convergence. In the NBD simulation case, the bias
correction seems to have amplified slightly the oscillation via recursion. Here, we
used three iterations. Thus, the bias iteration can behave as an additional regulator
of the problem. The size of the bootstrap samples for the daughter and mother
algorithms should be taken as large as computational resources allow. As a practical
guideline, extensive simulations should be always used to investigate the problem-
specific stability, regularization, bias-variance and uniqueness.
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Figure 7.5: Simulations with f(z) = Pxpp(z; (n)

based uncertainties are shown in blue.
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7.6 LHC data inversion

For this proof-of-concept study, we use ALICE proton-proton charged particle multi-
plicity spectra measured at /s = 0.9 and 7 TeV from HEPData [226]. The publica-
tion includes also data at /s = 8 TeV, which we leave out here because of very simi-
larity with /s = 7 TeV, but we include it in our analysis code available online. Phe-
nomenologically, the average central multiplicity density dN.,/dn in proton-proton
collisions follows Regge like power law scaling o< s*(9~1 with the effective pomeron
intercept «(0) =~ 1.1. The event selection definitions are: the INEL (minimum bias
inelastic) which in this case means minimal activity in any of the trigger subdetec-
tors and the NSD (non-single-diffractive), which is event rapidity topology based
selection. The idea behind the NSD is to suppress qualitatively single diffraction
events within forward system mass range which result in a large enough pseudora-
pidity gap on forward or backward pseudorapidity side of the detector. The single
diffractive suppression is done simply by requiring event activity on both forward
and backward triggers. In addition, the INEL events may have either N, > 0 or
> 1 particles (tracklets) required in the central region |n| < 1. We use the N, > 0
class, because diffractive events can be with N, = 0 at central but trigger forward
detectors.

We executed Kisu inversion simply based on the Poisson compounding hypoth-
esis with different p values and the regularization being fixed to small A = 0.03 in
order not to bias the distribution shapes. Varying the regularization strength re-
sults in principle in a systematic uncertainty, but we observed it mainly affects the
small scale structure. The ALICE data uncertainties are a combination of system-
atic factors with technically unknown distribution coverage, for example, soft QCD
Monte Carlo modeling affecting estimated trigger efficiencies and detector unfolding,
and statistical counting fluctuations. For the systematic shape variations we did a
minimum and maximum global shape shift and evaluated statistical bin-by-bin boot-
strap Poisson re-sampling on top of that, with the given event sample sizes O(7-109)
at 0.9 TeV and O(6 - 107) at 7 TeV from [226]. The uncertainties in Figures 7.7
and 7.8 represent the 95CL values of this procedure. In principle, one could have
done also bin-by-bin bootstrap for the systematic shapes, but because that procedure
would neglect all bin-to-bin continuity correlations, it would give way too large high
frequency fluctuations not reflecting typical systematic spectrum distortion or bias
variations.

As a surprise from the inversion, a strong hidden secondary NBD like peak struc-
ture appears at certain p hypothesis, most strongly with Poisson p ~ 3...4 number
of simultaneous ‘mini-collisions’; with the zero-suppressed average given by Equation
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Figure 7.7: ALICE INEL /s = 0.9 TeV data on the left and NSD data on the
right [226], for three different pseudorapidity intervals and the Kisu inversion results

under different p-hypothesis.
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Figure 7.8: ALICE INEL /s = 7 TeV data on the left and NSD data on the right
[226], for three different pseudorapidity intervals and the KISu inversion results under

different u-hypothesis.
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Figure 7.9: ALICE NSD data parameter p-scans for two different energies, at /s =
0.9 TeV on the left and at 7 TeV on the right.

7.3. Also interesting is that this peak is not strongly visible in the INEL class but
appears only once single diffractive events have been suppressed using the NSD class.
It seems that the first NBD like peak is similar at both energies, but the second runs
with energy. The INEL with N, > 1 event class (figures available using our code)
gives results roughly similar to the NSD class, this requirement effectively also sup-
press diffraction. Also, in general the secondary peak increases in relative amplitude
when the pseudorapidity window is enlarged and also the peak position shifts. A
thorough interpretation of this observation requires further studies. A typical in-
terpretation of the negative binomial double peak structures is that there are two
separate mechanisms for the particle production initiator, soft confining and hard
point like. The high multiplicity tail is also interesting, usually difficult to describe
perfectly by many Monte Carlo models. For comparisons, see [226].

In Figure 7.9, we scan numerically over y for the minimum of %](\’;) as the criteria
for the steepest dip. The results for i show the mean and its standard error over
different pseudorapidity intervals, value growing with energy, which is expected in the
multiparton interaction picture with increasing particle densities. At lower energy,
there seems to be larger variation with the solutions. We found out that using
larger regularization A values pushes the minimum towards lower values of u, perhaps

simply (over)-smoothing the solutions. Finally, we see in Figure 7.7 and 7.8 ratio plots
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Figure 7.10: Inversion results of f in the (N, p) plane at /s = 7 TeV for 5 €
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~ N

that the re-projection § = F(f) versus the measured g has the largest tension at very
low multiplicities N, < 5, in the domain dominated by diffraction with qualitatively
different behavior than the NBD peaks. The second interesting domain is around
Nep, ~ 25, where oscillations are manifest. Figure 7.10 demonstrates the ‘topological’
differences between the inversion results as a function of the p parameter. The
distribution splits and develops the secondary peak at a certain p-value in the case
of the NSD N, > 0 event class. In the case of the INEL N, > 1 splitting also
happens, and the re-fusion of two peaks happens faster as a function of the growing
p-value. For the INEL N., > 0 class, on the other hand, no splitting is visible.
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7.7 Conclusions and prospects

We studied the inversion of a stochastic autoconvolution integral equation and
showed that useful inverse solutions can be obtained with a novel algorithm. Special
effort was invested in the algorithmic construction from bottom-up and in statistical
and systematic uncertainty estimation. A new class of semi-model free phenomeno-
logical interpretations and statistical tests of inclusive distributions in soft QCD are
possible with the algorithm. It is possibly also useful in jet substructure studies
when used together with jet algorithms. The algorithm can be also utilized directly
as an experimental pileup inversion algorithm in minimum bias studies. There are
also possibilities to combine the statistical approach derived here with event-by-event
pileup correction algorithms such as [179, 227]. Future directions may include more
detailed analytic treatment in terms of both phenomenology of soft QCD, but also
technical development of the algorithm for other types of statistical integral equa-
tions. The ultimate goal could be higher dimensional tomography of high energy
proton, which may be realistic with the help of deep neural network techniques.

Inverting the final state multiplicity spectrum caused by independent multipar-
ton interactions (MPI) is an obvious research target. We did a simple one free
parameter inversion using ALICE multiplicity measurements, which exposed an in-
teresting secondary peak structure most prominent with the NSD event selection
class. We are not aware of a similar study, typically superposition fits with multi-
ple negative binomial distributions are done, or Monte Carlo model-based studies.
One could do a further study where different cms-energies and rapidity intervals
are matched together using the autoconvolution picture in a direct or inverse direc-
tion. Speaking in the Regge theory language, an approximately similar concept is
the multiple independent pomeron exchanges with ‘AGK cuts’ [25]. Given a model
of exchange probabilities of multipomeron exchange with inelastic cuts, such as the
inelastic eikonal approximation, in principle we can from the measured observables
reconstruct a single pomeron exchange observables without a Monte Carlo model.
Deviation from expectations indicates multipomeron (enhanced) interactions which
are nonlinear effects not fitting in the K-fold autoconvolution picture. Thus, the
inverse algorithm result can be seen as a statistical null-hypothesis generator. Prob-
ing the fuzzy interface between multiplicities driven by a semi-hard scale interaction
versus soft cut pomerons, could be interesting. Also, the nonlinear gluon saturation
conjecture at low Bjorken-z and the robust experimental observables of it are open
problems.

Combining the approach here with other mathematical tools, the shadow of
diffraction can be studied in a new light. That is, it would be interesting to see
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if data can directly show evidence for the AGK cuts like phenomena — certain spe-
cific additive algebraic rules, multiplicity density, rapidity gap topologies. So far, no
water-proof observables with one-to-one mapping with AGK have been measured,
as far as we know. We also see that methods here could give new insight to the
‘centrality’ determination in heavy ion collisions when combined with the Gribov-
Glauber model. Inverting the measured transverse energy distribution could lead to
a more precise understanding of pure ‘binary scaling’ (independent nucleon-nucleon
collisions) versus strong nuclear effects. The mathematical description here is, essen-
tially, what is approximately meant by binary scaling.
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8 DeepEfficiency

We introduce a new high dimensional algorithm for efficiency corrected, maximally
Monte Carlo event generator independent fiducial measurements at the LHC and
beyond. The approach is driven probabilistically using a Deep Neural Network on
an event-by-event basis, trained using detector simulation and even only pure phase
space distributed events. This approach gives also a glimpse into the future of high
energy physics, where experiments publish new type of measurements in a radically
multidimensional way.

Chapter in: arXiv:1809.06101 [physics.data-an]|
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CHAPTER 8. DEEPEFFICIENCY

High energy physics data needs to be corrected for experimental effects induced
by the kinematically non-uniform response of the detector and reconstruction algo-
rithms. These corrections are usually dubbed efficiency times acceptance corrections,
implemented often by dividing the measured number of background corrected events
in a histogram bin with the efficiency value obtained by simulations. In addition,
unfolding of histograms of observables is often done to account for distortions of
resolution (variance) and absolute value (bias) induced by the detector. Unfolding
is usually treated with a stochastic smearing matrix, obtained via simulations. It is
the art of unfolding and optimization algorithms, with suitable regularization and
possible additional physical boundary conditions, which then “inverts” this response
matrix in an algebraic or probabilistic way. An important part is the uncertainty
estimation, both in purely statistical terms but also in systematic ways. Well known
is that many of the naive bin-by-bin methods are severely biased towards “Monte
Carlo truth” [228].

A crucial step of the measurement is the proper definition of the fiducial phase
space. Ideally, this should be defined in terms of proper final state observables,
such as transverse momentum and pseudorapidity of charged particles, within geo-
metrically visible and electrically active detector volume. A fiducial measurement,
by its very definition, minimizes extrapolations of data and thus also minimizes the
model dependence. In this work, we go further and propose a mazimally Monte Carlo
event generator independent way to implement fiducial efficiency corrections. For the
best of our knowledge, this philosophy and approach what we call DeepEfficiency,
based on Deep Neural Networks (DNN), is a new one. However, in other contexts
the networks are well known in high energy physics, especially in signal-background
separation. For a recent review see [229], or for the pioneering studies [230].

For concreteness, let us define our observable degrees of freedom at the level of
individual final state particles. Our final state consist of NV charged particles (tracks)
with 3-momentum p of each being measured. This final state spans a real valued
vector space R*V | from which one can construct a set of Lorentz scalars and other
non-scalar observable distributions, such as transverse momenta or angular ones.
The detector has a finite probability P of seeing the N-track event, given the trigger
and tracking efficiencies. This expected probability is represented with an efficiency
mapping € : R3N — P. Clearly, by using space-time symmetries of interest, one can
often do dimensional reduction. However, treating maximally the abstract detector
space, forbids us from doing so. That is, we want to take into account all the
correlations that the detector may induce in terms of efficiency losses.

A simplification, dimensional reduction but also a loss of information would occur,
if one would for example factorize all tracks and get the full event detection efficiency
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as &t = E1&E9 - - - En. However, for very high dimensional problems, one may do this.
We point out here that the efficiency function £ can be used also within the context of
Matrix Element Method (MEM) type likelihood analyses, in addition to the fiducial
measurements which are of our interest here. For typical approximations within
MEM applications, see [231].

What we simply now do is learn this high dimensional detector efficiency function
£ using a fully connected, multilayer DNN in a regression mode. That is, we simply
use the neural network as a high dimensional function approximator and interpolator
- as a mathematical hammer. The exact architecture, the cost function and its
regularization and the gradient descent methods are art forms each of their own,
we return to these in extended descriptions. Because we use the fully differential
observable kinematic information of the final states, we can even use a pure phase
space Monte Carlo event generator as an input to the detector simulation. Perhaps
the most intuitive proof of the vanishing dependence on the event generator is based
on a multidimensional histogram division picture with hyperbin volumes approaching
Z€ro.

A practical requirement for the generator is that a large enough event statistics
is produced continuously for all corners of the phase space of interest, naturally. For
final states containing jets, a pure phase space Monte Carlo is not feasible. Thus in
practice one proceeds as usual with a realistic MC generator of interest. One may
do this also in other cases, naturally. Here we do not touch the highly interesting
but complex topic of matching optimally parton level, hadron level and detector level
objects and sub-structures, which is basically always non-trivial, sometimes ill-posed,
with hard or soft QCD processes.

In optimizing (training) the network parameter set ©, we minimize the so-called
cross entropy cost function suitable for our probabilistic inference problem

1

L(0,8) =~ g

Y [Riln& + (1 - Ry)In(1 - &)], (8.1)
1€S

where the sum is over all events in the simulation sample §. The known response R
is 0 for efficiency lost events, and 1 for selected events, both within the fiducial phase
space. That is, one must not include events outside the fiducial phase space in the
sample, by construction. A cutoff regularization is used for the rare £ — 0 singularity.
The word entropy comes from the functional form of the cost, related to the Kullback-
Leibler |213] divergence which is a difference between cross entropy and entropy, and
the KL-divergence itself is related to the Maximum Likelihood principle. In addition,
one can add typical regularization schemes such as ¢1- (sparsity, Laplace) or £o-norm
(smoothness, Gaussian) based, in order to avoid overfitting. This is avoided also
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effectively by choosing the minimal network architecture which results in efficiency
corrections with minimal bias and variance on simulated samples. Also the training
sample size needs to be high enough, given that the deep network architectures can
contain O(10* — 109) free parameters.

After training, the efficiency inversion of data and arbitrary observables of interest

are obtained with
dN

70 = ho{Ph o [E{PH] ™, (8.2)

where ho is a probability distribution estimator operator, typically a bin width AQ
normalized histogram. That is, the discretization of observables only enters at this
point. The point-wise operator ® is defined as an integral (sum) over the event sample
and the weight £({p}) is obtained from the neural network. Simply put, event-
by-event, one constructs the observable of interest and calls a weighted histogram
fill with a weight £~!. Thus, in an extraordinary smooth way, one can efficiency
correct simultaneously arbitrary number of single or multidimensional histograms of
observables using the same weight. For a related mathematical discussion, see the
Horvitz-Thompson unbiased estimator [232]. Differential cross sections are obtained
in a standard way normalizing by integrated luminosity. A straightforward way
to obtain statistical uncertainties is via Efron’s bootstrap re-sampling. The possible
algorithmic (network) bias should be empirically tested using simulations, observable
by observable, which is easily automated.

The performance was numerically evaluated using the full ALICE detector sim-
ulation with input being low-mass, low-pr central exclusive QCD diffraction, which
is a prominent “glueball production process” at the LHC, decaying in this case to
charged meson final states (777, KT K~). We obtained solid results with a 5-layer
network with ~ 100 neurons per layer with a 6-dimensional input, using hyperbolic
tangent activation functions and a final layer with one sigmoidal output function.
The inversion performance in terms of x2/bin was close to unity for a variate of one
and two dimensional differential distributions, also in the steep tails. TensorFlow 1.9
[233] was used as the computational framework. The event generator independence
lemma was observed to hold with Monte Carlo samples driven by different scatter-
ing amplitudes, such as photoproduction of p® — 77~ versus 777~ production via
double Pomeron exchange. A typical efficiency correction bias coming from unknown
angular dependence or spin polarization densities, due to uncertain non-perturbative
scattering amplitudes for both continuum and resonance production - is a solved
problem now. Also the efficiency correction bias, propagating from a priori unknown
but parametrized non-perturbative proton elastic form factors and inelastic structure
functions driving the system soft transverse momentum distributions, vanishes.
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Summarizing, we introduced a formally optimal and generic efficiency inversion
algorithm for fiducial measurements. As a reminder, fiducial measurements are mea-
surements minimizing the kinematic-geometrical acceptance extrapolations. How-
ever, in certain cases non-fiducial extrapolations are needed, for example the case of
a fully angular flat phase space definition requirement for spin polarization studies.
Another interesting topic is the high dimensional, continuous unfolding of distribu-
tions, which we did not discuss here. However, one can fuse single dimensional matrix
unfolding algorithms with the efficiency inversion of DeepEfficiency.
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9 Conclusions

The topic of this thesis was high energy diffraction. We obtained numerous new
results, the most important are as follows.

1. We developed a novel algebraic-probabilistic framework which we called Com-
BINATORIAL SUPERSTATISTICS, as a new observable definition of soft QCD
inclusive diffraction. In addition, we posed and solved a new combinatorial
Poisson superposition problem with the Mobius inversion theorem. Then we
applied the developed tools to the proton-proton data measured in ALICE at
the cms energy /s = 13 TeV. This resulted in the first explicitly high dimen-
sional unfolded fiducial measurement of soft QCD, as far as we know. One
could call this a measurement of the Grassmannian manifold encapsulating
the partial cross sections. All different finite field Fév vector space subspaces
are living on this manifold, and thus they hold very rich information to be
understood in detail. Also, we implemented the first simultaneous multidi-
mensional maximum likelihood extraction of diffractive cross sections and the
effective Pomeron intercept. Finally, we demonstrated our novel F* projection
algorithm by reconstructing pseudorapidity gap distributions from incomplete
data. The results showed an enhancement for the low mass diffraction in com-
parison with typical minimum bias event generator tunes.

2. For the exclusive or semi-exclusive diffraction, we developed a new Monte Carlo
event generator, GRANIITTI, written in modern C++-. It is currently the lead-
ing event generator on this topic regarding custom spin-dependent low mass
diffraction scattering amplitudes and computational performance. Using our
simulations in comparison with the preliminary ATLAS+ALFA data at the cms
energy /s = 13 TeV, we conjectured that tensor mesons and tensor glueballs
could be produced with different spin polarization mixtures of transverse and
longitudinal components. Thus, we claim that this explains non-perturbatively
the enigmatic ‘glueball filter’, at least in the case of tensor resonances. A signif-
icant computational future problem is, how to calculate ab initio the resonance
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couplings for the low mass resonance spectrum, which are currently free pa-
rameters. In addition, the proton dissociation probability and proton structure
fluctuations are significant open problems, perhaps to be solved by future ad-
vances in lattice field theories. Experimentally, we did pioneering studies with
the ALICE semi-exclusive central diffraction data regarding the invariant mass
and transverse momentum composition and provided highly automated spheri-
cal harmonic decomposition code systematically in different Lorentz rest frames
for advanced spin analyses, available in our GRANIITTI engine.

3. For studying multiparton interactions from a new perspective, we developed a
novel inversion algorithm Kisu, for K-fold stochastic autoconvolution integral
equations. Then we applied the algorithm to the published ALICE charged
particle multiplicity data measured with different cms energies and final state
pseudorapidity ranges. We obtained strong evidence that the average number
of soft interactions per collision is between 3 to 4 and that two different physical
mechanisms are driving the multiplicity spectra because the inversion results
in a clear separation between two-component distributions. Both results match
the phenomenology often implemented in Monte Carlo event generators. The
two-component model hypothesis is a classic one, such as a soft confining QCD
and hard point like scattering. Our algorithm provides a new approach to
attack this topic.

4. For precision fiducial measurements, we introduced the first fully differential
detector efficiency inversion algorithm working event-by-event in higher phase
space dimensions. This was based on deep neural networks and we called it
DEeeEPEFFICIENCY. Effectively, we relied on the universal function approxima-
tion lemma of deep multilayer neural networks. In classic mathematics, the
corresponding statement is the Stone-Weierstrass theorem which states that
every continuous function can be represented with polynomials on a closed in-
terval. A more generic extension of the efficiency inversion problem would be
the higher dimensional unfolding of distributions. A general mathematical the-
ory is still lacking for deep neural networks, which we see as the fundamental
future problem to be solved. That would give theoretical tools to design and
understand the networks beyond the current style of ‘empirical mathematics’.
Also this algorithm still relies on a reliable detector simulation, which we see as
an open problem to be solved in the future. Higher dimensional variants of the
data-driven ‘tag-and-probe’ methods to estimate efficiencies could be possible.
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In terms of the big picture, tools from algebraic geometry and topology would
be interesting to be studied in the context of high energy diffraction. From the ex-
perimental side, the future forward instrumentation should be improved significantly
for precision measurements and discoveries in the forward domain, perhaps with the
help of novel material innovations from the condensed matter physics.
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A ALICE measurements

A.1 Detector level marginal distributions

The detectors in Figures A.1-A.13 are from left to right:
ZDN/P¢, AD¢, VO¢, SPD¢, SPD 4, V04, AD 4, ZDN/P 4.

For each signal combination, the detector level charge @ (analog-to-digital conversion
units) is shown in the upper row and the signal time ¢ (ns) in the lower row. An
exception to this is ZDN /P, where the upper row shows the ZDN charge and the lower
row is for the ZDP charge. The general color coding is: white (signal accepted), gray
(signal not accepted) and pink (spectator, not used in the analysis). The simulations
are run through the full ALICE GEANT simulation with a run anchored calibration.
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Figure A.1: ALICE data at /s = 13 TeV (black) and Pythia 6 (red),
simulations for combinations [0-4]: Detector level charge and time distributions.
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Figure A.2: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), (green)
simulations for combinations [5-9|: Detector level charge and time distributions.
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Figure A.3: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), (green)
simulations for combinations [10-14]: Detector level charge and time distributions.
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Figure A.4: ALICE data at /s = 13 TeV (black) and Pythia 6 (red),
simulations for combinations [15-19]: Detector level charge and time distributions.
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Figure A.5: ALICE data at /s = 13 TeV (black) and Pythia 6 (red),
simulations for combinations [20-24]: Detector level charge and time distributions.
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Figure A.6: ALICE data at /s = 13 TeV (black) and Pythia 6 (red),
simulations for combinations [25-29]: Detector level charge and time distributions.
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Figure A.7: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), (green)
simulations for combinations [30-34]: Detector level charge and time distributions.
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(green
simulations for combinations [35-39]: Detector level charge and time distributions.
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Figure A.9: ALICE data at /s = 13 TeV (black) and Pythia 6 (red),
simulations for combinations [40-44|: Detector level charge and time distributions.
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Figure A.11: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), (green
simulations for combinations [50-54|: Detector level charge and time distributions.
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Figure A.12: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), Phojet (green)
simulations for combinations [55-59]: Detector level charge and time distributions.
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Figure A.13: ALICE data at /s = 13 TeV (black) and Pythia 6 (red), Phojet (green)
simulations for combinations [60-63]: Detector level charge and time distributions.
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Vecorspace 8, Rato Pyhia&_(1717a)Data

Figure A.14: ALICE data at /s = 13 TeV: Detector level visible cross section ratios
for Pythia 6/Data (left) and Phojet/Data (right). Colored cells are mean signal ratios
for: (@)apc, (@)voc, (F)sppe, (F)sppas (@)voa, (Q)apa., where Q is the charge and
F' is the number of fired chips.
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A.2 Detector response simulations
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Figure A.15: ALICE simulation at /s = 13 TeV: Pythia 6 MC + GEANT based
acceptance of diffractive systems (SDL left column, SDR right column) for different
sub-detectors (as rows) in terms of the kinematic rapidity gap edge. Red is at the
fiducial acceptance and blue at the detector efficiency x acceptance x smearing level.
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Figure A.16: ALICE simulation at /s = 13 TeV: Phojet MC + GEANT based
acceptance of diffractive systems (SDL left column, SDR right column) for different
sub-detectors (as rows) in terms of the kinematic rapidity gap edge. Red is at the
fiducial acceptance and blue at the detector efficiency x acceptance x smearing level.
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Figure A.17: ALICE simulation at /s = 13 TeV: Pythia (red) and Phojet (green) +
GEANT simulated detector signal response as a function of the fiducial acceptance
domain multiplicity containing charged, neutral or both type of particles for AD¢ 4
in the upper row, VZERO¢ 4 in the middle row and SPD¢ 4 in the bottom row.
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A.3 LHC optics

The nominal LHC optics parameters at the ALICE IP2 are given in Table A.1, which
show the larger 5%, transverse plane separation and crossing angle than other LHC

experiments. These are used to reduce the luminosity by three (+two) orders of
magnitude compared to the ATLAS and CMS (+LHCDb) cases.

Plane of crossing - Vertical

Bunch population N 1.25 x 101
Revolution frequency frev 11245 Hz

Beam energy E 6500 GeV
Normalized transverse emittance € 2.3x107%m
Beta* B* 10 m

Full crossing angle (zz) o' 480 prad
Transverse plane separation d 220 pm

Bunch length o 0.0787 m (lo)

RF frequency frr | 400 MHz (A; = 2.5 ns)

Table A.1: LHC IP2 nominal run setup from, but here with an (ad-hoc) adjusted
transverse plane separation (from 357 pm in lpc.web.cern.ch).

The transverse beam size is given by
0p = 0y = [e8*]"/? = 57.61 pm. (A1)

The crossing angle affects the effective areas by

S, = [202 cos?(ar/2) + 202 sin®(a/2)] 2 _ 8574 pm (A.2)
%, = [202]"% = 81.74 . (A.3)

These values yield instantaneous luminosity per bunch pair

_ freoN?cos*(a/2)F
N 23,3y

L = 1.046 x 10?® Hz/cm?, (A.4)

where the effective separation factor is F' = exp (—%). The instantaneous lumi-
Yy

nosity integrated over all colliding bunch pairs ngy is L = nypLyy,. The numbers here
are from the LHC beam division luminosity calculator lpc.web.cern.ch.
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A.4 Trigger statistics

The trigger acronyms are explained in Table A.2. The trigger system ‘vetoes’ or
downtime can be due to the CTP (central trigger processor) being busy, the trigger
cluster being busy or the trigger system having dead time for other countable reasons
in the digital logic or due to a pre-determined trigger downscaling factor. The trigger
system takes these into account with before (b) and after (a) counters. For more

information about the ALICE trigger system, see [40].

Name Meaning

ID Trigger list identifier

BCMask | Bunch cross mask identifier (A,B,C,LLE)

DS Deterministic down scaling factor (percent)
LMb(a) | Level minus-trigger before(after) trigger ‘vetoes’
LOb(a) Level 0-trigger before(after) trigger ‘vetoes’
L1b(a) Level 1-trigger before(after) trigger ‘vetoes’
L2b(a) Level 2-trigger before(after) trigger ‘vetoes’

Table A.2: Trigger terminology.

Table A.3: Trigger statistics for the run 274593.
35 1 247 24 24.7 24.] 247 1 0.61 1 1
36 A .7 137 3.7 13.7 1 017 1 1
37 C 2, 2 124 124 124 1 0.19 1 1
Table A.4: Trigger statistics for the run 274594.
35 )T] 1 39 39 39 1 0.48 1 1
36 A 50 64.8 7 kas s 1 012 1 1

Table A.5: Trigger statistics for the run 274595.
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B GRANIITTI and kinematics

B.1 Alternative models of pomeron

The original pomeron

The original ‘sliding helicity’ Gribov pomeron has been implemented in the code
partially — this is only partial because the calculations involve unknown functions at
the central vertex. However, we shall explore it a bit. In the following, we shall strip
off all the form factors and concentrate only on the helicity dependent terms. The
helicity amplitude is written as [111]

At AsA
I35 (51, 82,81, 82, )

= Z I, (t1)Ad(s1, t1) g3 (t1, t2, ) Ap(s2, 752)913\3,\2 (t2), (B.1)
ab

where the sum runs over exchanged Reggeon with propagators A; as defined earlier,
to first order at high energies, over only two pomerons. The particle-Reggeon-particle
vertex helicity structure at small —¢ is

Gi s (8) = (=)=, (B.2)

The spin structure of the crucial central vertex is [111]

[e.9]

903 (th, ta, ) = Z emPyN3  (t1,t2), subject to Az =mi —ma, (B.3)

mi,mo=—00

where
Voo (b1, 12) 2 (—t1) ™2 (=) 2172, (B.4)

a limit which holds for small values of —t; and —t3. The projection of the angular
momentum j, ;) of the Reggeon a(b) is denoted with my oy, which is an analytical
continuation over all values over the sliding Regge trajectory, thus technically an infi-
nite sum. However, the sum over m ) should be truncated to a first few, given that
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—t1(2) are small and there is no full information about the central vertex available.
We make remark that one can see easily that in order the parity conservation to
hold for all spin-parities, the vertex Eq. B.4 cannot be always symmetric e.g. under
(mq, mg) <> (—m1, —mz), but should change sign — thus this equation is a slightly
formal one. Now we have hopefully emphasized enough that the original pomeron
has no fixed spin structure but is an infinite sum. It is essentially the spin-parity
of the central state which ‘forces’ the pomeron Lorentz structure to look like a non-
conserved or conserved vector (or tensor) current, from a Regge theory point of view,
as discussed in [111].

Vector current pomeron

This is a model from [234], which illustrates many points and is described here shortly
for completeness. In some sense the Tensor pomeron model is a superset of this with
complete Feynman rules and higher rank spin structure. The spin density matrix of
the i-th pomeron in this conserved vector current model is obtained as

P = (=DM e (i, e (ai, A)pH (B.5)
where A = 0,41 and the space-like ¢ < 0 spin-1 polarization vectors are denoted
with e. On the right hand side, the covariant density matrix is hermitian p"** = p*#
and the spin-1 polarization vectors obey

et (£1) = —€e!(F1) (B.6)
e"*(0) = —€e#(0).

We denote the 4 independent elements of the density matrix by p**, p% which are
on the diagonal, and the off-diagonal terms by |p*°[e?¥ and |p*~ e, where @; is
the forward proton azimuthal angle in the pomeron-pomeron CM frame. This angle
is not exactly the same, clearly, as the forward angle ¢ in the proton-proton CM
frame or LHC lab frame.
The unnormalized covariant density matrix for the pomeron emission from the
i-th proton leg is
= L B3
? helicities
where J), is a Dirac like current of the proton-pomeron-proton vertex as the one in
QED given by Eq. 5.48. However, pomeron may couple with different strengths than
photon to the electric and magnetic terms of the proton form factors. The differential
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cross section is then obtained by coupling pi‘l/\l and p22/\2

central vertex [234]

elements together at the

do ~ 201 T p3 T X W (4, +4) + W (+—, +-)]
+ 207t pPW (40, +0) + 2090 pF T W (0+, 0+)
+ p1°p3° W (00, 00)
+2|pf " pg T [W(++, ——) cos 2¢
—4|p 030 x [W(4++,00) + W (04, —0)] cos @, (B.9)

which depends on eight helicity structure functions W (A1 A2, A]AS), where the helicity
conservation requires Ay — Ay = J, = ] — A}, otherwise W = 0. The azimuthal angle
is ¢ = ¢1 + Pa. Six of these structure function can be measured with unpolarized
initial state protons. Now, let us write this in terms of the helicity amplitudes

W (Ade, NAg) ~ Axpn, (t1, 12) AY o (1, 12)0((q1 + a2)? — MP). (B.10)

Parity conservation requires that A_y _x, = mimnaAx y,, where 712 denote
the naturality of pomerons and 75, the naturality of the boson, which is +1 if
P = (~1)7 and —1 if P = (—1)/~!. Bose-Einstein symmetry (statistics) requires
Axa, (t1,t2) = (—1)7 Ay, (t2, 1), and time invariance requires invariance under un-
der A2 <> A{X,, which gives somewhat more complicated relations [234]. This
model has some definite properties regarding the observables. Most of them are
direct consequences of the parity conservation and vector currents.
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B.2 Kinematics of 2 — 3

Lorentz invariants

Let us have the 2 — 3 process
pA+pB — p1+ P+ po, (B.11)

where p1 and po are the forward systems. Kinematically this is fully characterized
by 5 linearly independent Lorentz scalars. The most typical set is s = (pa + pB)? =
(p1+ P3+p2)% t1 = (pa —p1)?, ta = (p — p2)%, 51 = (p1 + P3)?, 52 = (p2 + P3)*.

Colliding beam frame

Now, we need (at least) 5 variables. For practical reasons, we will use 6. The redun-
dancy is between forward system transverse angles ¢1 and o which we can remove
by the rotational invariance and use only the difference Ap = @1 — @2, whenever
necessary. We define 6 variables, which fully characterize the exact kinematics and
separate between the longitudinal and transverse degrees of freedom

Pz1(2)

=l-——¢c[0,1 B.12
“e) P2 A(B) 0.1 ( )
1/2
Pti(2) = (pi,l(z) +17:?,,1(2)) eRy (B.13)
P12) = tan~! <py71(2)> € (—m,m|. (B.14)
Pz1(2)

Due to the 4-momentum conservation, not all arbitrary combinations of the values
of these variables are physically valid.
4-momentum components

The momentum p* = [E, p] of forward systems are now given directly by

s 1/2
pT(Z) = (M12(2) +P§,1(2) + (—m2 + 1)(51(2) - 1)2> ;

. (b102) — 1) (—4m2 + 5)1/2
Pt1(2) COS(<P1(2))7 Pt1(2) Sln(901(2))7 + ®) B £ ]. (B.15)

266



APPENDIX B. GRANIITTI AND KINEMATICS

We allow also excitation of forward protons with masses M; and Ms. For the elastic
forward protons, we set M) = myp. The central system 4-momentum is
Py =ql +45 =
1/2 2 2 2, S 2\ /2
(572 = (M 497, + (=m2 + 2) (61— 1)?)
2 2 2, S 2\
— (M3 4R+ (Cm2+ D@ - 1)

(&1 — &)(—4mp +5)'/?
2

].
(B.16)

— Dt cos(p1) — Pt,2 cos(p2), —Pt,1 sin(ep1) — P2 sin(p2),

4-momentum transfer squared

The Lorentz scalars 15y < 0, which are the 4-momentum transfer squared, are
written as

1/2 2
(((51(2) — 1)*(—dmj + 5) + 4Mf(2) + 429?,1(2)) - 51/2>
tie) = i

ff 9 (—4m? + s)
_ 2@ v 4 ~ P} ) (B.17)

In the limit &1,& — 0 and s — oo, we get the familiar

ti(2) ~ —pf’m). (B.18)

This approximation is very good. When pfl S GeV?, the relative error we make
is proportional to the scale of ¢ and for low mass CEP at the LHC, this scale is
&~ 1074
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Central system rapidity

The boost (rapidity) definition Yy = §1In (g%ﬁz) along the beam line gives

1 s 1/2
Yx = sinl((M 4571+ (—mp + D@ - 1?) T+

)2)1/2 (& - 52)(—;17”;29 +35)1/2 _ 517

S
(M3 + 975+ (—m2 + )2 -1

N3 408+ (2 D - 12)

Al A K

S
<M22 + iy + (—m§ + 1)(52 -1

where taking massless limits and collinear p; ;(2) — 0 gives

Yy ~ %m (2) . (B.19)

This is all around a very good approximation, relative error 1073 ...1076.

Subsystem energy invariants

The scalars s; = (p1 + P3)? > 0 and sy = (p2 + P3)? > 0 are
1/2 2 2 2 S 2\ /2 2
1= 85— 2s (M2 +pfs+ (—mZ+ )&~ 1) ) + M (B.20)
s 1/2
59 = 5 — 2512 (Ml2 + 9} + (—mE+ )6 - 1)2) + M2, (B.21)

The obvious massless and p; 12y — 0 limits of these are

’81 ~ g€, S92 351.‘ (B.22)

Relations above are sometimes also called as ‘Regge domain criteria’, equivalent with
s> [ti(2)], 8 = 00. Note how terms are crossed 1 <+ 2, due to the momentum flow.
The approximations are very good for high & values and even at £ ~ 1076, the relative
error is order of 1073. In terms of the central system invariant mass and rapidity,
we can also write

51~ Myst/? exp(—Yx), S2~ My s'/? exp(Yx), (B.23)

268



APPENDIX B. GRANIITTI AND KINEMATICS

often used in the case of photoproduction. These can be derived using using the
collinear relations

Mx Mx
S 2 exp(—Yx), &=~ Y2 exp(Yx) (B.24)

in the limit p; 12y — 0.

Central system invariant mass

The central system invariant mass squared M)z( = P32 =(n+ q2)2, is exactly written
as

S 1/2
M =[(ME +pFy + (—ml + D)6~ 1))

(03 42 + (it e —17)

— (pe1 cos(p1) + pra COS(@Q)) — (pe,1sin(p1) + prasin(p2))?
B (&1 — &) (—4m3 + s)
. .

Now if we take limit p; 1(2) — 0 and also my,, My, My — 0, that is, s > mg, M2, M3,
we get

(B.25)

M% ~ &&s. (B.26)

This approximation is not especially good for the low mass CEP, because the
pt,1,2 scale is close to the central system mass scale. The relative error can be order
of one (~ 100 %). Note that the complement scalar is

si2=(p1+p2)? = (& —1)(& — 1)s, (B.27)

which is not in common use.

Spanning set of variables

We show here a generic method for checking if the constructed set of Lorentz scalars
is a spanning set. In a row order s,t1,to, s1, S2, we construct a matrix

110 0 0
10 -1 0 0
A=1]0 1 0 -1 o, (B.28)
00 1 o0 1
00 0 1 1
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where each row/column correspond to the corresponding 4-momenta indices with

order pa, pg, p1, p2, Ps and the matrix element is A;; = & when (p; & p;)?. This
matrix should have full rank < a non-zero determinant. Computer algebra gives full
rank(A) — 5 and determinant -2, which fine.

How about the 4-momentum representations? For this, we can construct the
Gram matrix between all 4-dot products G;; = (p;, pj). The determinant of this ma-
trix is identically zero, because we have 5 vectors in 4-dimensional space. Thus,
the check goes for example by choosing (only) the final states (ps,ps,ps), and
calculating the 3 x 3 Gram matrix, and its determinant. The determinant ob-
tained is an extremely lengthy expression, and gives zero for linearly dependent
final state configurations, which is fine. An example of a linearly dependent case:
(&1 =&,p11 = pr2, Ap = p1 — 2 = ) — system produced at rest gives det(G) = 0.
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B.3 The slope parameter

Experimentally in soft processes do/dt ~ exp(—bl|t|) holds for small values of |¢|.
For example, in photoproduction the pomeron exchange t-distribution slope is often
written as 2
/

b= by + 2« ln<W02> , (B.29)
where by is a process (e.g. vector meson mass) dependent constant, W? is the v*p
subsystem invariant such as s; or sg here and W§ is the (fit) normalization scale
squared, often Wy ~ 90 GeV in HERA fits. The second term with the pomeron slope
o' ~ 0.05...0.25 GeV~2 originates from the Regge phenomenology, where as the
first term is simply based on an exponential ansatz. That is, this exponential ansatz
may encapsulate both the proton form factor and the vector meson form factor or
transverse size, however, a model dependent factorization ansatz between them is
also possible.

The photon side t-distribution is different and is driven by QED photon singular-
ity 1/¢% and proton EM-form factors. The slope parameter has dimensions (GeV ~2)
which is the same as the cross section and may be interpreted as the average size of
the transverse interaction region, which naively could do logarithmic grow infinitely,
perhaps without confinement. So if o is the ‘inverse string tension’ coupled with the
logarithmically growing Gribov diffusion term, what is the constant by term then?
Perhaps it is the Fermi (kZ) ~ 1/b of the ‘vacuum noise’, by definition.

Slope inference fit

We shall make a remark that an exponential —t ~ pZ-distribution results in a
Rayleigh distributed p;-distribution, which then means that p, and p, components
are following a Gaussian stochastic process with a variance 0. The relation between
the exponential and the Rayleigh can be shown directly by the change of a variable
theorem

dp}

f(p?) = bexp(—bp}) < g(p) = O F(p?) = 2py bexp(—bp?). (B.30)

Using this, the relation between the parameter b and the forward system average
transverse momentum (p;) with the used distribution assumptions is

b= _ L (B.31)
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We note that the square here is of the average, not the other way around.

How to obtain an estimate of b without forward proton measurements? First
assume that the forward proton separation Ay follows a specific distribution, such as
the uniform, generate forward proton p,? values according to the chosen b, construct
the forward proton transverse momentum vectors py j(2), take the sum | — ]3,5\ =
|Dt,1 + Pr2| and compare this sample with the measured central system transverse
momentum |P;|-distribution in a fit loop. Extension of this is to take into account
the forward proton dissociation, which results qualitatively in a different distribution
presumably with a hard (point like) power law tail, perhaps compatible with a Lévy
flight like stochastic process in the transverse plane. Clearly, one needs to take into
account in the fit the mixture of elastic-elastic, elastic-inelastic, inelastic-inelastic
events. The most extensive fits are most easily done by generating samples using the
full GRANIITTI machinery.
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B.4 Harmonic acceptance decompositions
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Acceptance decomposition: Im = <0,0> Moment Im = <2,0> Moment Im = <2,1>
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Figure B.1: CM frame (up) and CS frame (down): Acceptance decomposition.
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Acceptance decomposition: Im = <0,0> Moment Im = <2,0> Moment Im = <2,1>
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Figure B.2: HX frame (up) and AH frame (down): Acceptance decomposition.
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Acceptance decomposition: Im = <0,0> Moment Im = <2.0> Moment Im = <2.1>
1.
PG 02k PG 02k PG
0.15] 0.15|
o8k o1 0
0.05F 0.05|
0.6F B of
-0.05) -0.05|
o4 0.4 -0
02k W O(Detector) i <25 0p, >015Gev [ 0,15 -0.15
- (Fducial: i < 25 7p,'> 0.15 GeV. p
(Flat): Y, < 25 02 02
Y L L L 1 1 L L L L L 1 1 L L L L 1
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (GeV) M (GeV) M (GeV)
Moment Im = <2,2> Moment Im = <4,0> Moment Im = <4,1>
02k PG 02k PG 02k PG
0.15] 0.15| 0.15|
0.1 0. 0.3
0.05F 0.05F 0.05| éa:
0f 0f 0|
-0.05 -0.05) -0.05|
0.1 -0.3 -0.1
-0.15| -0.15] -0.15|
-0.2 -0.2] -0.2]
AT TR TRV T TRV T TR INTR T T
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (GeV) M (GeV) M (GeV)
Moment Im = <4,2> Moment Im = <4,3> Moment Im = <4,4>
02k PG 02k PG 02k PG
0.15] 0.15| 0.15|
0.3 0.3 0.3
0.05F 0.05F 0.05|
O Rststminoite o sigiziiol o e iiiiegetert prrisipnpeny 9
-0.05| -0.05 -0.05|
0.3 -0.% -0.3
-0.15 -0.15) -0.15|
-0.2] -0.2| -0.2|
T T T T T T TRV T TR INTR T T
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (Gev) M (GeV) M (GeV)
Acceptance decomposition: Im = <0,0> Moment Im = <2.0> Moment Im = <2,1>
N ]
0.2F 0.2F
GJ GJ GJ
0.15F 0.15F
0.1 0.1
0.8
0.05F 0.05F
0.6 0f 0]
-0.05| -0.05F
0.4f
-0.3 -0.1+
WO(Detector): pj <25 0p, > 0.15 Gev
02p Q{Fiducial): || < 2.5 O pY'> 0.15 GeV -0.15) -0.15F
1 L afFla IY’\KZ&\ L L 1 -02) 1 L L L L L L L 1 -0.2p 1 L L L L L L L 1
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (GeV) M (GeV) M (GeV)
Moment Im = <2,2> Moment Im = <4,0> Moment Im = <4,1>
0.2 0.2F 0.2F
0.15] GJ 0.15F GJ 0.15F GJ
0.3 0.1 0.1
0.05 0.05F 0.05F
o Of Setugauserstpnttbsetioinigisiy o wemeseststuesedisaiisiciiibsy
-0.05 -0.05F -0.05F
0.1 -0.1 0.1
-0.15) -0.15F -0.15F
-0.2] 1 L L L L L L L 1 -0.2F 1 L L L L L L L 1 -0.2F L L L L L L 1
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (GeV) M (GeV) M (GeV)
Moment Im = <4,2> Moment Im = <4,3> Moment Im = <4,4>
0.2 0.2F 0.2F
0.15| GJ 0.15F GJ 0.15F GJ
0.3 0.1 0.1
0.05| 0.05F 0.05F
o sewttasestfiypyisingraggiigait R OpeeeSssiiiiey
-0.05] -0.05F -0.05F
-0.% -0.1F -0.1
-0.15] -0.15F -0.15F
-0.2] 1 L L L L L L L 1 -0.2F 1 L L L L L L L 1 -0.2F 1 L L L L L L L 1
04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2 04 06 08 1 12 14 16 18 2
M (GeV) M (GeV) M (GeV)

Figure B.3: PG frame (up) and GJ frame (down): Acceptance decomposition.
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C Combinatorics and pileup

C.1 Vector space subspaces over finite fields

The ¢-binomial coefficient counts the number of subspaces of dimension r in a vector
space of dimension IV, when the vector space is over a finite field with a prime power
q, is

(1-q)(1—¢?)--(1—q") ’ (C.1)

[N] B (=gM)(—gN7)(1—gV ) e < N.
q Oa r > N.

These subspaces are encapsulated in the Grasmannian manifold Gr(r, N,F,) with
dim(Gr) = r(N —r).

N\vr|o 1 2 3 4 5 6 7 8] %
1 |1 1 o0 0 0 0 0 0 0] 2
2 [1 3 1 0 0 0 0 0 0| 5
3 |17 7 1 0 0 0 0 0| 16
4 |1 15 35 15 1 0 0 0 0| 67
5 |1 31 155 155 31 1 0 0 0| 3714
6 |1 63 651 1395 651 63 1 0 0| 2825
7 |1 127 2667 11811 11811 2667 127 1 0| 29212
8 |1 255 10795 97155 200787 97155 10795 255 1 | 417199

Table C.1: Total number of r-dimensional subspaces of F%'.

N

The total number of subspaces is obtained with Ziv: 0 [r

] . This count gives

also the so-called simplexity of the N-cube in a minimal corner-cut triangulation of
the cube, which is geometrically intuitive. For ¢ = 2 and N = 1,...,8, these are
listed in Table C.1. Note that r starts from zero.
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C.2 Pileup combinatorics

Let M : © = Y be a probabilistic or stochastic mixing matrix

y=M(p,mp, Y Mj;=1Yj (C2)

which has each column with unit sum and size 2 — 1. Each matrix element

gives the conditional probability of an event vector originating from the j-th final
state class ¢ propagating to the i-th class, due to pileup. The matrix is thus inter-
preted vertically, which makes it a left stochastic matrix. This matrix is illustrated
in Figure C.1.

50
100
150
200

250

Figure C.1: Simulated pileup mixing matrix Mos5x255 for N = 8 and p = 1.5.

The matrix was obtained by a toy Monte Carlo pileup simulation using Poisson
random numbers with a mean p and by generating different final states according
to uniform probabilities p. ~ 1/n. The mixing matrix was obtained by counting the
mixed final states event by event. Due to the permutation ambiguity, the originating
class ¢ was selected always to be the first of the random list, thus randomly. Because
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the matrix M here is a function of the (unknown) p, and also p, it is not directly
useful as an algorithmic inverse solution. Its function is to demonstrate algebraic
properties. In general, the combinatorial enumerations can be approached by the
‘twelve-fold way’, which is a systematic approach developed by G.C. Rota. Here we
list some combinatorial aspects of this problem to make it more transparent.

The number of non-zero elements in the pile-up mixing matrix per row are given

by |
a(i) = Z <;) mod 2, (C.4)

r=1
where mod denotes here the remainder after division and ¢ is the index of the row.
The sequence for the first 15 rows is

1,1,3,1,3,3,7,1,3,3,7,3,7,7,15, i=1,...,15. (C.5)

Similarly, the number of 1 in the binary vector representation, or the so-called Ham-
ming weight, is given by adding one and taking base-2 logarithm of Equation C.4

a(i) = log, (Z (;) mod 2 + 1) . (C.6)

r=1

As an example
1,1,2,1,2,2,3,1,2,2,3,2,3,3,4, i=1,...,15. (C.7)

This sequence, namely the position of 1 in this sequence, give us directly the binary
vectors which undergo only autocompound. That is, their signature cannot be imi-
tated by a linear combination of other vectors. An example of this is given in Table
C.3, for example when N = 3, these are ¢ = 1,2 and 4. These are the unit basis
vectors of FYY. We also see the ‘fractal’ structure, that is, increasing the dimension of
binary space keeps the multiplicity structure from lower dimensions which is evident
from Table C.3. This is clear given the Hamming weight sequence.
The number of different terms for ¢ = 3 (or 5,6,9,...) follows from a sequence

a(kz)—(k—gl)—i—k—l—{kzl}Jrk—l, (C.8)

which generates a multiplicity sequence 1,4, 8, 13,19, 26, ... and the curly brackets on
right give the Stirling partition number (Stirling number of the second kind). This is
the base of all higher dimensional binary vector space sequences. All the higher order
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#ovm | 1 2 3 4 5 6
2 3 6 10 15 21 28
3 7 28 84 210 462 924
4 15 120 630 3060 11628 38760
5 31 496 5456 46376 324632 1947792
6 63 2016 43680 720720 9657648 109453344
7 127 8128 349504 11358880 297602656 6547258432
8 255 32640 2796160 180352320 9342250176 404830840960
9 511 130816 22369536 2874485376 296071993728  25462191460608
10 | 1023 523776 178956800 45902419200 9428356903680 1615391816163840

Table C.2: Combinatorial total multiplicities for N € [2,10] and & € [1, 6].

multiplicity matrices are self repeating results of this sequence or identity sequence
1,1, ..., which follows the algebraic binary expansion ordering. An example of this
is given in Table C.3.

The total combinatorial or multinomial multiplicity (multiset multiplicity) is

2N—1)+k—1> (C.9)

which is tabulated in Table C.2 for a finite number of N and k values. The factorial
growth is obvious for high Poisson orders and binary dimensions.
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N=2|k
c 1 2 3 4 5 6
1 1 1 1 1 1 1
2 1 1 1 1 1 1
3 1 4 8 13 19 26
X 3 6 10 15 21 28
N=3|k
c 1 2 3 4 5 6
1 1 1 1 1 1 1
2 1 1 1 1 1 1
3 1 4 8 13 19 26
4 1 1 1 1 1 1
5 1 4 8 13 19 26
6 1 4 8 13 19 26
7 1 13 57 168 402 843
X 7T 28 84 210 462 924
N=4|k
c 1 2 3 4 5 6
1 1 1 1 1 1 1
2 1 1 1 1 1 1
3 1 4 8 13 19 26
4 1 1 1 1 1 1
5 1 4 8 13 19 26
6 1 4 8 13 19 26
7 1 13 57 168 402 843
8 1 1 1 1 1 1
9 1 4 8 13 19 26
10 1 4 8 13 19 26
11 1 13 57 168 402 843
12 1 4 8 13 19 26
13 1 13 57 168 402 843
14 1 13 57 168 402 843
15 1 40 400 2306 9902 35228
by 15 120 680 3060 11628 38760

Table C.3: Combinatorial multiplicities for each individual binary vector (unit-
hypercube vertex) with N € [2,4] and k € [1,6].
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C.3 Exclusive efficiency

A term ezclusive efficiency is often used in the context of pileup and large pseudo-
rapidity gap veto based measurements of central diffraction. The probability for an
event to be exclusive in a bunch cross is simply obtained from the zero-truncated
Poisson distribution

Pp(k =1; k
PR i) = P(X = HX > 0) = B =L n

1= Pp(k=0ip) (e =1k (C.10)

Then setting k = 1, which is the probability of one visible interaction, gives us the
value of interest Pp°(k = 1;u) = p/(e® — 1). This runs asymptotically to zero
when p — oo. The exclusive efficiency should not be mixed with the fundamental
probability of rapidity gap survival, such as random re-scattering or production of
secondaries filling the rapidity gap in the elementary pp-interaction. Neither it should
be mixed with signal selection efficiency or direct veto inefficiency, these are either
simulation based or control sample based corrections. The signal selection efficiency
is driven by tracking and trigger efficiency whereas veto inefficiency is driven by
efficiency of (forward) detectors to see all soft particles. A signal efficiency loss is
simply of type multiplicative efficiency correction, the veto inefficiency, on the other
hand, can be either multiplicative or additive (subtractive background) correction.
One ‘obvious’ idea would be to extrapolate the visible distributions of veto detec-
tors down to a zero multiplicity or zero energy deposit by assuming a certain shape
for the distributions (such as negative binomial distribution or similar), to estimate
the veto inefficiency from data. However, this approach relies on several assumptions.
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C.4 Poisson pileup problem

Let us assume for now that the Poissonian fluctuations are fluctuations in the number
of simultaneous pp-interactions. That is, driven purely by instantaneous luminosity
of the accelerator. The parameter u describes the mean of visible simultaneous pp-
interactions. We highlight the word visible because k& = 0 includes not just ‘empty’ or
‘non-interacting’ bunch crossings but also experimentally non-visible inelastic inter-
actions, the so-called low mass diffraction processes. These are the non-perturbative
Regge domain QCD processes. Also, the elastic interactions belong to this category
with cross section ~ 25 % of the total pp-cross section, which is o2%, ~ O(100) mb at
the LHC. The Poisson distribution comes from the law of rare events and is an ap-
proximation of the binomial distribution Bin(n,p), when the number of trials n — oo
and np = u, then Bin(n,p) — Poi(u). For proton bunches circulating the LHC, n
approximately ~ 10! — the number of protons per bunch, and p is order of ~ 1/n.

This gives us a finite probability of the triggered bunch cross event to originate
from different Poisson terms as

Pp(k > 1;p) =1— Pp(0;p) = Pp(l;p) + Pp(2:p) + Pp(3i0) +... (C.11)

That is the sum of probabilities to have one visible pp-interaction, two pp-interactions
(first order pileup) and so on, with the ‘zero-suppressed’ or truncated mean value:
E[K|K > 0] = u/(1 —e™#) > 1 and the variance Var[K|K > 0] = (u + p?)/(1 —
e ") —pu?/(1—e #)2, which both converge to u at high values of . Experimentally,
the Poisson distribution p-value can be obtained from the mean trigger normalized
rate R € [0,1) by

R=1-Pp(Osu)=1—-€e* o p=—In(l-R)| (C.12)

Clearly when R < 1, then g ~ R. The mean normalized trigger rate R itself is
obtained from the measured trigger frequency fr (Hz) as a function of time ¢. This
we get by using the accelerator orbital frequency fo = 11.2455 kHz at the LHC and
the number of colliding bunch pairs Np circulating

2t Jas () dt Ng.

R = = .
< >t7NB NBfO or < >NB NBC

(C.13)
The interval At corresponds to the given data run span over time. The alternative
version on right is just a reformulation using the number of triggered events Ng
and the number of bunch crosses Npc. For the formalism it is important to em-
phasize that the trigger corresponds to Boolean OR (V) operation between different
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(sub)detectors, which is the minimum bias trigger. The reason is that this operator
is the most inclusive Boolean operator.

In general, care is required in determining the p-value experimentally because
it is effectively a factor of both on-time and off-time pileup due to the detector
time integration windows which can span over several bunch crosses. It must be
emphasized that the formalism here requires only an effective p-value of the Poisson
distribution. For the rest of the work, we assume that the effective modeling and
measurement of the p-value is under control. The p value determination at large p
is problematic directly from the 4 = —In(1 — R) due to R ~ 1. However, under high
luminosity, the p value is measured with less saturated signals, by using for example
track or primary vertex counting.

We assume that the pileup is linear concerning the detector responses. Thus,
we can take a linear incoherent superposition of the final states propagating from
different simultaneous pp-interactions. Also to point out explicitly: when we ‘sum’
binary vectors, we use the component-wise OR, for example: [1,0] V [1,1] = [1,1] €
F2.
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C.5 Luminosity and total inelastic cross section

The p-value can be understood also naturally in the context of instantaneous lumi-
nosity L (cm~2-s71) measurement by using a simplified definition as in [155]

— UinelL
Habs = NBfO’

(C.14)

where 0y, is the total inelastic cross section (~ 80 mb in pp at /s = 13 TeV),
dictated by non-perturbative strong interactions, Np is the number of colliding bunch
pairs and fo is the LHC orbital frequency (Hz). The pqps is by definition the absolute
mean number of inelastic interactions per colliding bunch cross.

However, because the complete ;¢ is essentially unknown due to limited low-
mags diffraction acceptance at the LHC, also the papg is unknown. The absolute
mean number of inelastic interactions per bunch crossing pgps, is reduced to the
measured p by the total integrated detector multiplicative acceptance x efficiency
factor 0 < e < 1 defining! the visible inelastic cross section as

Oypis = €0Gnel- (015)

Then using linearity of Eq. C.14 with respect to the cross section, we can write

Habs Oinel
and reformulating
Ngfo Ngfo
L = paps J =M I : (017)
Oinel Ovis

Now L or equivalently 0,5, can be measured by doing a van der Meer (vdM) scan,
which is an absolute luminosity measurement calibration technique. However, the
‘total inelastic measurement’ is based on an extrapolation inverting Eq. C.15. The
efficiency x acceptance factor € here has an uncertainty at least order of de/e ~ 0.1.
Also, a crucial thing is to factorize the acceptance and efficiency, but experimentally
one cannot always distinguish between these two and this creates the problem of
defining the fiducial acceptance domain. This is because not all particles and their
momentum of multibody decays of systems are measured, thus, the efficiency and
acceptance have intrinsic detector simulation and minimum bias soft QCD Monte
Carlo model dependence.

!Technically, we may have also ‘leakage’ of events from outside the geometric acceptance, which
do not exactly obey this definition, but nevertheless the effective € is never larger than 1.
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It is a significant challenge for experiments to carefully define the final state
observables in the forward domain. Fiducial definitions may be in terms of single
particle acceptance, described by (1, p¢) or |p], or in terms of the (diffractive) system
invariant mass. Intuitively, the fiducial definition in terms of single particle kinemat-
ics should be less model-dependent than definitions relying on the invariant mass,
at least if momentum or energy measurements are available. A special case to the
discussion here is an indirect inference based on the elastic scattering, extrapolation
of do;/dt down to t — 0 and using the optical theorem (unitarity) relating the total
cross section and the imaginary part of the elastic forward amplitude.
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C.6 [*-projection technique

We shall here shortly outline a data-MC hybrid interpolation and projection tech-
nique, what we may call the F*-projection. The idea is simple: observables which
cannot be directly reconstructed with the detector, may be multidimensionally in-
terpolated using the Monte Carlo event generator based simulations, given the
measured partial cross sections. This can be done at the generator level once
the measured partial cross sections have been unfolded. This is closely related to
non-orthogonal and overcomplete basis projection techniques known in the Wavelet
and Compressed Sensing literature, for those see [235]. In Monte Carlo, for each
j=1,...,n =2 —1 combinatorially selected sub-sample, we construct the proba-
bility distribution f MC(O)| ; of the observable O. We may use normalized histograms
to represent the distributions, for example. This gives us a set

{MCo),}" (C.18)

=1’
Then we measure the set of combinatorial partial cross sections in data

Gy VO (C.19)

The F*-projected estimate of the differential cross section is obtained with

e
% =3 oPATAPMC () (C.20)
J

which shows clearly that the result is a sum over Monte Carlo driven ‘dictionary
functions’ weighted with data driven coefficients. It is possible to show that for
certain observables, when N — oo, the dependence on Monte Carlo is minimized.
In practice, one wants to make the projection using several different Monte Carlo
samples to obtain estimate of the model dependence. Natural distributions to recon-
struct using this technique are rapidity gap size distributions do/dAy with varying
boundary conditions, for example.
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C.7 Diffraction fit algorithms

Let us have C different scattering processes for which we have a Monte Carlo event
generator based predictions of the multidimensional combinatorial partial cross sec-
tions, normalized to probability densities. We write these down as rows in a model
likelihood matrix £ with size C x 2V — 1. Now given the measured partial cross
sections, we want to obtain the Maximum Marginal Likelihood solution: the best fit
of the measurement as a weighted incoherent sum of the Monte Carlo model based
‘multidimensional template distributions’. The solution to this is obtained via Ex-
pectation Maximization iteration given in Algorithm 4. If in addition, we want to
re-weight the event generator distributions to simultaneously fit e.g. the effective
Pomeron intercept, we proceed with Algorithm 5. Statistical fit uncertainties can be
obtained via bootstrap re-sampling. These algorithms can be used either at unfolded
fiducial cross section or at visible (detector) level.

Algorithm 4 Maximum Marginal Likelihood estimator via EM-iteration.

INPUT: (Unfolded) measurement vector o (2 — 1 x 1), model likelihood matrix
L (Cx2N —1) with Vi : 3, [£]; j = 1, initial estimate © (Cx 1), otherwise © = 1¢/|C|.

repeat
A. Inverse step using Bayes theorem:
Diagonal priors matrix x Likelihood matrix:
P «+ diag(©g)L
Normalize each column to obtain the probabilistic mixed density operator:
forallj=1,...,2Y —1do
[Pl.j [P/ X Plig
end for
B. Forward step:
Operate on data with the mixed density operator:
@k-i-l +— Po
until Convergence ||Op11 — Okll2 < 6

OUTPUT: The process cross section estimates 6= (o',02, ..., 0T,
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Algorithm 5 Event-by-event MC re-weighting via M parameter brute force grid
scan.
INPUT:
for all M parameters in ® = [¢}, ¢}] x [¢2, $2] x -+ x [pM, pM] do
for all MC events do
Construct the MC observables functionally dependent on the parameters
Re-weight the event according to (¢!, #2, ..., M)
end for
A. Construct a re-weighted MC process Likelihood matrix with weighted event
selection
B. Estimate the process cross sections (mixing weights) using Algorithm A4
é (—A4(5’ s L RW)
C. Construct the new Monte Carlo estimate of 2V — 1 partial cross sections
FMC £ 6
D. Calculate Kullback-Leibler divergence D(data|model) with
D + D(&|aM%)
end for
OUTPUT: Kullback-Leibler divergences for the parameter (hyper)grid ® € RM,
Use these to infer optimal values and parameter sensitivity /uncertainty.

289



D GRANITTI Code (2 x 2)

290



AppPENDIX D. GRANITTI CODE (2 X 2)

D.1 Makefile
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Makefile 1/6

Makefile 2/6
Lt § GRANTITEY Nakeile
2:

FHEPMC3SYS = §(shell HepMC-config --prefix)

¥ (©) 2017-2020 Hikael Mieskolsinen.

# LHAPDF installation
# Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#LHAPDFSYS = $(shell lnapdf-config —prefix)
¢
+ # R00T installation
# cowPILING: #ROOTSYS - $(shell root-config —-prefix)
s make 34
¢
# CLEANING: 93: ifeq (5 (REPMCISYS:
N make clean (objects) 94: $(error Please set HEPMCISYS enviromment varisble and paths [perhaps 'source ./install/setenv.sh’])
H make superclean (objects + binaries) 95: else
* 96: $(info Found HEPMC3SYS = § (HEPMC3SYS))
# To compile with clang: make Cx:
[ unit tests: make TES

# To compile with ROOT using -st ‘source ./install/setenv.sh’])
¢

# To compile with profiling: make VALGRIND=TRUE S (info Found LHAPDFSYS = § (LHAPDFSYS))
: endif

# If ROOT seems to be installed, tag ROOT dependent compilation on
ifeq (3 (RoOTSYS),)
: $(info Did not find ROOTSYS - compilation without ROOT <root.cern.ch> dependent tools)
# (8] and [LIAZDE): See ./install folde. 108: ROOT=FALSE
o7 Ex:

¢ (Rl ampie: export ROOTSYS=/home/user/sw/ROOTS 109: else
# 10

# EXTERNAL LIBRARIES SETUP:

$(info Found ROOTSYS = § (ROOTSYS))
ROOT=TRUE

¢

# If you just installed e.g. HEPMC3 libraries # Info messages

#  $ sudo ldconfig $(info )

# $ (info )
# 116: S(info ** )
¢’ $(info #*  If compilation with ROOT libraries failes, try with: make -j4 ROOTI4=TRUE  *¥)
# If you see symbol errors related to HephC such that: S(info ** **)
# "undefined symbol: _ZNSHepMC10FilterBasel9init_has_end_vertexsv" (info )
# check that you do not have a collision of HEPMC3 with an existing 120 §(info )

# HepMC2 shared library installation! endif

¢

# Check below:
#

# For tracking the libraries of the program: # External libraries to be linked
# $ ldd ./executable
#

: # HEPHCS (14064 needed on some eystens)
# Check if the shared object (.so) file contains the missing symbol:

HEPMC3 = L5 (HEPMC3SYS) /1ib -L$ (HEPMC3SYS) /1ib64 -1HepMC3 -lHepMC3search

# $» nm -D libHepMC.so

* # LEAPDF6 (1ib64 needed on some systenm:

* LHAPDE61ib LS (LanmbEovs) /14b. <14 (LAAPDESYS) /11064 ~1LHABDE

# Creating shared libraries, use -fPIC flag, then:

# gt+ -shared Mil.o -o libMHI.so # PyTorch

* te —Wl,-rpath-link= handles the recursive dependency (for linker)

* #PYTORCH11ib ~1./1ibs/libtorch/1ib ~1c10 ~ltorch ~lgomp ~lcaffe? \

# USE [TABS] for intendation while modifying this file! 6: # W1, ~rpath-Link=./1ibs/libtorch/1ib

*

: ¢ Roor
139: ifeq ($(ROOT), TRUE)

# 140: ROOTLib L8 (R0075¥5) /14b L9 (R00RS¥S) /14b/ oot ~Lcore ~IRIO -INet \

# Detect compiler version if using by default g+ -1Graf -1Graf3d -lcpad -1Tree -IRint \
59: “iboatseript -IMateix ~12hysics -iMatncore \
60: ifeq (5(CXX),g++) ~1Thread -1Gui -1RooFit -1Minuit
61: 144: endif

# KERNEL_GCC_VERSION

# := $(shell cat /proc/version

# C++ standard
STANDARD1ib ~1stde++ -lm -pthread -lrt
# -ldl -rdynamic

-n ’s/.*gce version \( 11 digit:]]\. [[:digit:]]\.

[ridigit:
# $(info Info KERNEL_GCC_VERSION = § (KERNEL_GCC_VERSION) )

JAVIRARY )

: CXX_VERSION = § (shell g++ -dumpversion)
§(info Found CXX_VERSION = § (CXX_VERSION))
69: CXX_REQUIRED = 7.0

# GSL, on ubuntu run: sudo apt-get install libgsl-dev
#GSLLib = -lgsl -lgsichlas

# Use bc command for double comparison, a common utility on Unix platforms # External libraries (THESE TWO FIRST for priority!!)
72 FOD=$ (shell acho "§ (CXX_VERSION) < § (CXX_REQUIRED)" | be) : IDLIBS = § (HERMC3Lib)

LDLIBS += § (LHAPDF61ib)

T ifeq ($(F00), 1)

75: §(error Your CXX_VERSION is too old, need at least CXX_VERSION = §(CXX_REQUIRED), update your GCC chain)
76: endif

# The rest
159: LDLIBS += §(STANDARDLib)
#LDLIBS += § (PYTORCHLib)

77
78: endif
79:

i i
# PATH setup # Header files

# HEPMC3 installation

: # External libraries (THESE TWO FIRST for priority!!)

Makefile 3/6

: INCLUDES 4= -I$ (HEPMC3SYS)/include
INCLUDES 4= -T$ (LHAPDFSYS)/include

Makefile 4/6

250: # LIBRARY

251
252: 44
£ crr 253: SRC_DIR_O s
: INCLUDES += -I/usr/include 254: SRC_O $lwiLacard § (s5C_DTR_0) /*.c0)
: INCLUDES += -I/usr/local/include 255: 0BI_O - SISRC0:9(SRCDIR.0) /Y o8 (0BaDTR) /4.0)
DER_O = $(0BJ_0:$ (0BI_DIR) /%.0=.d)
# own

257
5: INCLUDES += -I.
: INCLUDES += -Tinclude

e
SRC_DIR.1 = src/Amplitude
RC_1 §(wildcard § (SRC_DIR_1)/*.cc)
$(SRC_1:$ (SRC_DIR_1)/%.cc=$ (OBJ_DIR) /%.0)
263: DEP_1 = $(0BJ_1:$(0BI_DIR) /%.0=.d)
# FTensor
: INCLUDES += -Ilibs/FTensor

178: # Internal libraries
179: INCLUDES += -Ilibs
8

266
¢ Eigen
INCLUDES += -Ilibs/Eigen/unsupported/

# Create collection of all library objects
= $(0B3_0) $(0BI_1)

269:

# PyTorch 270: ifeq (§(ROOT),TRUE)

#INCLUDES += -Ilibs/libtorch/include/ R2 = src/Analysis

#INCLUDES += ~Ilibs/libtorch/include/torch/csre/api/include = $(wildcard §(SRC_DIR_2)/*.cc)
= $(SRC_2:$(SRC_DIR_2) /%.cc=$ (OBJ_PIR) /3.0)
= $(0BJ_2:$(0BI_DIR) /%.0=.d)

¢

cxx g+
ifeq (§(TEST), TRUE)

197: CXXVER 4417 : SRCDIR_3 tests/catchlibrary
156+ CHXVER_OLD - —stdcon1? : SRC_3) - $lwildcard §(SRCPIR_3)/* cc)
991 0BJ_3 = $(SRC_3:§(SRC_DIR_3)/% (OBI_DIR) /%.0)
200: # Use this for alternative ROOT installations DEP_3 = 5 ioBaTa:4 (oBapTRI /A 0nd)
01: ifeq ($(ROOT14),TRUE) endif

2 CKXVEROLD = -std=c++14 #
203: endif
204:
205: OPTIM -03 -DNDEBUG -ftree-vectorize —fno-signed-zeros

6: CXXFLAGS = -Wall -fPIC -pipe $ (OPTINM)

207
208: # Profiling & debug

¢
# PROGRAM compiled against the library

209: ifeq (§(VALGRIND),TRUE) ¢
OPTIM -pg SRC_DIR_PROGRAM src/Program
endif SRC_PROGRAM 7 $luildeard § (SRC_PIR_PROGRAN) /4 cc)
OBJ_PROGRAM = $ (SRC_PROGRAM: § (SRC_DIR_PROGRAM) /% . (oRapmm) 7§ (BIN_DIR) /3.0)
DEP_PROGRAM = $(OBJ_PROGRAM: $ (OBJ_DIR) /$ (BIN_DIR) /%.0=
# Needed by PyTorch if using pre-compiled (ABI = Application Binary Interface) #
1 is 0, later versions use 1 by default
-D_GLIBCXX_USE_CXX11_ABI=0 ¢
: ifeq (§(ROOT), TRUE)
# Automatic dependencies on 1: SRC_DIR_PROGRAM_ROOT = src/Program/Analysis
19: CKXFLAGS += -MMD -]

SRC_PROGRAM_ROOT = $(wildcard $(SRC_DIR_PROGRAM_ROOT)/*.cc)
OBJ_PROGRAM_ROOT = $(SRC_PROGRAM_ROOT: § (SRC_DIR_PROGRAM_ROOT) /% .cc=$ (OBJ_DIR) /$ (BIN_DIR) /% .0)
DEP_PROGRAM_ROOT S (OBJ_PROGRAM_ROOT : § (OBJ_DIR) /$ (BIN_DIR) /%.0=.d)
¢ -wall, compiler warnings full on endif
# ~free-vectorize, Autovectorization on ¢
# -fno-signed-zeros Optimization (floating point) which ignore the signedness of zero
# -rpIC, Position independent code (PIC) for shared libraries
# -02, -03 optimization level ifeq (§(TEST), TRUE)
# -DNDEBUG Release flag, no debug 10: SRC_DIR_PROGRAM_TEST = tests
# -pipe, Faster compilation using : SRC_PROGRAM_TEST = $(wildcard §(SRC_DIR_PROGRAM_TEST)/*.cc)
: # -00 -pg, brotiling and debugging (AUGE PERFORMANCE HIT) OBJ_PROGRAM_TEST = $ (SRC_PROGRAM_TEST: § (SRC_DIR_PROGRAM_TEST) /% .cc=$ (OBJ_DIR) /$ (BIN_DIR) /% .0)
# —rpath-link Needed for .so which links to another .so DEP_PROGRAM_TEST = § (OBJ_PROGRAM_TEST: § (OBJ_DIR) /$ (BIN_DIR) /%.0=.d)
#

endif

# Check your CPU instruction set with: cat /proc/cpuinfo ¢

# DANGEROUS:

¢
# -marchenative, CPU spesific instruction set usage # PROGRAM
: #(gives unknown flops problem, factor 1/4 wrong YeSuies on 5-4570 with g+#7.4, do not use!)
# ~ffast-math Heavy tloating point optimizat ion # pirectory
# (fast but breaks IEEE flops standards, do not use!) {_DIR = bin
¢ -SUFFIXES: o .cc
# Sources, objects and dependency files
: # Normal
245: 0BJ_DIR = obj EXE_NAMES = gr xscan minbias hepmc3tolhe data?hepmc3 pathmark pdebench sommerfeld ot
246t 329: PROGRAM = $ (EXE_NAMES: %=$ (BIN_DIR) /%)
247: 330
248: 331: ifeq ($(ROOT), TRUE)
249: ¢

332: EXE_ROOT_NAMES = analyze fitsoft fitcentral fitharmonic



Makefile 5/6
333: PROGRAM_ROOT = § (EXE_ROOT_NAMES: %=$ (BIN_DIR) /%)
334: endif

PROGRAM_TEST
ifeq (§(TEST), TRUE)
EXE_TEST_NAMES
PROGRAM_TEST = § (EXE_TEST_NAMES:
endif

=$ (BIN_DIR) /%)

# Multicore
fexport MAKEFLAGS="-j $(grep -c “processor /proc/cpuinfo)”

¢
# RULES for linking

: all: $(PROGRAM) $ (PROGRAM_ROOT) $(PROGRAM_TEST)
eecho

ROGRAM: " § (PROGRAM) § (PROGRAM_ROOT) $ (PROGRAM_TEST)

€echo
@echo "Compilation of '$@’ done."

$(EROGRND < § (0B3)  (0B3_PROGRAN)
: $(CXX) §(OBJI_DIR)/$8.0 $(0BJ) -0 $@ §(CKXFLAGS) §(LDLIBS)

© §(PROGRAM_ROOT) : $(0BJ) §(0BJ_2) § (OBJ_PROGRAM_ROOT
: T S (GBoLBIRY 158, $ (0891 3 (0B0L2) o 58 §(COXFLAGS) § (LDLTBS) § (ROOTLiB)

# Unit tests (note, we use catchmain.o from §(0BJ_3) for linking with catch?)
: $(PROGRAM_TEST): $(0BJ) §(OBJ_3) $(OBJ_PROGRAM_TEST)
$(CXX) §(0BJ_DIR)/$@.0 $(0BJ) $(0BJ_3) -0 $@ $ (CXXFLAGS) §(LDLIBS)

¢
# RULES to generate library dependencies and compile

# LIBRARY objects

i

# Note that for different ROOT installations, we need both:

# I8 (ROOTSYS) /include
# -I$ (ROOTSYS) /include/root

: $(OBI_DIR)/%.0: §(SRC_DIR 0)/%.cc

focho "Generating dependencies and compiling
ST § (COVER) e Bt o 56§ (CXXPLAGE) § (NCRIDES)

s
§ B(OBIPIR /S 0; S(SREDIRL) /3. c0

fecno "Generating dependencies and compiling $<
$(CXX) §(CXXVER) -c $< -0 $@ § (CXXFLAGS) $(INCLUDES)

¢
$(ORIDI/3-01 §(SRCPIR2) /300
bt "Ganazating depandancies and compilin "
$(CXX) §(CXXVER_OLD) —c $< -0 $@ $ (CXXFLAGS) $1INcu.mZS) \
S (RoOTaS) /Include 18 (ROOTSYS) / inciudey rook

: s<oa1_pm/x,o $(SRC_PIR_3) /%.cc

oo "Generating dependencies and compiling §
$(CXX) §(CXXVER) —c $< -0 $@ § (CXXFLAGS) $(INCLUDES)

# PROGRAM objects

I

: S(OE-Y_DXN/S(E!UXR)/\.o. § (SRC_DIR_PROGRAM) /%.cc
facho "Generating dependencies and compiling $<..."

$(CXX) §(CXXVER) —c $< -0 $@ § (CXXFLAGS) §(INCLUDES)

: $(OBJ_DIR)/$ (BIN_DIR) /%.0: $(SRC_DIR_PROGRAM_ROOT)/%.cc

Makefile 6/6

@echo "Generating dependencies and compiling

$(CXX) §(CXXVER_OLD) -c $< -0 $@ §(CXXFLAGS) $ (INCLUDES)
18 (ROOTSYS) /include -I$ (ROOTSYS) /include/root

\

#
$(0BI_DIR) /§ (BIN.DIR) /3.0 § (SRC_DIR_PROGRAN_TEST) /%..cc

cho "Generating dependencies and compiling §<
Sl s oxvER) e be va o8 5 (CRXFIAGR) 5 LGDES)

4 Clean up of object files
- ignores return code error

et

_PHONY: clean

clean
@echo "Cleaning objects"
~erm $(0BI_DIR) /*.0 2>/dev/null || true
—exm §(0BI_DIR) /*.d 2>/dev/null || true
-@rm $(OBJ_DIR)/$(BIN_DIR)/*.0 2>/dev/null
-@rm $(OBJ_DIR)/$ (BIN_DIR)/*.d 2>/dev/null

true
true

ONY: superclean
superclean: clean
@echo "Cleaning binaries’
-erm $ (BIN_DIR) /* 2>/dev/null || true

¢
# Dependencies listed here

-include §(DER_2)
ifeq ($(TEST), TRUE)
-include §(DER_3)
ndif

# DEBUG printing

fprine_var

echo FOO = ${0BJ}
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. /develop/MG2GRA/MG2GRA . py

/1

1/3
# Python processor for MadGraph C++ amplitude output to GRANIITTI conversion
#

# The input folder should contain files:

# param_card.dat
i

# Example with folder ’yy_11’:  yes yy 11 | python MG2GRA.py
# (c) 2017-2020 mikael Mieskolainen
# Licensed under the MIT License <http://opensource.org/licenses/MIT>.

# Sot here the new process name
: PROCESS = input ("Give the name of the process folder:
#PROCESS = 'g9_g9"

¢

: CLASSNAME = 'AMP_MGS_' + PROCESS;

message_orig
message_new

"// Visit launchpad.net/madgraph5 and amcatnlo.web.cern.ch’
// Visit launchpad.net/madgraphs and amcatnlo.web.cern.ch’
/ @e@e MadGraph to GRANIITTI conversion done G@EE’)

# Process the header file

fin
fout.

+ PROCESS + '/’ + 'CPpProcess.h’,
+ CLASSNAME + ' .h', ‘we')

open(’ ./’
open(’ . /output/"

ey

for line in fin:

line
line

ine.replace (‘virtual’,” ")

=1
= line.replace (nessage_orig, message_new)

line = line.replace(#include "Parameters_sm.h’

(“#include "Graniitti/Amplitude/Parameters_sm.h"’
‘\nfinclude "Graniitti/MForm.h"’

‘\n#include "Graniitti/MAux.h"’

‘\n#include "Graniitti/MKinematics.h"’

‘\n#include "Graniitti/MMath.h'))
Line = Line. xeplace< cePProcess’, cussm\m‘.)
line = m *
lxne.replace( Void sigmakin()’y

 ouble Catoamp? (gea:
Line = line.replace (CLASSNAVE + ' (),

CLASSNAME + () (initeroc(gra::aus:
+ PROCESS + /.dat");

:GetBasePath (2)

fout.write (line)

fin.close()
fout .close ()
print (‘Output to ’

+ CLASSNAME + ' .h created’)

# Process the source file

: fin
fout

= open(’./' + PROCESS
apen(' Joutput/’

v
+ cLassnave

+ 'CPPProcess.ce’,
+eer, twen)

ey

for line in fin:
line = line.replace (message_orig, message_new)

line = line.replace( f#include "HelAmps_sm.h’,
line = line.replace(’#include "CPPProcess.h’,

line = line.replace(’void CPPProcess: :sigmakin()’,
‘double CPPProcess::CalcAmp2 (gra: :LORENTZSCALAR &lts, double alphas)’)
line = line.replace(’CPPProcess’, CLASSNAME)
(‘pars ._sm: :getInst pars =
Line.replace('pars—>', 'pars.’)

line = line.replace(static bool firsttime = true;

81: line = line.replace('ntry = ntry + 1;/,'ntry = 1; // GRANIITTI')

82:

83: line = 11 lace (- 0, .
‘develop/MG2GRA/MG2GRA. py 3/3

s = line.find('matrix_element[i] /= denominators(il;’)
blockline =
SKIPLABEL:

/. GRANTITTT
{1 Pefine permatacion
for (int 0; i < nexternal; ++i)

{ perm(i]

1/ oo over nelicity combinations
for (int ihel = 0; ncomb;
caleulate wavefunctions (perm,

++ihel) {
helicities[ihell);

{1 sum ot subsmplitudes (s

)
for (int ampitudes; +Hk)

{ 1ts.hamp[ihel] += amp(k]; }
)

// Total amplitude squared over all helicity combinations individually

0.0;
0; ihel < ncomb; ++ihel) (
abs2 (1ts.hamp[ihel]) ;

amp2 /= denominators(0]; // spin average matrix element squared
// amplitude squared

return amp2;
m GRANTITTI

if s

e -1:

fout .urite (blockline)

fin.close ()
: fout.close ()

Print (‘Output to ‘ + CLASSNAME + '.cc created’)

# Copy parameter card

import os
os.system(‘cp ./
print (‘Output to param_card_’

+ PROCESS + '/param_card.dat ./output/’
+ PROCESS + ' dat created’)

+ ‘param_card ' + PROCESS +'

os.system(’cp ./output/*.h ../
os.system(’cp ./output/*.cc ../.
os.system(’cp ./output/*.dat

./include/Graniitei/Amplitude/’)
/szc/Amplitude/’ )
/MG5cards/")

s; // GRANITTTI')
LORENTZSCALAR. s1ts,

_sm() ;

,"static bool firsttime = false;

B

. /develop/MG2GRA/MG2GRA . py

double alphas)’)

+ "/MGScards/param_card_’

‘#include "Graniitti/Amplitude/HelAmps_sm.h')
‘#include "Graniitti/Amplitude/CPPProcess.h’)

// GRANITTTI)

// GRANIITTI')

dat’)

84
85

2/3

s = line.find('printIndependentParameters ()’)
if s t= 1t
line =

*// pars.printIndependentParameters(); // GRANIITTI \n’

line.find(’printIndependentCouplings ()’)
R
line = '// pars.printIndependentCouplings(); // GRANIITTI \n’

s = line.find(’setbependentCouplings () ')
if s = -1t

extra = 'if (gra::PARAM_STRUCTURE::QED_alpha
fout .write (extra
extra = ‘pars.setAlphagEDZero () ;
fout .write (extra)

"ZERO") \n’

// GRANIITTI: Set at scale alpha QED(02=0) \m\n’

s = line.find('if (sum hel == 0')
if s 1= -1:

extra = ‘goto SKIPLARE:
fout .write (extra)

// GRANIITTI: Skip this block \n’

fout .write (line)

#

# Find the first lines of the main calculation function
s = line.find(’// Local variables and constants’)
blockline

m TTTI
// *** MADGRAPH CONVENTION IS [E,px,py,pz] !

// *** Set masses for HELAS ***
std: :vector<double> 0, 0);
std: :vector<gra:

masses = // Massless two initial states

:MaVec> pe;
for (std:isize t i = 0; i < lts.decaytree.size();
masses push_back (15s  decaytesels] B4 MO )7
PE.push_back (1ts.decaytree(i] .p4) ;

++4) (

)
oME = masses;
gra::Mavec pl_ = lts.ql;

gra::MaVec pz_ = lts.q2;

// Do kinematic transform
gra: :kinematics: :0ffShell2LightCone (pl_, P2_, Pf);

// Set initial state 4-momentum
p.clear();

double p1{] = (pl_.EQ), PI_.Px(), PL_.BY(), PI_.Pz0};
Pp.push_back (4p1101) ;
double p2[] = {p2_.E(), P2_.Px(), P2_.PY(), P2_.Pz0};

p.push_back (6p210]) ;

// Set final state 4-momentum
double pthis[pf.size()][4];

++1) (
pthis(i](3] = pE[i].Pz();
p.push_back (spthis (1] [0]);

GRANIITTI

if s 1= -1t

fout .write (blockline)
contis

#
# Number of combinations
Line.find(’const int ncomb =)

5=

extra = ‘lts.hamp =
fout .write (extra)
continue

std: :vector<std: : complex<double>> (ncomb) ; // GRANIITTI \m\n’

# Find the last line of the main calculation function
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de/G: tti/MQuasiElastic.h 1/1

// QuasiElastic (EL,SD,DD) and soft ND class
7

// (c) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#ifndef MQUASIEL
#define MQUASIELA

7/ cer
#include <complex>
#include <random>
#include <vector>

// HepMC33
#include "HepMC3/GenEvent.h"

// own
#include "Graniitti/M4vec.h"

#include "Graniitti/MSpin.h"

namespace g

// Matrix element dimension: " GeV~" << -(2*external_legs - &)
class MOuasiklastic : public Mprocess

public

MouasiBlastic();
MQuasiBlastic(std::string process, comst std
virtual “MuasiElastic();

ector<aux

OnecMD> syntax) ;

void post_Constructor ();

double operator () (const std::vector<double> &randvec, AuxIntData &aux) {
return EventWeight (randvec, aux);
)

double (const std::
bool  EventRecord (HepMC3::GenBvent &evt);
void  PrintInit(bool silent) const;

srandvec, AuxIntData Gaux);

private
yoid Instialize();

nst std::
bool Fiaseiatots() consts

/{ Non-Diftract.iv
Complexdoubie> PolySoft (const std:

tvector<double> &randvec);

// 2/3-Dim phase space, 2->2 quasielastic

bool  B3RandomKin(const std::vector<double> &randvec);
bool  B3BuildKin(double s3, double s4, double t);
bool  B3GetLorentzScalars();

double B3IntegralVolume() const;
double B3PhaseSpaceWeight () const;

// Event by event integration boundaries
double t_max

double t_min

double DD_M2_max
double log_DD_M2_max

// Multipomeron weight table
std: :vector<double> MAXEOMH;

} // namespace gra

#endif

./include/Graniitti/MVEGAS.h
)

2/3

// VBGAS rebinning function (algorithm adapted from Numerical Recipes)
void Rebin(double ac, unsigned int j, const VEGASPARAM sparam) {
0

< param.BINS - 1; ++i) (
dr 4= rvec[(+k) - 1]

= xmat(k - 210315 )

zn = xmat [k - 11031

dr -= ac;

xcache(i] = zn - (zn - zo) * dr / rveclk - 1];

for (std::size_t i = 0; i < param.BINS - 1; ++i) { xmat[i][j] = xcache[il;

sxmat (param.BINS - 1] (3] = 1.0;
)

// VEGAS grid o ing function (algorithm adapted from Numerical Recipes)
vosd Optxmlxerxd(cunlt VEGASPARAM &param)

izet 3 = 0; 3 < EDIM; ++3) (
= f2nat (011415

zn £2mat (11 1317

£2mat (01 [§) = (2o + znm) / 2.0;

deache(3] = f2mac(0][3];

for (stdiisizet i = 2; i < param.BINS; ++i) {
2n £2mat (1] [31;

£2mat[i -~ 11(3] = (ac + zn) / 3.0;
deache(j] += £2mat[i - 11(3];

)
£2mat [paran.BINS - 1](3] = (z0 + zn) / 2.0;
doachelj] += f2mat [param.BINS - 11(31;

3 < FDIM; ++3) {

for (std:isizet i = < param.BINS; ++i)
£2mat [1] (3] 1f2mat[l][]] < param.EPS) ? param.EPS : £2mat[i](i];
cli] ipow

-0 f2mat[i] (3] / deache(3])

{(eta:1ogacacnelin) < arar
paran. LAMBDA) ;

// Floating point protection (integrand close to 0,

i€ isnan(rvec(i]) || std::isinf(rvec(i])) { rvec(i] = param.EPS;

ac 4= rveclil;

}
Rebin(ac / param.BINS, 3, param);
)
)
// Initialize sampling region [0,1] x [0,1] X ... x (0,1]
void InitRegion(unsigned int fdim) {
DIM = fdim;
region.resize(2 * FDIM, 0.0);

// Lower bound [zero]
for (std::size_t i = 0
// Upper boundh [one]
for (std:isize_t i = FDIM; L < 2 * EDIM; ++i)

i < FDIM; ++i) { region[i] = 0.0; }

{ regionli] = 1.0; }

// Clear integrated data
void ClearIntegral() (
sumdata = 0.0;
sumchi2 = 0.0;
sweight = 0.0;

// Full init

void ClearAll (const VEGASPARAM sparam) (
// vectors [MAXFDIM]
dcache = std::vector<double> (param.MAXEDIM, 0.0);
dxvec = std::vector<double>(param.MAXEDIM, 0.0);

&plp, const std::vector<double> §p2p);

)

og(£2mat [i][§]) + param.EPS),

)

./include/Graniitti/MVEGAS.h

-/

#ifndes v

1/3
// VEGAS integrator class grid routines
Va

// Future step.
// Factorize all VEGAS functions

out from MGraniitti to here (use function pointers etc.)

77
// (€) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <htt

/opensource.org/licenses/MIT> .

#define MVEGAS #

#include <vector>

namespace gra {

// Vegas MC default parameters
struct VEGASPARAM {
unsigned int BINS = 128;
double LAMBDA = 1.5;

// Maximum number of bins per dimension (EVEN NUMBER!)
// Regularization parameter

// Initialization

unsigned int NCALL 20000; // Number of calls per iteration
unsigned int ITER 7 er of iterations
uble CHIZMAX 10.0;  // Maximum chi2 in initialization
double PRECISION = 0.01;  // Maximum relative error of cross section integral
int DpEBUG // Debug mode,

// User cannot set these
unsigned int MAXFDIM = 100; // Maximum integral dimension
double 1.0e-30; // Epsilon parameter

Vi

// Vegas MC adaptation data
struct VEGASData {
// VEGAS initialization function
void Init(unsigned int init, const VEGASPARAM &param)
// First initialization: Create the grid and initial data
if (init == 0)
Clearall (param)
InitGridbependent (param) ;

)
// Use the previous grid but NOT integral data
else if (init == 1) {

ClearIntegral();

InitGridbependent (param) ;

)

// Use the previous grid and its integral data

else if (init == 2) {
InitGridDependent (param) ;

nvalid_szgunent ('VEGASData Ioit: Unknown init pazaneter =
td

o_string(init));

7/ Greate number of calls per thread, they need to sun to calls
vector<unsigned int> GetLocalCalls(int calls, int N_threads) {
ectorcunsigned int> localcells (N_threads, 0.0);

int
for (int k = 07 Kk < N_threads;
localealls(k] = std: Eestitatis /' _threads) ;
sum += localealls(k];

// Add remainder to the thread number[0.
localcalls(0] += calls - sum
return localcalls;

// Initialize
vois Inicoridbependent (const VEGASPARMM spazan) {

0; 3 < FDIM; ++3) { dxvec[3] = region[j + FDIM] - region(3l; }
// If binning parameter changed from previous call
BINS_prev)

0; i < std::max(param.BINS, BINS_prev); ++i) ( rvec(il = 1.0; ]
3 < FDIM; ++3)
Rebin (EINS. prev / static castedoubles (param.EINS), 3, param);
)
BINS_prev = param.BINS;
)
include/Graniitti/MVEGAS.h 3/3
167:
168 /7 Vectors [sIs)
169 std: :vector<double> (param.BINS, 0.0);
Seache = atd: vector<doubles (baram BING, 0.0);
// Matrices [BINS x MAXFDIM]
fmat = std; ¢ BIN: « MAXEDIN,
£2mat : « BIN MAXEDIM,
xmat = std: i ¢ BINS, std:: « MAXEDIM,
// Init with 1!
for (std::size_t j = 0; j < FDIM; ++j) { xmat(0][§] = 1.0; }

/7 vEGAs AntEQIaldats
sumdata =
sumchi2

sweight = 0.0;

// Previous binni
BINS_prev = 1;
)

// VEGAS scalars
unsigned snt BINS prev - 0;
unsigned int FDIM -0

double fsum = 0.0;
double £2sum = 0.0;

double sundata
double sumchiz
double sweight

1/ vectors
std: :vector<double> region;

// vectors
d::vector<double> dcache;
vector<double> dxvec;

// vectors
std::ivector<double> rvec;
std: :vector<double> xcache;

vector<double>> fmat;

std::vector<std: :vector<double>> £2mat;
std: :vector<std: :vector<double>> xmat;

)i // struct VEGASData

) // namespace gra

fendif



./include/Graniitti/MFlux.h 1/1

1

// Photon and other fluxes
7

// (c) 2017-2020 Mikael Mieskolainen
/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#ifndef MFLUX_H

#define

7/ cer

: #include <complex>

#include <random>

: #include <vector>

// own
#include "Graniitti/MForm.h"

: #include "Graniitti/MGlobals.h"
: #include "Graniitti/MKinematics.h"

: namespace gra {
: namespace flux (

: double amp2, gra:: 1ts);
: double (double amp2, gra:: 1es);
: double double amp2, gra:: 1es);

) // namespace flux
) // namespace gra

: fendif

./include/Graniitti/MCW.h 2/2

: class MCHSUM {

MOHSDM() 1}

void Add(const MCW &x, double weight) {
wsum += weight;
wintsum += weight * x.Integral();
m += (weight * weight) * x.IntegralBrror2();

double Integral() const {
return wintsum / wsum;

)
double IntegralError2() const {
if (wsum > 0.0)
return errorsum / gra::math::pow2 (wsum);
} else {
return 0.0;

)
double IntegralBrror() comst { return gra:

private:
// \sum_i weight_i
double wsum

// \sum_i weight_i integral_i
double wintsum = 0.0;

// \sum_i weight_i~2 error_i*2
double errorzsum = 0.0;

) // namespace kinematics

) 7/ namespace g

: fendif

::imsqrt (IntegralBrror2 () ;

)

./include/Graniitti/MCW.h 1/2

#ifndef MCu
#define 1CH

i
B

15: #include "Graniitti/MMath.h"

namespace gra (
namespace kinematics {

// + operator
MCW operator+(const MCH &obj) {
W

res;
res.W = W+ ob3.W;
res.W2 = W2 + ob3.W2;
res.N = N + obj.N;

// += operator
MCH goperators=(const MCH Eobj) {
this=> += ob3.
this->w

// * operator (does scale W and W°2 but not N)
MCH operator* (double scale) { return MCH(GetW

// Push new weight
void Push(double w) (
w

// MC estimate of the integral
double Integral() const { return (N > 0.0) 2 W / N : 0.0

double IntegralError2() const {
if (> 0.0) {
return (W2 / N - gra:

th:ipow2 (W / N)) / N;

urn
double GetN() const { return N; }

void  SetW2 (double w2) { W2 = w2; }
void  SetN(double n) ( N = n; )

private:
double W;  // sum of weights
double W2; // sum of weights"Z
double N;  // trials

./include/Graniitti/MDurham.h 1/2
// "Durham QCD" Processes and Amplitudes

7/ (¢) 2017-2020 Mikael Mieskolainen

: #ifndef MDURHAM H
#define MDURHAM

/7 crr
: #include <complex>
#include <random>
#include <vector>

o
#include "Graniitti/M4Vec
16: #include "Graniitti/MAmplitudes.h”
17: #include

1ude

namespace gra {

// Durham loop integral discretization technical parameters
struct Mpurhamparam {

unsigned int Nqt = 0; // (> 30)

unsigned int N_phi = 0; // (> 10)

// Loop momentum qt*2 minimum (Gev~2)

double qt2_MIN
// Loop momentum qt*2 maximum (GeV~2)

double qt2_MAX

double phi_STEP 0;
bool initialized = false;

// Read parameters from file
void ReadParameters (const std::string smodelfile) {

using json nlohmann: :json;
const std::string data = gra::aux::GetInputbata (modelfile);
3s0n i
ey

3 = json::parse (data);

// JSON block identifier
const std::istring XID = "PARAM_DURHAMOCD';

N_qt 3.at (XID) .at ("N_qt"
N_phi 3.at (XID) .at ("N_phi’)
qt2_MIN 3.at (XID) .at

qr2_MAx = j.at (XID) .at

3.2t (XID) .at ("MAXCOS ) ;

// Now calculate rest
GE_MIN = math::msqrt (qt2_MIN);
Gt_MAX = math::msqrt (Gt2_MAX);

GE_STEP = (qt_MIN - gt MAX) / N_gt;
Phi_STEP = (2.0 * math::PI) / N_phi;

initialized = true;
} cateh (...)
st

{

tstring str = "MDurhamParam: :ReadParameters: Error parsing " + modelfile +

Xk for extra/missing commas)
invalid_argument (str);

throw std:

class MDurham : public MAmplitudes {
public:

“MDurham ()

82
83: // A weighted sum of MCW container integral values (use with VEGAS,

MDurham (gra: :LORENTZSCALAR &lts, const std::string &modelfile);

)
() * scale, Getw2() * scale * scale, GetN()); }

}
// MC estimate of the integral error squared (standard error of the mean)

timsqre (IntegralError2 ()); }

for example)

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

stasistring PDF_scale amv; /) schene
double  alphas scale = 4.0;  // PDF factorization scale

double  MAXCOS 0.5;  // Meson amplitude |cos (theta) | < Maxcos
// THESE ARE CALCULATED FROM ABOVE

Goule qe_vn o;

double qr_MAX o

double qt_sTEE = 0



./include/Graniitti/MDurham.h 2/2 ./include/Graniitti/MProcess.h 1/5

84: double DurhamQCD (gra: : LORENTZSCALAR lts, const std:

double Dgtloop (gra 1lts, std:

inline void DScaleChoise(double qi2, double ql_2, double q2_2, double &0l 2_scale,
double §02.2_scale) const;

tring sprocess); // Abstract process class
Vi

Amp) ;
// (c) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <htt

/opensource.org/licenses/MIT> .

#ifndef MPROCESS_H

inline void Dgg2chicO(const gra::LORENTZSCALAR & 1ts,
ta. #define 1P i

st i : &mp,
const std::vector<double> &qtl, const std::vector<double> &qt2) const;

7/ ces
#include <complex>
: #include <random>
#include <vector>

inline void DHelicity(const std:ivector<double> iql, const ot
)

vector<double> §q2,
vector<std: ;

complex<double>> &JzP) const;

inline std::complexcdounle> DHelpro] (const std

vector<std: :complex<double>> &

st std::vector<std::complex<double>> &JzP) const; // Heprc33
#include "HepMC3/FourVector.h
void Dgg2gg (const gra:: AR alts, std:: i : anmp) ¥include "HepHC3/GenEvent.h"
¥include "HepMC3/GenParticle h"
void Dgg2qabar (const gra::LORENTZSCALAR & 1ts,
sta: i : aamp) ;
void Dgg2MMbar (const gra::LORENTZSCALAR & 1ts,
stas: sAnp) ;
double phi_CZ (double x, double £M) const;

Cas vector<double> Tvaloni (st W, int pdg) conse;

double Asum = 0.0;
double Nsum = 0.0;

private:
// Parameters
MDurhamParan Param;

#include "Graniitti/MUserHistograms.h"

) // namespace gra namespace gra (

#endif
struct AuxIntData
/ Aux weight
double vegasweight = 1.0;
bool  burn_in_mode = false;

// Event-by-event auxiliary data for integration
{

// Bvent-by-event assertations (init all with true!)

// Forced acceptance of the event
bool forced_accept = false;

bool Valid() const [ return kinematics_ok & fideuts_ok && vetocuts_ok; )
Vi
// Maltipomeron kinematics
struct MPT
mavec pli;
Mavec p2i;

Mavec ql;
Mavec g2;

mavec k;

Mavee plf;
Mavec p2f;

Mavec p3;
Mavec pd;

// Abstract process class

Slasx MProcess : publie Misarhistogzans {
publ.

v ' poiymorphic type
virtual “MProcess() (} // MUST HAVE IT HERE as virtual

Pure virtual functions, without definitions h

77 WITHOUT =0, undefined referonce to viable for Nbrocess will occur in
// compilation

virtual veid post_Constructor () - 0;

virtual void PrintInit (bool silent) const = 0;

virtual double operator () (const std

ector<double> &randvec, AuxIntData &aux)
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virtual double (const std:: &randvec, AuxIntData Gaux) = 0; MEikonal GetEikonal() const { return Eikonal; }
virtual bool  EventRecord (HepMC3::GenEvent &evt) -0

// Set LHAPDFSET name
void SetLHAPDF (const std::string &in)
st MProcess::SetLEAPDF: " << in << std
1ts.LHAPDFSET = in;
)

// Set central system decay structure

void SetDecayMode (std::string str);

void SetupBranching () ;

oid ProcessHelicityTree (MDecayBranch sbranch);

HELMatrix ProcessHelicityDecay (const MParticle &p, const std::vector<MParticle> &daughter) const;

// set cuts
( geuts = in; }

// Set initial state
tInic | fouca = ni )

void

::istring> sbeam, const st

vector<double> &energy);

)
// Set beam energies Void SetVetocuts (const sra::VETOCUT sim { vetocuts = ins |

void SetBeamEnergies (double El, double E2);
double GetMandelstam_s() const { return lts.s; }
// ISOLATE phase space in <F> class processes
void SetISOLATE (bool in) { lts.PS_active = !in; ]
bool GetISOLATE() { return !lts.PS_active; }
void SetFLATMASS2 (bool in)
ErintNotice();
out << zang: 1£9: e
MProcess::SetFLATMASS2: Set flat in mass2 "
sampling in decay trees: "
<< rang::fg:ireset << std:iendl;

// Set proton excitation to low-mass N*
void SetExcitation (int in)
in < 0) {

SetExcitation: Not valid input "
L

FLATMASS2
FLATMASS2 user

true; // user has tagged it EXCITATION = in;

bool GetFLATMASS2() ( return FLATMASSZ; }
void SetOFFSHELL(double in)
aux::PrintNotice();

i€ (EXCITATION > 0) (

eallcost << rang
"MProcess::SetExcitation: Proton '

red
SetOFFSHELL: Set number of
"decay widths in decay trees
<< in << rang::fg::reset << std::iendl;
OFFSHELL = in;
OFFSHELL_user = true; // user has tagged it

"excitation is under construction / some processes contain only kinematic part: "
<< in << rang::fg:ireset << std:iendl;

f£lat matrix element mode
double GetOFFSHELL() ( return OFFSHELL; ) i

/7 S
ey setPLA’m\MP (int in)
i
// Set generation spin correlations
void SetSPINGEN (const bool SPINGEN) {
out << << "MProcess Set. 21 spin 1 "
<< (SPINGEN ? "true’ : "false') << rang::fg::reset << std::endl
for (comst auto éx : lts.RESONANCES) ( lts.RESONANCES (x.first].SPINGEN = SPINGEN; |
)

x::PrintNotice () ;
£ << rang::f
<< rang::f

red << "MProcess::SetFLATAMP: Flat matrix element FLATAMP: " << in
reset << std::endl;

)
FLATAMP = in;
)
// set decay spin correlations
void SetSPINDEC (const bool SPINDEC) (
MProcess::SetSPINDEC: Set decay 1->2 spin correlations: "

[/ Bp invariant Holler flux (high enezgy linit)
double MollerFlux() { return 2.0 * lts.s; }

1se') << rang::fg::res: std:zendl;
for (const aute dx : Lis.RESONANCES) { 1ta.RESONANCES(x.éirat) SPINDEG = BPINDEC | // Flat amplitudes (for DEBUG)

double GetFlatAmp? (const gra

ORENTZSCALAR §1ts) const;
// Set common Lorentz frame for all resonances
void SeLFRANE (conet std::string SFRAME)
ut << ran red
T e et comnon torents ¢

// Set input resonances
void SetResonances (const std:

ap<std:istring, gra::PARAM RES> &in) ( lts.RESONANCES = in; }

"frame for the resonance amplitudes
FRAME << rang::fg:ireset << endl;
for (comst auto &x : lts.RESONANCES) { lts.RESONANCES(x.first].FRAME = FRAME; )

/7 Get input resonances
tring, gr

PARAM_RES> GetResonances () const ( return lts.RESONANCES; |

// Bikonal (screening) functions
MEikonal Eikonal
// Set maximum sliding pomeron helicity for all resonances
void SetJMAX (const int &JMAX) {
stdiicout << rang::fg:ired
<< "MProcess::SetJMAX: Set common maximum Pomeron helicity "
“for all the resonances: "
JUAX << rang::fg::ireset << std:
for (const auto &x : lts.RESONANCES) ( lts.RESONANCES[x.first).JMAX = JMAX; }
)

// Lets keep these public for easy access
gra::LORENTZSCALAR lts; // Lorentz scalars and others for kinematics

// cut structures

gra::GENCUT geuts; // Generator sampling cuts (phase space boundaries)
// Fiducial cuts (phase space boundaries)

/7 veto cuts

void Pri ree (const gr. sbranch) const;
i tInitialstat
ector<gra: {lts.beanl, lts.beam2]; void Calcul (const gra &branch, double éproduct, double &product2pi,
return beams; douhle &volune, int &N_final) const;
) void Pri : sbranch, double &product, double &product2pi,

ot e Eina) conets
// Phase space dimension

unsigned int GetdLIPSDim() ( return ProcPtr.LIPSDIM; } // Random numbers (keep it public for seeding)
MRandom random;

// Pomeron loop screening

void SetScreening(bool value) { SCREENING = value; }
bool GetScreening() { return SCREENING;

// Set/Get input eikonal

void SetBikonal (const MEikonal &in) { Eikonal = in; }

// Subprocess (amplitudes)
MSubProc ProcPtr;

protected:
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: bool UserCut (int id, const gra:

4/5

// Copy and assignment made private
// MProcess (const MProcesss other)
7/ WProcesss operator=(const MProcesss rhs);

// Internal virtual functions, without definitions here
virtual void Initialize()

virtual (const std:
Tirtsl beol Fioncieituts () commt

= 0;
&plp, const std:: &p2p) = 0;
- 0;

// Cascade phase-space factor
double CascadePs() const;

// Amplitude squared
double GetAmp2 () ;

// Bikenal screening loop
double S3ScreenedAmp () ;

// First print
void PrintSetup() const;

// Setup process
void setProcess (st

string &process, const std::vector<aux

neCHD> &syntax)

/ QFT symmetry factor
void CalculateSymmetryFactor ();

// Recursive function to treat decay trees

void SaveBranch (HepliC3::GenEvent sevt, const gra

const HeplC3::GenParticlePtr &pX);
o1 CommonRecord (HepMC3::GenEvent &evt);

bool Vetocute () conses

bool CommonCuts () const;

void FindDecayCuts (const gra::MDecayBranch &branch, bool &ok) const;

yoid PindVetoCuts (const gra::WDecaybranch Gbranch, bool Gok) const;

boo: (gra: sbranch) ;

void ety gra: &branch, const HepMC3::GenParticlePtr &mother,

HepMC3: :GenEvent. &evt) ;
void PrintFiducialCuts() const;

DecayBranch sbranch,

void  GetOffShellMass(const gra
wvoid  SetTechnicalBoundaries (gra
double Forwardvolume () const;

sbranch, double &mass);
ENCUT &gcuts, unsigned int EXCITATION);

// Lorentz scalars
bool GetLorentzscalars (unsigned int Nf);

void (sta:: amvec, conmst std::vector<double> &randvec);

/
// System fragmentation

bool ExciteNstar (const MiVec &nstar, gra::MDecayBranch &forward, const MParticle apbeam);
bool ExciteContinuum(const MiVec &nstar, gra::MDecayBranch &forward, double Q2_scale, int B_sum,
int Q_sun, const std::string épt_distribution - "povexp’);
void &pd, comst std::vector<MParticle> &p,
Conet Mivee anstar, DecayBranch &forward) ;
bool CEPForwardfragment ();

Va

void ParseCMD (const std::string &str, st
std::string sthird) const;

string &first, std::string &second,

// Check std::nan/std::inf
bool CheckInfNan (double &) {
if (stdi:isnan(W) (
++N_nan;

W= 0;
return fals:
| “lee if (stdiiising) (

W= 0;
return false;

L nen > 50 ¢
throw std::invalid_argument
Proceta: -Chachratie
"~ Check model parameters
"and cuts!”

Too many NaN weights "

1/1

// Custom user defined cuts

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MUSERC

s
#define MUSERCUTS_H

v
v
7/ e

#include <vector>

1/ o

#include "Graniitti/MKinematics.h"

namespace gra {

// User cuts (return false for events not passing the cuts)
:LORENTZSCALAR 61ts);

} // namespace gra

#endir

./include/Graniitti/MProcess.h

381
382:

./include/Graniitti/MPDG.h
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if (N_inf > 50)
throw std::invalid_argument
"MProcess: :CheckInfNan: Too many Inf weights
"~ Check model parameters
and cuts!");

}
return true;

unsigned int N_inf
gned int N_nan

// Cross section statistical 1/S symmetry factor (for identical final states)
double $_factor = 0.0;

// Steering parameters

std::istring PROCESS; // Process identifier string

std::string CID; // Phase space sampler identifier such as "F" or "C"

// Decaymode identifier string
// Pomeron loop on/off

/ Forward proton excitation (0
// User custom cuts identifier
// Flat matrix element mode

off, 1 = single,

Flat in M°2 instead of Breit-Wigner sampling

many full widths to sample particles in cascades

double log M2_f_min = 0.0;
double log M2_f_max = 0.0;

// To use with log(0+ZER0_EPS)

static constexpr double ZERO_EPS = le-12;
/"

// Non-piffractive

) // namespace gra

#endif

1/2
// PDG class
a

// (c) 2017-2019 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MPDG_H

/7 crr

#include <fstream>

#include <vector>

// own
#include "Graniitti/MAux.h"
#include "Graniitti/MParticle.h"

namespace gra {
namespace DG {

7/, Commen EDG ids, hetp://pdg. 1b1.gov/2007/ reviens montecarlorpp. pdf
7/ For MC internal, use 81-1

constexpr int PDG_p 2212: // proton
constexpr int PDG_n 2112; //
constexpr int PDG_pip 115

constexpr int PDG_pim = -211;

constexpr int PDG_pid 111;

constexpr int PDG_Kp = 321;

constexpr int PDG_Km

constexpr int PDG_rhod

constexpr int PDG_pomeron
constexpr int PDG_reggeon
constexpr int PDG_monopole
constexpr int PDG_MSTAR
constexpr int PDG_NSTAR
constexpr int PDG_system
constexpr int PDG_fragment
constexpr int PDG_propagator = 99;

// spin-1/2 monopole
// Meson resonance

// Baryon resonance

// "container” / "Jet" / "System"
// Proton fragment

// Generic propagator

// HepPMC STABLE definitions conventions
;_BEAM 4;  // Beam particles
1 g/ Einal state
7/ Such as pi0
// Such as gamma*, pomeron etc.

"stable" particles

constexpr int PDG_ Fi 51,

// For CPU efficiency [GeV]
constexpr double mp = 0.938272081;
constexpr double mk 0.493677;

constexpr double mpi = 0.13957018;
constexpr double mpi0 = 0.13497660;

// [hbar] = [M][L]*(2](T]*{-1} and [c]

/7 set (hbar = ¢
// then [M] = [L]"{-1} = T°{-1}

[L1(T]" (-1}

// http://pdg.1bl.gov/2018/reviews/rpp2018-rev-phys-constants. pdf
// Basic constants

constexpr double ¢ = 2.99792458E8; [m/s] (EXACT/DEFINITION)
constexpr double hbar = 6.582119514E-25;  // hbar
constexpr double eV = 1.6021766208E-19; // e = (Joule], e 0.303 in nat.u.

// Basic definition
constexpr double barn2m2 = 18-28; // 1 barn to [m"2]
// Standard conversions

constexpr double GeVam = hbar * c;
Conatenpe double Gevifm - Gevan * 1EiS;
constexpr double GeVZm2 = GeV2m * GeVZm;
constexpr double GeV2s = hbar;

// 1 Gev (-1} to [m]

// 1 Gev{-1} to [fermi]
// 1 Gev~ (-2} to [m2]
/ 1 Gev*{-1} to [s]

(1 £m)

constexpr double GeVZbarn = GeV2m2 / barn2m2; // 1 GeV"(-2] to barns
constexpr double GeVZmb = GeVbarn * 1E3;  // 1 GeV"{-2} to mbarns
// constexpr double GeVZub = GeVzbarn * 1B6;  // 1 GeV"{-2} to microbarn
// constexpr double GeVznb = GeVzbarn * 1E9;  // 1 GeV*{-2} to nanobarn
// constexpr double GeVzpb = GeVZbarn * 1E12; // 1 GeV*{-2] to picobarns
// constexpr double mb2Gev = 1.0 / GeVZmb; / 1 mb to Gevr{-2}

2

double)
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More conversions
constexpr double GeV2J =
constexpr double GeVzkg
constexpr double GeVZN
(Force)

constexpr double GeVZmom = GeV2J / GeVem * GeV2s; // 1 GeV*(1) to

// Random number class
7

eV * 1E9; // 1 GeV*(1) to [kg*m*2/s"2]=[Joule]
Gev2y / GeVam2 * pow?(GeV2s); // 1 GeV*(1] to [kg]
Gevzd / Gevam; // 1 Gev™(2) to [NI=[kg*m/s"2]

// (c) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <htt

/opensource.org/licenses/MIT> .

#ifndef MRANDOM_H

txg*m/s] ¥define MRANDOM
(Momentum) :
1/ cre
cross section: [value] x [GeV*{-2}] = [value] x [hbar x cl"2 #include <complex>
decay rate:  [value] x [GeV] = [value] / hbar #include <random>
lengt: (value] x [GeV™{-1)] = [value] x [hbar x c] #include <vector>
Meson decay constants (PDG) [pi0, pi+, K+, KOJ namespace gra (
static const std::map<int, double> fM meson{ class MRandom (
{111, 0.1300}, {211, 0.1307}, {321, 0.1598}, {311, 0.1598}}; public:
// Calling constructors of member functions
)} // namespace PDG MRandon() : flat(0, 1), gaussian(0, 1)
ng.seed(); // Default initialization
class weDG (
pub: “MRandom () (}
o0 0
WPDG () 1) // et random number engine seed
void SetSeed(int seed) {
void ReadParticleData (const std::string &filepath); const int SEEDMAX = 2147483647;
void TokenizeProcess (const std::string &str, int dept if (seed > SEEDMAX) (
sta: const; :

sta:
bool IsDecay(const std:istring &str) const;

SetSeed: Invalid input seed: " + std:
> SEEDMAX = " + std::to_string (SEEDMAX);
nvalid_argument (str);

ito_string(seed) +

throw std

void PrintPDGTable() const; )
const gra::MParticle &FindByPDG(int pdgcode) const; ng. seed (seed);
const gra::MParticle &FindByPDGName (const std: RNDSEED = seed;

string &pdgnane) const;
// PDG tables
std:imap<int, gra::MParticle> PDG_table; // Return current random seed
i unsigned int GetSeed() const ( return RNDSEED; )
) // namespace gra // Random sampling functions
double U(double a, double b);
double Gldouble mu, double signa);
double PowerRandom(double a, double b, double alpha);
double RelativisticBWRandon (double m0, double Gamma, double
double CauchyRandon (double m0, double Gamma, double LIMIT = 5.0,
int  NBDRandom(double avgN, double k,
int  PoissonRandom(double Lambda);
double ExpRandom(double lambda)
int  LogRandom(double p, int maxvalue);
o sta::

2
123: endif

double M_MIN = 0.0);
int maxvalue);

salpha, std:: )i

double NBDpdf (int n, double avgN, double k);
double Logpds (int k, double p);

// For generators, check: https://nullprogram.com/blog/2017/09/21/
// 64-bit Mersenne Twister by Matsumoto and Nishimura, fast,
// For some (possible) sources problems,

7/ [REFERENCE: Harase, https://arxiv.org/abs/1708.06018]
// std::mc19937_64 rng;

basic

// 48-bit RANLUX (a bit slower)
// [REFERENCE: Luscher, https:
td::ranluxd8 rng;

/arxiv.org/abs/hep-lat/9309020]

// Distribution engines
std::uniform_real_distribution<double> flat;

d::normal_distribution<double> gaussian;
unsigned int RNDSEED = 0; // Randem seed set
privats

// Nothing
)i

) // namespace gra

#endif

./include/Graniitti/MEikonal.h 1/4 ./include/Graniitti/MEikonal.h 2/4
// Eikonal proton density and Screening amplitude class NumberKT2 = j.at (XID) .at ("Nurberkr2');
Vi

1ogkT2 = j.at (XID) .at ("logk12");
/7 (¢) 2017-2020 Mikael Mieskolainen NumberBT = j.at (XID).at ("NumberBT");
// Licensed under the MIT License <http://opensource.org/licenses/MIT> LogBT = .at (XID) .at ("logBT") ;
#ifndef METKONAL H }oateh ()
#define METKONAL_H . strlnq str =

7/ e
#include <complex>
#include <vector>

"ReadParameters = parsing " + inputfile + *

(Check for extra/missing commas)";
invalid_argument (str);

7/ own

#include "Graniitti/M4Vec.h:
#include "Graniitti/MForm.h;
#include "Graniitti/MMath.h"
#include "Graniitti/MMatrix.h"
#include "Graniitti/MPDG.h"

// Interpolation container
class IArrayld (
public:
TArrayld () (};
“Iarrayld O (};
// External
#include "rang.hpp" std::istring name;
double I
namespace gra {

double MAX
unsigned int N
// Numerical integration parameters double step
struct MEikonalNumerics bool. islog
static constexpr double

static constexpr double // Setup discretization
unsigned int void Set(std::string _name, double _min, double _max, double N, double
bool. // AT least two intervals

_logarithmic) (
static constexpr double
static constexpr double
unsigned

bool.

nvalid_argument ("IArraylD::Set: Error: N = "
Gevaem;

vor<2n;

// Check sanity

if (Cmin >= _max) {
static constexpr double FBIntegralMinKT throw std::invalid_argument ("IArraylD::Set: Error: Variable " + _name + " MIN = " +
static constexpr double FBIntegralMaxKT std::to_string(_min) + " >= + std::to_string(_max));
static constexpr unsigned int FBIntegrall )
static constexpr double MinLoopKT

// Check sanity
double MaxLoopkT = 1.75;

if (Llogarithmic && _min < le-9) (

throw std::invalid_argument (
gned int NumberLoopkT = 15; // Number of kt steps (default minimum) TArraylD::Set: Error: Variable " + _nam
Uneigned int NumberloopPHI « 12, // Mumber of phi steps (default minimim) Ix mving legarithmic seeping with housdary MIN = © + stds:to_string(imin));
}
// User setup (ND can be negative, to get below the default)
void setloopblscretization(int ND) islog = _logarithmic;
NumberLoopKT td::imax(3, 3 * ND + (int)NumberLoopKT);
NumberLoopPHI ax(3, 3+ ND + (int)NumberLoopeHI); {f Iogacithm caken hece!
g 2 std::log(min) : _min;
cout << rang::fg:ired; } P islog 7 std::log(_max) : _max;
1N £LoopD: tizat o << ND << std::iendl; N N
> NumberLoopkT = " << NumberLoopKT << std

"-> NumberLoopPHI

" << NumberLoopPHI << st
rang::fg:ireset;

STEP = (MAX - MIN) / N;
name = _name;
)

// Unique hash
stdsistring Gethasnstring ()
std:istring str = fto_string (MINKT2) + std:ito_string (MaxkI2) + std::to_string (NumberkT2) +
sed: sto_atring (MaxaT)

// call this last

omplex<double>> (N + 1, 2, 0.0);
el o string (FIntegrAIMinkT) © std:ieo. steing (FBInteqralMask) +

std::to_string (FBIntegralN); // Nl size!
return str;

M¥atrix<std: :complex<double>> F;

// Read parameters from file

void Readparameters ()
// Read and parse
using json = nlohmann

// cMS energy (needed for boundary conditions)
double sqrts = 0.0;

son;

std::string GetHashString() const {
.

sta. g str to_string(islog) + std::to_string (MIN) + std::to_string(MAX) +
std::ito_string(N) + std::to_string (sqrts);

:GetBasePath(2) + "/modeldata/" + "NUMERICS.json";

return str;
et InputData (inputfile);

string inputile - gra:raux

3i
WriteArray(const std::string &filename, bool overwrite) const;

darray (const std::string &filename);
std::complex<double> InterpolatelD(double a) const;

3 = json::parse(data);

// JSON block identifier
const std::

static const unsigned int X = 0;
static const unsigned int Y = 1;

tring XID = "NUMERICS_ETKONAL';

LIMIT = 5.0, double M_MIN = 0.0)
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omplex<double> (MEikona

class MEikonal (

public:
MEikonal();
“MEikonal();

void s3CalculateArray (IArraylD &add,
void 53CalcXs();
void S3InitCutPomerons();

sta.

) (double)

// Construct outside
void S3Constructor (double

// Mandelstam s

double s = 0.0;

or<gra:
int NumberBT = 0, int Number!

// Initial state

£ std:ivect, MRarticle> sinitislstate in,
bool onlydensity = false, 0

// Get eikonal and amplitude valu
7/ std
/7 std

std::vector<gra::MParticle> INITIALSTATE;

mplex<double> SJDcns‘\LyIntcrpola:ov (double bt);

// Integrated eikonal based total cross sections
kt2);

0.0;
double sigma_inel = 0.0;

// Initialization already done

)

// cut Pomeron probabilities
std: :vector<double> cut;
o vector<atd: svector<daubler> B _array;

/ Get total cross sections
void GetTotXs(double &tot, double &el,

// Two-Channel eikonal based cross sections
sigma_diff[4] = {0.0};

double &in) const;

static std:

std::complex<double>

std: :complex<double>

static const unsigned int X
double t, int type);

s, static const unsigned int Y
S!Dens)ty{do\xbla bt) const;

0
S3ereening (double Kt2) const;

1

)i
// Get random number
template <typename T

void SIGEtRANGONCULsBL (unsigned int gn, double &bt. T Grng) {
const double STEP BT) / N

) // namest
of cut Pomerons

#endif

// Mumerical integral loop over impact parameter (b_t)
// C++11, thread local is also stai

thread_local std::uniform_real distribution<double>
thread_local st

thread_local std

space

£lat (0, 1);
uniform_int_distribution<unsigned int> randbt (0, Numerics.NumberBT);
uniform_int_distribution<unsigned int> randm(l, MCUT - 1); // 1,2,

// Acceptance-Rejection
unsigned int n = 0;
while (true)
Draw random impact parameter flat
n = randbt (rng);

const int value = randm(rn
if (flat(rng) < P_array(value](n]) {
n = value; //m

cut Pomerons
break;
}

)
bt = Numerics.MinBT + n * STER;

)

// Get random number of cut Pomerons

template <typename T>

unsigned int S3GetRandomCuts (T &rng) (
// Random integer fror

// C++11, thread

thread_local st

[1,NBins-1]
local is also static

niform_real distribution<double> £lat (0, 1);
thread_local std::uniform int_distribution<unsigned int> RANDI (1,

P_cut.size() -

i
// Acceptance-Rejection
while (true) {
const unsigned int m = RANDI(rng);
if (flat(rng) < P_cutim]) (
return m; e

& Pomerons

)

// Arrays
TArraylD MBT;
TArrayld MsA;

// Parameters
MEikonallumerics Numerics;

private

atic const unsigned int MCUT = 25; // Maximum number of cut Pomerons

// 3 soft survival

initialized
bool S3INIT = false;
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// Minimal tensor class std::cout << datali]

/
/7 Bxample: (zank=6 censor wich din-4 pex dinension)

7 srensoredoutlen tencor

MTensor ((4,4,4,4,4,4}, 0.0);
// tensor({0,3,2,0,1, 1.0;

// Multidimensional indexing algorithm
// Row-major orde

/

7/ (¢) 2017-2020 Mikael Mieskolaine

// Licensed

std::size t Index(const std::vector<size_t> &ind) comst {
under the MIT License <http://opensource

e.0rg/licenses/MIT> . nvalid_argument (

Error: Index vector with rank + std::to_string(ind.size()) +
#ifndef MTENSOR | c.f. Tensor has rank " + std::
#define MTENSOR H

to_string(dim.size()));
#include <initializer_list>
#include <iomanip>

#include <iostream>

i< ind.size(); ++i) {

(ind[i] >= dim(i])

throw std::invalid argument ("WTensor

namespace gra {

template <typename T>

crase Hienso
14

Erzor: Input index
over bounds: " +
+ std

std::to_string (ind[il)
tto_string(dim(i]));

MTenser () { data = mullptr; |
MTensor (const std
newdin;

new T(Prod (dim 15

LT TN (dnta, daca + rod(dim, T0)7

sedriaizet produst = 1;
for (std::s

ector<std

ize_t> anewdim) {

+1; 3§ < ind.size(); ++3) { product

3 = dinljl; }
product + ind(ils

return sum;
// No initialization // Copy data from a to *this
void Copy(const MTensor &a)
data + Prod(dim);
T *q = a.data + Prod(dim);
while (p > data) ( *--p
)

(after Resize)

ize_t> snewdim, T value) {

new T(Prod(dim)1;
ill(data, data + Prod(dim),

T(value)); // Initialization

// Re-Allocate

“MTensor () void ReSize(std::vector<std:
if (data !'= nullptr)
dim = newdim;
data = new T(Prod(newdim)];

:size_t> newdim) (

// delete dynamically allocated memory { deletel] data; }

delete[] data;

// copy constructor

HIensox (const Mrensor 4a) (
dim

data - mew T(Prod(dim )5

// Product to get array volume (memory)
std::size_t Prod(const std::vector<std:
std::size_t product = 1;
(std:isize_t i = 0;
return product;

rsize_t> 4x) comst {

// copy all elements
copy (a);

i< x.size(); ++i) ( product

x[11; )
// Assignment operat.
MTensor soperator=(const MTensor &rh

// Dimensions
5 0 std::ivector<std::size_t> dim;
if (data != rhs.data && rhs.data != nullptr) {
Resize (rhs.dim); T *data;
Copy (rhs) ; IRK
return *this;

T soperator () (const std:
const.

return datalil;
)

) // namespace gra

vector<size t> aind) (
.t 1 = Index(ind);

#endif

T soperator () (const std::vector<size_t> &ind) const {
const. size_t i = Index(ind);

return data(il;

)

7/ size operators
e t size(std:

isize_t ind) comst { return dim[ind]; }

se
// Print full tensor
void Print() {

21,1,1) =

size_t> state(dim.size()-2, 0);

while (true)
for (std::size_t k = 2;

k < dim.size(); ++k) (
i

for (std:iisize_t i
for (std.

i< dimf0]; ++i) (
0; § < dim(1]; ++3) {

size_t 3

const std:
cout <<

ize_t ind = Index({i,3,})

"+ stdirto_string(i) +

const) ;
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1: // particle and branch objects [HEADER ONLY file] 84: // Active in the factorized phase space product (by default, no)
85: // This is controlled by the spesific amplitudes
// (c) 2017-2020 Mikael Mieskolainen 86: bool PS_active = false;
// Licensed under the MIT License <http://opensource.org/licenses/MIT>. 87
88

6: #ifndef MPARTIC
#define

{/ Pecay cree current level
89:  int depth = 0;

91 // cor 92: )} // namespace gra
10: #include <complex> 93:

#include <random> 94: #endif

#include <valarray>

#include <vector>

#include "Graniitti/MAux.h"
#include "Graniitti/MCW.h"
#include "Graniitti/MHELMatrix.h"
#include "Graniitti/MMatrix.h"

namespace gra {

// Particle class
struct Mparticle
// These values are read from the PDG-file
stdiistring name;
e

int pdg = 0; // PDG code
int chargex3 = 0; // 0 x
int spinkz = 0; // T
int color 0; // 0D color code
dor mass = 0
double width = 0.0;
tau = 0.0; // hbar / width
/7 3pC
ot oL // Default even P-parity
=0 // Default zero C-parity (e.g. fermions do not have)
unaiqnzd et 0; // For Mesons/Baryons
bool. glue = false; // Glueball state

veid sefPCL(int 7, int C, unsigned int 1) (
o
Y

[/ Jiden cuc_(in reit-Wigner sampling)
double weut = 0.0;

dl;
LSS 2w ispinaXtostring (splnka) << "7 << aux
ParityTostring(C) << std
endl;

arityTostring (2)

62
63: // Recursive decay tree branch
64: struct MDecayBranc!

65:  MpecayBranch() {
66: = MMatrix<std

omplex<double>>(1, 1, 1.0); // Unit element
)

// Offshell mass picked event by event
double m_offshell = 0

Mparticle ] // PDG particle
mavec p4; // 4-momentum
vector<MDecayBranch> legs; // Daughters
ceayposition /) fecay dposicicn
HELMatrix hel; / Decay helicity information

771
78:  // Used with helicity amplitudes
79:  MMatrix<std::complex<double>> f;

8l: // MC weight container
gra::kinematics: :MCW Wj

tti/MConti h 1/1 ./include/Graniitti/MResonance.h 1/2

1: // Continuum 2->N phase space class
2

// Resonance container class

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ (¢) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MCONTINUUM_H

#ifndef MRESONANCE H
#define MCONTINUUM_H #define MRESONANCE_H
7/ e /7 crr

#include <complex>
#include <vector>

#include <complex>
#include <map>
#include <vector>
7/ own

#include "Graniitti/M4Vec.h" // own
#include "Graniitti/M4Vec.h;
#include "Graniitti/MHELMatrix.h"
#include "Graniitti/MParticle.h"

namespace gra {
// Hepuc33

#include "HepMC3/GenEvent .h" /{ Resonance paraneters
class PARAM_RES (

namespace gra {
class MContinuum : public MProcess {
lic:

publi

PARMFES () ()

vold PrintParan(double aquts) conet

out << rang::style::bold << "Custom resonance parameters:’ << rang::style::reset
szendl

string process, const std::vector<aux:

OnecuD> &syntax) ;

virtual -MContinuum(); << std::endl;
void post_Constructor (); printf ("~ PDG ID d \n", p.pdg);
printf( %0.5¢ GeV \n", p.mass);
double operator () (const std::vector<double> &randvec, AuxIntData &aux) printf( 30.5¢ GeV \n", p.width);
return EventWeight (randvec, aux); printf( sd \n", p.spinX2);

s
printf("- Parity P %d \n", p.B);
double (const std:: srandvec, AuxIntData &aux); stdiicout << std::endl;
bool  EventRecord (HepMC3::GenEvent &evt);

void  PrintInit(bool silent) const;

Printf("<Production> \n"

Printf ("~ Effective vertex constant gbi N0.IE x exp(hx 80.16) \a", stdiisba(g), staiiarg(a))
private Printf ("~ Form factor parameter: 50.2¢ \n', g FF);
roid Initialize();
bo (const sta: &plp, const std::vactor<double> &p2p); std:zcout endl;
bool Frageiatoacs() conses printf ("<Decay> \n");
printf ("~ BR 40.3E\n", hel.BR);
{/ 34 dinensional phase space, 2-K Effective vertex constant g_f: 0.38", hel.g decay);
bool BNRandomKin (unsigned int Nf, const std::vector<double> &randvec) ndl << std::endl;
1ool BNBSL1aRin (umesgned int NE, double pel, double pr2, doub ot dc\l.hla phi2,
const std:: ske, const

Conet ot ivector<doubles fv,  dodbie i doie neys Polarization Lorentz frame: " << FRAME << std::endl;

void

const std:: &g, const M4Vec &plf, Spin polarization density matrix [rho]:"

23
const MaVec sp2f) const;

// Print elements
for (std:isizet i = 0; i < rho.size_row(); ++i)

sizet 3 = 0; 3 < rho.size col(); ++9) {
tring delim = (5 < rho.size col() - 1) 2 *, ;
PrRCE("46 341163845 7, std:ireal (rholi][3]), std::imag(rholi][3]), delim.c_str());
)

double BNIntegralVolume() const;
double BNPhaseSpaceWeight () const;

/f puialery (xt) vectors
vector<M4vec> pkt_;

)
std::cout << std:iendl << std::endl;
// printf("Density matrix von Neumann entropy § = §0.3f
7/ \n\n", MSpin: :VonNeumannEnt ropy (rho))

}

) // namespace gra

61:
62: fendif

)

// Particle class
MParticle p;

"
/¢ Tensor pomeron couplings
td: :vector<double> g_Tensor; // Production couplings

)

7/ (Complex) production coupling constant
complex<double> i

// Form factor paraneter
double g_FF

// Breit-wWigner type
int BW = 0;

// 2->1 (generation spin correlation), 1->2 (decay spin correlations)
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84:  bool SPINGEN = true;
bool SPINDEC = true;

// Lorentz frame of the spin distribution
std::string FRAME

// Maximum sliding pomeron helicity
-0

// Spin-density matrix (constant)
Matrix<std: :complex<double>> rho;

/"

// fielicity and decay amplitude information

HELMatrix hel;
7

} // namespace gra

#endir

./include/Graniitti/MGlobals.h 1/1
// GRANIITTI Monte Carlo all global variables collected here
Vi

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MGLO
#define MGLC

7/ own
#include "Graniitti/MSudakov.h’

// LHAPDF
#include "LHAPDF/LHAPDE.h"

namespace gra {

77
// These variables are initialized by MGraniitti.cc

// Model tune
extern std::string MODELPARAM;

// Multithreading lock
¢ extern std::mutex g_mutex;

// For multithreaded VEGAS, to handle the exceptions from forked threads
: extern std::exception ptr globalExceptionPtr;

77

} // namespace gra

#endif

: void ReadParame
extern bool initialized;

./include/Graniitti/MTimer.h 1/1

// Timer class
Vi

// (c) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#ifndef MTIMER H
#define MTIMER

/ cos
#include <chrono>

namespace gra {
class MIimer (
lic:

et

// Declare explicit, means here no conversion to bool allowed

explicit MTimer (bool reset = true)

if (reset) { Reset(); }

)

// << operator

template <typename T, typename Traits>

friend std::basic_ostream<T, Traits> Goperator<<(std::basic_ostream<T, Traits> sout,
const MTimer & timer)

return out << timer.Elapsed().count();

// Time in sec

double ElapsedSec() const ( return Elapsed().count() / 1000.0; }
sec

milliseconds Elapsed() comst {

::chrono: duration_cast<std::chrono: :milliseconds> (

std::chrono: :high_resolution_clock::now() - start);

)
// Reset timer
void Reset() { start = st

chrono: :high_resolution_clock

privat:
st

chrono: thigh_resolution_clock: :time_point start;
)i

) // namespace gra

#endif
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// Form factors, structure functions, Regge trajectories etc. parametrizations

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MFORM K
¥#define MFORM_E
/7 crr

#include <complex>
#include <map>
#include <vector>

// own
#include "Graniitti/M4Vec.h"
#include "Graniitti/MAux.h"
#include "Graniitti/MKinematics.h"

Graniitti/MRandom.h"
#include "Graniitti/MResonance.h"

// Libraries
#include "json.hpp

namespace gra {

// Model parameters
namespace PARAM_SOFT (
// Pomeron trajectory

: extern double DELTA_P;

extern double ALPHA_P;

// Couplings
extern double gN_P;

: extern double gN_O;

extern double g32;
extern double gamma;

// Proton form factor

extern double fc3;
extern bool ODDERON_ON;

void PrintParan();
std::string GetHashstring();

adparameters (const std::strings modelfile);

: void Re:
extern bool initialized;

) // namespace PARAM_SOFT

namespace PARAM_STRUCTURE {
extern std.

extern std::string EM;
extern std::string QED_alpha;

void Readparameters (const std::strings modelfile);
extern bool initialized;
// namespace PARAM_STRUCTURE
// Flat (DEBUG) amplitude parameters
namespace PARAM_FLAT (
extern double b,

Readparameters (const std
extern bool initialized;
) // namespace PARAM_FLAT

strings modelfile);

// Forward proton excitation
namespace PARAM_NSTAR {
extern std::string fragment;

: extern std::vector<double> rc;
5

(const std::strings modelfile);
) // namespace PARAM_NSTAR
namespace form (

// Read resonance
ARAM_RE:

s ReadResonance (const std::strings resparam_str, MRandomé rng);

«
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7/ Regge signature
omplex<double> ReggeEta(double alpha_t, double sigma);
omplex<double> ReggeEtaLinear (double t, double alpha_t0, double ap, double sigma);

o
// Proton form factor, elastic and inelastic
double S3F (double t);

: double S3FINEL(double t, double M2);

// Proton structure functions

: double F2xQ2(double xi, double Q2);

: double F1xQ2(double xi, double Q2);

// Pomeron trajectory
double S3PomAlpha (double t);

// Pion loop insert
double S3HPL(double tau, double t);

// t-integrated collinear EPA flux
: double DZFlux(double x);

// Coherent gamma flux

jrarind G_E (double 02);

: double G_M_DIPOLE (double 02);
double G_E_DIPOLE (double 02);

4:
: double G_M_KELLY (double 02);
double G_E_KELLY (double 02);

double CohFlux(double x, double t, double pt);
: double IncohFlux(double x, double t, double pt, double M2);

0:
: double mu_ratio();

2

// Breit-wigner f

double deltaBWxsec (double shat, double M0, double Gamma);
: double deltaBWamp(double shat, double MO, double Gamma);

sta. CBW (const gra:: its,
std: :complex<double> CBW_FW (double m2, double MO, double
CBW_RW (double m2, double MO, double
CBN_BF (double m2, double MO, double Gamma, int J, double mA, double mB);
Ll Conplex<doubier COM_JR (double n, dodble MO, double Gemma, double 315

} // namespace form
// namespace gra

#endif
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void SetAutoBuffSize (int n) { AUTOBUFFSIZE = n; }
void FlushBuffer ()

// Symmetric bounds

> &in) |

nvalid_argument ("MH2::SetAutoSymmetry: Input should be size 2 boolean vector”);

AUTOSYMMETRY = in;
)

void GetBounds (int &xbins, double &xmin, double &xmax, int &ybins, double &ymin,
double symax) const (

xbins = XBINS;

xmin = XMIN;

xmax = XMAX;
ybins = YBINS;
ymin = YMIN;

ymax

)

void FuseBuffer (const Mi2 &rhs)
buff_values.insert (buff_values.end(), rhs.buff_values.begin(), rhs.buff_values.end()
buff_weights.

)

)i
nsert (buff_weights.end(), rhs.buff_weights.begin(), rhs.buff _weights.end());

7 Seep it public for butfer fusion

buff_weights;

private:
st

string name; // Histogram name

i
// For autorange

bool FILLBUFF
int AUTOBUFFSIZE // Default AUTOBUFFSIZE
vector<bool> AUTOSYMMETRY = {false, false);

/"

// Boundary conditions
double XMIN = 0.0;
double XMAX = 0.0;
int  XBINS = 0;

double YMIN = 0.0;
double = 0.0;
int  YBINS = 0;

// Mumber of underflow and overflow counts
long long int
std::vector<long long int> overflow 01
std::vector<long long int> underflow = {0, 0};
long long int nanflow 0;

/ Legarithmic binning

bool LOGX = false;

bool LoGY

bool ValidBin(int xbin, int ybin) const;

int Getldx(double value, double minval, double maxval, int nbins, bool logbins) const;

// Weights (in unweighted case weights = counts)
M¥atrix<double> weights;
Matrix<double> weights2;

// Counts
M¥atrix<long long int> counts;

} // namespace gra

#endie
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/720 histogran class

/opensource.org/licenses/MIT> .

s
6: #ifndef MH2_H

7: #define MH2_H

8:

9: // C

10: #include <complex>

11: #include <vector>

12:

13: // own

14: #include "Graniitti/MMatrix.h'
namespace gra {

class MH2 {

public

MA2(int xbins, double xnin double max, int ybing, dowble ynin, double ymax,
tring mamestr = "noname’);

string namestr

MH2 (int xbins, int ybins, st
M2 ()7
uH2 ()7
void ResetBounds (int xbins, double xmin, double xmax, int ybins, double ymin, double ymax);
// Get full histogram data
GetWeights() const { return weights; }
GetWeights2() const { return weights2; }
Miatrix<long long int> GetCounts() const { return counts; }

Fill (double xvalue, double yvalue);
Fill (double xvalue, double yvalue, double weight);

ear();
pair<double, double> WeightMeanAndError() const;

double GetMeanX (int power) const;
double GetMeanY (int power) const;

double Sumieights () const;
double Sumifeights2() const;
long long int SumBinCounts() const;
long long int FillCount() const { return fills; }

ouble GetBinWeight (int xbin, int ybin) const;
2ang long sat GetBinGount (int xbin, int ybim) ' conets
voi GetBinIdx (double xvalue, double yvalue, int &xbin, int &ybin) const;

Souble GetMaxieight () const;
double GetMinteight () const;
void Print () const;

double ShannonEntropy () const;

// Set logarithmic binning
// (user needs to take care that XMIN and XMAX > 0)
void SetlogX() { LOGX
void Setlog¥() { LOGX
void Setiognt 0

106X = true;

100 - truer
)

// Overload + operator to add two histograms

(this->YBINS != rhs.YBINS)) {
omain_error ("MA2 + operator: Histograms with different number of bins');

MH2 h(this->XBINS, this->XMIN, this->XMAX, this->YBINS, this->YMIN, this->YMAX, this->name);
h.fills this->fills + rhs.fills,

{this->underflow(0] + rhs.underflow[0], this->underflow(1] + rhs.underflow(1]};
{this->overflow(0] + rhs.overflow[0], this->overflow(1] + rhs.overflow(1]};
this->nanflow + rhs.nanflow;

h.nanflow

// DATA
Boueiohts - hisoweights i ha.weights;
n e

h.counts Chinseounts : the-countas

return

// AUTOBUFFSIZE for autorange buffer size

./include/Graniitti/MGamma.h 1/1

// Gamma amplitudes
’

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/lic

nses/MIT>

#ifndef MGAMMA_H
#define MGAMA

#include <complex>
#include <random>
#include <vector>

#include "Graniitti/M4Vec.h"
16: #include "Graniitti/MAmplitudes.h”
#include "Graniitti/MKinematics.h"

namespace gra {

21: // Monopole wave ions and parameters
22: namespace AR HONOROLE |
3

2

24: extern bool printed; / Printing called

25: extern bool initialized; // For lazy initialization

26

27: extern int En; // Bound state energy level
28: extern double : 7/ Honopole mass

29: extern double 77 Monopolium width

30: extern std::string coupunq, 7/ Coupling scenarios

31: extern int n; 7/ Monopole charge n = 1,2,3,...
32

33: double EnergyM®(double n);

31: double (double n, double alpha_g);

35: double PsiMP(double n);

36

37

voLd Brineraranaters (doule sgres);
void std::istring emodelfile);

) // namespace PARAM_MONOPOLE

class MGamma : public MAmplitudes {
lic:

LORENTZSCALAR &lts, const st

:istring amodelfile);

// yy->resonance X
double yyX(gra::LORENTZSCALAR &lts, gra

ARAM_RES &resonance) const;

// yy->lepton pai
double yyffbar (gr:

or monopole antimonopole amplitude
LORENTZSCALAR &1ts) ;

7/ yy->sM Higgs
double yyHiggs (gr:

LORENTZSCALAR 4lts) const;

yy->monopol ium
double yyMP (gra::

LORENTZSCALAR &lts) const;
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./include/Graniitti/MSudakov.h 1/3
1: // Shuvaev PDF and Sudakov suppression class 84: // biscretization
7 85 // ShuvaevIntegralN = j.at (XID).at ("ShuvaevIntegralN®);
// (c) 2017-2020 Mikael Mieskolainen 86 // SudakovIntegralN = j.at (XID).at ("SudakovIntegralN®);
87

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.
DEBUG < 34t (KID) ot (105U 5

89: }caten (...)
string -

#ifndef 1
#define 1sU

MSudakovNumerics: :ReadParameters: Error parsing " + inputfile +

1
o1: " (Check for extra/missing commas|
7/ cer 92: throw std::invalid_argument (str);
#include <complex> 93: )
#include <memory> 94: )
#include <vector> 951
96:
// LHAPDF 97:
#include "LHAPDF/LHAPDE.h" 98: // Interpolation container
99: class IArray2p {
// own 100: public:
101:  IArray2p() (};

#include "Graniitti/MAux.h"
#include "Graniitti/MMath.h’ 102:  “IArray2n()

#include "Graniitti/MTimer.h"
iistring name(2];
MI

// Libraries N[2]
#include "json.hpp" 1e MAX[2]
unsigned int V(2]
namespace gra { doubl sTER[2] = {0}
bool. islog(2] = {false);
struct MsudakovNumerics
double // Setup discretization
void Set (unsigned int VAR, std::string _name, double _min, double _max, double _N,
double _logarithmic) {

// out of index
if (VAR > 1) {

Array2p::Set: Error

nvalid_argument (

// Mumerical integral discretization [SET HERE]

const unsigned int SudakovIntegralN = 1000; // AT least two intervals
¢

const unsigned int ShuvaevIntegralN = 400; if (N < 2)
throw std::invalid_argument ("IArray2D::Set: Error
7/ Losariehnic stepping trve/false
vector<bool> SUDA_log_ON;
a vectorbodts SHUV_log_ON; // Sanity
if (Cmin >= _max) (
// Mumber of discrete intervals throw std::invalid_argument ("IArray2D::Set: Error: Variable " + _name + " MIN
std:ito_string(_min) + ' >= MAX + std::to_string (_max));
std::vector<unsigned int> SHUV_N; )
// cus energy // sanity
double sqrts = 0.0; if (Llogarithmic && _min < le=9) (
throw std::invalid_argument (
bool DEBUG = false; IArray2p::Set: Error: Variable " + _na
L bing legarithmic atepping with boundazy MIN = * + 3td::to_string(min));
void Readparameters() ( H
// Read and parse islog[VAR] = _logarithmic;
using json son;
const std::string inputfile :GetBasePath(2) + "/modeldata/" + "NUMERICS.json; // Logarithm taken here!
const std::string data gra::aux::GetInputData (inputfile); MIN[VAR] = islog[VAR] ? std::log(|min) : _min;
Json 3 MAX[VAR] = islog[VAR] ? std::log((max) : _max;
N[VAR] N
ery (
3 = json::parse(data); STEP[VAR] = (MAX[VAR] - MIN[VAR]) / NIVAR];
name [VAR] = _name;
)

// JSON block identifier

const std::string XID = "NUMERICS_SUDAKOV';

// call this last

void InitArray() {
// Note n+1 !

F = std

N[0] + 1, std::vector<std:

G2_MIN = j.at (XID) .at ("g2_MIN'
G2_MAX = J.at (XID) .at ("q2_MAX

= 3lat(xID) Lat () ;-
MAX"); // Post-Setup
J.at (XID) .at ("x_MIN"); // Post-Setup
J.at (XID) .at ("x_MAX"); // Set above

: «
:vector<double>>(N[1] + 1, std::vector<double>(4, 0.0)));

)

// N#1 per dimension!
sta: i i i

/¢ Logaritmic steppqu true/false [assign needed for <cast>]
vector<bool> xx 2t (XID) .at ("SUDA") Lat (“og 0N ;

{{ G5 eneray (needed for boundary cond
double sqrts

Tae (K1D) .at ("SHOV") .at (“1og 0N 5
S 1o = yvi
sexing Getfinshstring() const
ernquslog[ﬂ]) + std::to_string(islog[1]) tto_string (MIN[O]) +
CCl IS ring MINIT])  staste string (X (0)) sito_string (MAX[1]) +
std::to_string(N[0]) + std::to_string(N[1]) + std::to_string(sqrts);

// Jusber of node points [assion needed for <cast>
::vectorcunsigned int> nn = J.at (XID) .at ("SUDA') .at ('N');

SUDI\_ =
: uectorcunsigned nt> m - 3. auxmy at ("SHOV") .at ("N"); return str;
Shov N
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167:  bool WriteArray(const std::string &filename, bool overwrite) const; // Simple parton model 2->2 phase space class
bool ReadArray (const std::string &filename);
7/ (¢) 2017-2020 Mikael Mieskolainen

std::pair<double, double> Interpolate2D(double A, double B) const;

i

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MPARTON H

// Sudakov suppression and skewed pdf
a

// Take care when copying this class - there is a pointer to LHAPDF
class Msudakov (

/7 crr
#include <complex>
#include <random>

MSudakov () ;

“MSudakov () ; #include <vector>

void Init(double sqrts_in, const std::string &PDFSET, bool init_arrays = true); // own

void InitLHAPDF (const std::string &PDFSET); #include

std::pair<double, double> Shuvaev_i(double q2, double x); #include

std::pair<double, double> Sudakov_T(double qt2, double M); #include
#include

double fg_xQ2M(double x, double g2, double M) const; #include "Graniitti/MSpin.h"
S // HepMc33
double xg_x02 (double x, double 02) const; #include "HepMC3/GenEvent .h"
void  TestPDF() const;
namespace gra {
class MParton : public MProcess {
public:
MParton();
MParton (std:istring process, const std;
virtual -Mparton();

bool initialized = false;

private:
int init_trials = 0

void  InitArrays();
double diff_xg_xQ2_wrt_02(double x, double q2) const;

double AP_gg(double delta) const;

double AP_qg(double delta, double qt2) const;

void CalculateArray(IArray?D sarr, std::pair<double, double> (MSudakov::*f) (double, double));

void post_Constructor ();

double operator () (const std::vector<double> &randvec, AuxIntData &aux) {
return EventWeight (randvec, aux);

double (const std:+ srandvec, saux) ;
bool  EventRecord (HepMC3::GenEvent &evt);
void  PrintInit(bool silent) const;

string PDFSETNAME,
DF

st 5
LHAPDF *PdfPtr = nullptr;

TArray2d veto; // Sudakov veto

TArray2p spdf; // Shuvaev pdf private

o Tnitialize();
plp, const std::vector<double> &p2p);

const st
bool Fidneiarouta ) conets

MSudakovNumerics Numerics; // Numerics
i
// 2->2 dim phase space
bool B2RandomKin(const std::vector<double> &randvec);
bool B2BuildKin(double xbjl, double xbj2)
void B2RecordEvent (HepMC3::GenEvent &evt);

} // namespace gra

#endie

double B2IntegralVolume() const;
double B2PhaseSpaceWeight () const;

void DecayWidthes (double sexact) const;

) // namespace gra

#endif
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// Regge amplitudes

7

77 () 2017-2020 Mikael Mieskolainen

#ifndef MR
Yaatine MRmcor 1

7/ cer
: #include <complex>
#include <random>
: #include <vector>

// own
#include "Graniitti/M4Vec.h"

: #include "Graniitti/MKinematics.h"
: namespace gra {

// Regge amplitude parameters
namespace PARAM_REGGE (

: extern bool initialized;
extern std::vector<double> al;

extern std::vector<double> ap;
extern std::vector<double> sgn;

extern double s0;
extern int  offshellFF;
extern double a_OREAR;
extern double b_OREAR;

: extern double b_POW;

: extern bool reggeize;
: extern double omega;
// Meson/Baryon Couplings and Pomeron, Reggeon,

extern std::vector<double> ¢; // coupling
extern std::vector<bool> n; // on/off

Reggeon exchanges

: void PrintParam();
void ReadParameters (int DG, const std

tring smodelfile);

LORENTESCALER 41t
:PARAM_RES resonan:

: stdssconplexcdouble> JEC_CS_coupling (const or
onst gra:

// Amplitude form factors
: double Proton_FF (double tprime, double b);
double Meson_FF (double that, double 12);
: double Baryon_FF (double that, double M2);
double ResonanceFormFactor (double shat, double M2, double $0);

[/ Propagatoss

doub: Meson_prop (double that, double M2);
rop (double that, double M2);

Sar:complex<double> Pl prop (dedble that, double H2);

)} // namespace PARAM_REGGE

// Matrix element dimension: " GeV~" << -(2*external_legs - &)
class MRegge (
lic:

MRegge (gra:
“MRegge ()

LORENTZSCALAR &lts, const std::string amodelfile);

// Regge amplitudes
st

R &lts) const;
&lts) const;

Glta iat node) conat;
: s are:
+ PARAM_RES

+ :PARAM_RES
:LORENTZSCALAR &lts, gra

complex<double> PhotoME3 (gra

(const gra: lts, double SFF_A,

// Constructor amplitude leg permutations

./include/Graniitti/M4Vec.h 1/4
// d-vectors [HEADER ONLY class]

// with standard metric (+,-,-,-) and MC initialization convention (px,

// However, note that ", operators index in "normal textbook conventi
// to be more streamlined with Lorent index contractions of amplitudes
7,

: // (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensourcs

#include <complex>
: #include <iostream>
#include <vector>

namespace gra {
7/ C++#17 allows class template argument default deduction without brach
/7 Mavec
: 7/ Mavec:
7 NéveocdoupLe>

77 arbyc are a1l valid.
Vi

// template <typename T = double>
Va

&lts, double sign) const;

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

ce);

sonance) const;
&resonance) const;

&resonance) const;

ES sresonance) const;

double &4FF_B) const;

/Py, Pz, 2)

org/licenses/MIT> .

Kkets

// Complex 4-vectors could be implemented this way, TED.
V4

class Mavec |
public:
// ALl default to zero
0.0, 0.0, 0.0, 0.0}; }
Mdvec (double x, double y, double z, double t)
// Copy constructor
MdVec (const MdVec &rhs) { k = rhs.k; }

(k= (c, % v, 2)i ]

// SET methods
void SetPx(double v) ( kI[X_]
void SetPy(double v) { k[Y_]
void SetPz(double v) { k(z_]
void SetE(double v) ( K[E_]

)

void SetX(double v) { k[X_] )
void SetY(double v) { k(Y] = v; }
void SetZ(double v) { k(2] = v; }
void SetT(double v) ( k[E_] )

void Set (double x, double y, double z, double t)
ki

void SetPxPyPzM(double x, double y, double z, double m) {
K] = x;

KIED] = mbart (B3mod2 () + m * m);

void SetPxPyPz (double x, double y, double z) (
Kk - x

void SetPxPy(double x, double y) {
KD = %

./include/Graniitti/MRegge.h 2/2

void ConstructPerm(int type);

7/ esge propagacors
double> PropOnly(double s, double t) const;
Complex<doubler Odderonbron (deuble 5, double b comsts
complex<double> PhotoProp (double s, double t, double m2,
double M2_forward) const;

sl

// Helicity functions

st

JUAX) const;

double ganmaLambda (double t1, double t2, double
int xi3(int J, int P, int P_i, int

privats

“ anplitude permutations

ta: s : tationsd;

// namespace gra

: dendif

./include/Graniitti/M4Vec.h 2/a

KIY_) = i

void SetPzE (double z, double e) {

: 1vector<double> vec)
= 3) { throw std::invalid_argument ("Mdvec

kiz_] = vecl2l;
)

double E() t | return k[E_]; }
double X() const { return k[X_l; }
double ¥() const { return k[Y_]; }
double 7() const { return k(z_]; }
double T() const { return k(E_]; }

7/ Retuen 3.
ector<dodbier P3() const { return (KD, K[Y_l, K(7117

// ALGEBRA methods

// space-time invariants
double Tnvariant () const | return E() * E() - P3mod2(); }
double 12() const { return Invariant();

double 1() const { return (M2() > 0.0) ? msqrt(2())

// gamma = E/m = 1/sqrt (1-v°2/c2) = 1/sqrt (1-beta"2)
double Ganma () const ( return 50 / M0); )
double Beta() const { return P3mod() / E(); }

// Transverse 2-vector norm and norm'Z
eturn msqrt (Pt2());

Gouble 7120 conet ( vevwrn Xb] © K1+ K0T+ kv 1
// Total 3-vector norm and norm"2

double P3mod() const ( return msqrt (P3mod2());

// Transverse mass (invariant under boost in z-direction)
double Mt () const { return msqrt (Mt2()); }

double Mt2() const ( return M2() + Pt2(); }

// Coincides with transverse mass for single particle
double EC() const { retum Me(); |

double Et2() const { return Mt2(); }

// angles

0 &5 Py ()
)V // v/ x range [-PI,PI]
double Theta() conmst {

double CosTheta() const { return std::cos(Theta()); }

[/ paeudorapidity and rapidity (boost) in r-direct

double Eta() const { return 0 Tog((B3meal) + 220 /
double Rap() const ( return 0l5 « aear log((EQ + Pz()) / (B0

// Lightcone variable: k_ =
double LightconePos() const { return E() + Pz(); }

// Lightcone variable: k_- = E - p_z
double LightconeNeg() const { return E() - Pz(); }

0.0 && Py() == 0.0 && Pz() == 0.0) ? 0.0 : std

bool

excite,

double _Vertex (double t, double lambda_i, double lambda_f) const;
Complexcdoubles 3ik Vertex (double t1, double t2, doubie dphi,

int lambda h, int J, int P,

nl, double m2) const;

setp3

)

(23mo
~pz(

sigma_i, int P_k, int sigma_k) const;

input should be 3-vector");

: msqre (<4205 )

double P3mod2 () const { return KIX_] * KIX_] + K[Y_] * k[¥_] + k[z_] * k[2_1; }

0.0) 2 0.0 : std::atan2(Py(), Bx();

£an2 (Pt (), P20);

40 = 72001 )
Vi)

)
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// SPINOR-HELICITY CO-VARIABLES

std::complex<double> ComplexPt () const { return Px() + std.
std::complex<double> ExpCPhi() const (

return ComplexPt () / msqrt (LightconePos() * LightconeNeg());
)

// 2-BODY ALGEBRA

// Minkowski d-product
double DotM(const Mdvec &rhs) const {
return E() * rhs.E() - (Px() * rhs.Bx() + Py() * rhs.By() + Pz() * rhs.Pz());

// 3-vector dot product
double Dot3(const M4Vec &rhs) const

return Px() * rhs.Px() + Py() * rhs.Py() + Pz() * rhs.Pz();
)

// Transverse 2-vector dot product
double DotPt (const MéVec Grhs) const ( return Px() * rhs.Px() + Py() * rhs.Py(); )

// 3-vector cross product (return vector with 0 energy/time)
Mdvec Cross3 (const MdVec &rhs) const
Mavec a(Py() * ¥hs.Pz() -~ Pz() * ©hs.PY(), Pz() ¥ ©Ms.Px() - Bx() ¥ rhs.Pz0,
Px() * rhs.Py() - Py() * rhs.Px(), 0.0)
return a;

[/ pzinuen angle difecence betueen [-F1,71)
double DeltaPhi (const MiVec av) const (

double D = Phi
while (D }
while (D < -PT) )
return D;

// Azimuth angle between ([0,PI]
double DeltaPhiAbs (const MiVec &v) const { return st

abs (DeltaPhi(v)); |

// oPERATORS
double operator[] (size_t mu) const ( retusn kimul; } // for reading only
double soperator(](size_t mu) { return k[mul; } // for substituting

// Access operator in normal contravariant (upper index) indexing
double operator” (size_t mu) const { return k[mul;

// Access operator with simultaneous lowering with metric (covariant index)
double operatort(size_t mu) const {
£ (mu

return -k (mul;

}
throw std::out_of_range ("MdVec: :operator % Index out of bounds!");

// Minkowski scalar product
double operator* (const MdVec &rhs) comst { return DotM(rhs); }

// 4-vector + 4-vector
MdVec operator# (const MdVec &rhs) const {
return M4Vec (k[X_] + rhs.k[X_], k[¥_] + rhs.k[¥_], k(Z_] + rhs.k(2_], K[E_] + rhs.k[E_]);

MdVec operator- (const MiVec &rhs) const {
return MdVec (k(X_] - rhs.k(X_], k(Y¥_] - rhs.k(¥_], k(2_] - rhs.k(2_], K[E_] - rhs.k(E_]);

// Flip sign of all components
MiVec operator-() comst { return MdVec(-k[X_l, -k[Y_l, -k[z_], -kK[E_D); }

// 4-vector */ scal
Wivee opesatort (const double rhs) const (
return Mdvec(k(X_] * rhs, k(¥_] * rhs, k[Z_] * rhs, k(E_) * rhs);

MdVec operator/ (const double rhs) const
e e o /e Kty ene, Kt /e, iEL) / xhars

// comparison
bool operator==(const Mavec irhs) const {
const double EPS = le-1

./include/Graniitti/MAmplitudes.h 1/1
// ALl external amplitudes (matrix elements) from MadGraph etc. collected here

7,
/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

: #ifndef MAMPLITUDES H
: #define MAMPLITUDES_H

7/ e
: #include <complex>
#include <random>

#include <vector>

7/ own
#include "Graniitti/Mdvec.h"

: #include "Graniitti/MKinematics.h"

// MadGraph
#include "Graniitti/Amplitude/AMP_MGS_gg_gg.h"

de Bt
Finclude "Graniitti/Amplitude/AMP MGS vy e ovew.h"

namespace gra {
7

: // Matrix element dimension:
: class Mamplitudes (

" Geve" << -(2*external_legs - 8)

public:
MAmplitudes () ()
“MAmplitudes () ()

AMP_MGS_yy_ww AmPMGS_yy_ww;
AMP_MGS_yy_11 AmpMG5_yy_11;
AMP_MGS_yy_w_evev AmpMGS_yy_ww_evev;
AMP_MG5_gg_gg AmpMG5_gg_o:
AMP_MG5_gg_g3g AmPMGS_g9_ggg;

protected:

) // namespace gra

: fendif

omplex<double> (0, 1) * By(); }
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return std::abs(k[E_] - rhs.k[E_]) < EPS & std::abs(k[X_] - rhs.k[X_]) < EPS &s

abs (k[Y_) - rhs.k[Y_]) < EPS && std::abs(k[Z_] - rhs.k[Z_]) < EPS;

)
bool operator!=(const MiVec &rhs) const { return !(*this

hs); )

// 4-vector +-
void aperatori- (const Mivec arhs) {
K[

{

// d-vector */= scalar
vois operator'=(const dowle xhs) {
KD hs,

)
void operator/=(const double rhs) {
kD

tring name = "") const (
< nam P00 N << BRO <<t By ()7 << BYO
E (1) " << B() << (8): " << M)

< b v S ERLO << skt rands

)

7/ particle d-position starting starting propagation from (00,0,0)
le 4-momentum in the lab fra
70 Baut taehe particle flight tine in its rest £
WaVec PropagateFosition (double taud, double scaie) const {
// Flight tine in the lab frame

- p is the part

7/ velocity
const double beta = Beta();

// End point 4-position
return M4Vec(tau * c * beta * Px() / P3mod() * scale, tau * ¢ * beta * Py() / P3mod()
tau * ¢ * beta * Pz() / Pimod() * scale, tau * c * scale);
)
private:
static constexpr const double PI
3 101526555697932384626433892795028841971693993751056209749441;

// speed of light, ¢ = [m/s] (EXACT/DEFINITION)
static constexpr const double c = 2.99732458ES;

// Indices

static const int z_ = 3;

// safe sqrt
double mart (double x) const ( return std:isqrt(std:imax(0.0, X)) |

) // namespace gra

5:
: fendif

Lud iittd ix.h 171

// Kinematic objects and helicity coupling structures (HEADER ONLY file]

7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/licenses/MIT>

: #ifndef MHELMATRIX H
#define MHELMATRIX_H

/7 crr
: #include <complex>
#include <vector>

#include "Graniitti/MMatrix.h"

namespace gra {

// Decay helicity amplitude information
struct HELMatrix {
void InithlphaTozero() {
const unsigned int N = 20;
alpha MMatrix<std
alpha_set -

omplex<double>> (N, N, 0.0);
MMatrix<bool> (N, N, t

// Decay amplitude matrix (calculated by SU(2) decomposition routines)
gra::MMatrix<std::complex<double>> T;

// Helicity amplitude decay ls-couplings (constant)
gra::MMatrix<std::complex<double>> alpha;
gra::MMatrix<bool> alpha_set;

// Parity conservation
bool P_conservation = true;

Vi
// Tensor Pomeron couplings

o
std::vector<double> g_decay_tensor; // Decay couplings
/"

// Branching Ratio to a particular decay
double BR 1.0;
double g_decay = 1.0; // Equivalent decay coupling

) // namespace gra

8
49: #endif

* scale,
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1: // Templated real valued or complex 1D-histogram class
7

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

6: #ifndef MH1 H
#define M1 K

91 // cor

10: #include <complex>

11: #include <vector>

12:

13: namespace gra (

14: template <class T>

class Mal {

public:

MHI(int xbins, double xmin, double xmax, std
ML (int xbins, std::string namestr = "moname’);
MHLO);

“MHL() 7

tring namestr = "noname”);

void Fill(double xvalue);
void Fill(double xvalue, T weight);
void Clear();

void Rawoutput () const;

long long int FillCount() const { return fills; )
long long int SumBinCounts() const;
double GetMean (int power) const;

std::pair<double, double> WeightMeanAndError() const;

// Probability densit:
! vector<doubles GatprobDensity() const (
double sum = 0;
for (std weights.size();
cctorcaoubles pueighta.aiae (), 0.0))
e om0
(stdiisizet i =

++1) { sum += GetPositiveDefinite(i); }

i < weights.size(); ++i) ( pli] = GetPositiveDefinite(i) / sum; |

return p;

7/ Get full histogran data
vector<T>

vector<T> Ges
il ector<iong long int> GetCounts () conet (

GetWeights() const { return weights; )
tWeights2 () comst ( return weights2; )
return counts; )

void GetXPositiveDefinite (std::val &x, std::val &y) const;
T SumWeights() const;
T SumWeights2() const;
: GetBinWeight (int idx) const;
GetBinWeight2 (int idx) const;
double Gorpinfrrer (int. 5w cones
double GetMaxWeight () const;
double GetMinWeight () const;
Long long int Getsincount (int idx) const;
doubl GetPositiveDefinite (int i) const;
0) const;

double GetBinXval(int idx, int boundary
void  GetBinIdx(double xvalue, int &idx);

Veid  Brint (double wideh o 1.55) const; // default argument

void ResetBounds (int xbins);

void ResetBounds (int xbins, double xmin, double xmax);

// set logarithmic binning

valid_argument (

4
"MHL::SetLogX: Error: Minimum boundary XMIN = " + std::to_string (XMIN) + " < 0");

)
10GX = true;

// Number of bins
std::size t XBins() const { return XBINS; )
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167:

MHI<T> h(this->XBINS, this->XMIN, this->XUAX, this->name);
h.fills = this->fills;

this->underflow;

this->overflow;

this->nanflow;

// DATA

h.weights = this->weights;

h.weights2 = this->weights2;

h.counts = this->counts

for (std:isize_t i = 0; i < h.weights.size(); ++i) (
h.weights[i] = (std::abs(rhs.weights[i]) > 0) ? h.weights[i] / rhs.weights[i] : 0;
h.weights2(i) = (std::abs(rhs.weights2[i]) > 0) ? h.weights2(i) / rhs.weights2[i] : 0
h.counts[i] (rhs.counts(i] > 0) ? h.counts[i] / rhs.counts[i] : 0;

)
return h;

// AUTOBUFFSIZE for autorange buffer
G616 SetAutoBLTESize (int m | AUTOBUFFSIZE = ny )
void FlushBuffer ()

// Symmetric bounds
voi « inj 1

(bool in)

// Get histogram bounds
void GetBounds (int &xbins,
xbins = XBINS;
xmin = XMIN;

)

double &xmin, double &xmax) const {

void FuseBuffer (const MH1<T> 6rhs)
buff_values.insert (buff_values.end(),
buff_weights.insert (buff_weights.end(), rhs

rhs.buff_values.begin(), rhs.buff values.end());
s.buff_weights.begin(), rhs.buff_weights.end());

)

7/ Seep it public for butfer fusion
vector<double> buff_values;
buff_weights;

private:
st

string name; // Histogram name

// For autorange

bool FILLBUFF
int AUTOBUFFSIZE
bool AUTOSYMMETRY

100000; // Default AUTOBUFFSIZE

false;

// Boundary conditions
double XMIN = 0.0;
double XMAX = 0.0;
int  XBINS = 0;

{{ Jumber of 1115, overfloy and underflov courts
=0

Tong long int nanflow . - )

// weights (in unweighted case weights = counts)
vector<T> weights;

std:ivector<T> weights2;

std::vector<long long int> counts; // counts
// Logarithmic binning
bool LOGX = false;

bool ValidBin(int idx) const;
t Getldx(double value, double minval, double maxval, int mbins, bool logbins) const;

// comparing do we have double or std::cor
constexpr bool IsReal() const ( return si
constexpr bool IsComplex() const { return std:

ve; )
:complex<double>>

value; }

_same<T, std:

// Include the implementation
//#include "MH1.tc

./include/Graniitti/MH1.h

2/a

// Copy constructor (DEFAULT is fine)
// MHI<T> MHI(const MHI<T>& obj) ()
// Overload + operator to add two histograms
WHL<T> operatort (const MAL<T> Gxhe) {

1= rhs.XBINS)

i
lomain_error ("MHI<T> + operator: Histograms with different number of bins");

MH1<T> h(this->XBINS, this->XMIN, this->XMAX, this->name);

this->fills + rhs.fills;
this->underflow + rhs.underflow;
h.overflow = this->overflow + rhs.overflow;
h.nanflow this->nanflow + rhs.nanflow;

h.fills

// DATA
h.weights

this—>weights;
th:

0; i< h.weights.size(); ++1)
rhs.weights[i];

rhs.weights2[il;

rhs.counts(i];

h.weights[i]
h.weights2(i] +
h.counts (1]

return h;

// Overload - operator to subtract two histograms
MHI<T> operator-(const MHL<T> &rhs) (
1f (this—>XBINS != rhs.XBINS) (

throw std::domain_error ("MHI<T> - operator: Histograms with different number of bins");

MH1<T> h(this->XBINS, this—>XMIN, this->XMAX, this->name);

h.fills = this->fills - rhs.fills;
h.underflow = this->underflow - rhs.underflow;
h.overflow = this->overflow - rhs.overflow;
h.nanflow = this—>nanflow - rhs.nanflow;

// DATA

i< h.weights.size(); ++i) {
rhs.ueights[i];

rhs.ueights2[il;

rhs.counts(i];

h.weights[i]
h.weights2[i]
h.counts (i)

return h;

// Overload * operator to multiply two histograms
MHI<T> operator*(const MHL<T> &rhs)
if (this—>XBINS != rhs.XBINS) {

throw std::domain_error ("MHL<T> * operator: Histograms with different number of bins");
}

MHL<T> h(this->XBINS, this—>XMIN, this->XMAX, this->name);
h.fills this->fills;

h.underflow = this->underflow;

h.overflow = this->overflow;

h.nanflow this->nanflow;
// DATA

h.weights = this—>weights;
h.weights2 = this->weights2;

this->counts;
size t i = 0; i < h.ueights.size(); ++i) (
rhs.ueights(i];

hs.weights2[i];

rhs.counts[i];

h.weights2(i] *

h.counts[i] *

return h;

// Overload / operator to divide two histograms
MHI<T> operator/(const MAL<T> &rhs)
if (this->XBINS != rhs.XBINS) |
throw std::domain_error ("MH1<T> / operator: Histograms with different number of bins");

)
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250+

251: ) // namespace gra

252

253: fendif
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1: // Dirac gamma algebra routines
7

1/2

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#ifndef MDIR
#define MDIR

7/ cer
#include <complex>
#include <random>
#include <vector>

// own
#include "Graniitti/M4Vec.h"
#include "Graniitti/MKinematics.h"

#include "Graniitti/MMath.h"
#include "Graniitti/MMatrix.h"

// FTensor
#include "FTensor.hpp"

namespace gra {
class Mpirac (
ublic:

sistring sbasis);

void InitGammaMatrices (const std::string &basis);
// Polarization vectors/tensors
Tensorl<std::complex<double>, 4>  EpsSpinl(const M4Vec &k, int m) const;

L 4> 1(const M4vec &k, int m) const;

L4, 4 (const MéVec sk, int m) const;
// Spin/spinor state collectors
: L 2> (const MavVec &
comst atd::string srype)
array<FTenso :complex<double>, 4>, 2> MasslessSpinlStates(

const Mivec &p, tring stype, bool INDEX UP = true) const;

«

const MaVec &p, const std::string &type, bool INDEX_UP = true) const;

7/ felicity spinors
vector<std: ;conplex<double>> Xispinor (const Mives Gp, int helicity) const;
1(const M4Vec &p, int helicity) const;

HelChiral (const MéVec &p, int helicity) const;
utiel] Mdvec &p, int helicity) const;
vHell Mavec sp, int helicity) const;

vector<std: : complex<double>> Bar (const std::vector<std const;

omplex<double>> &spinor)

// Feynman slash matrix operator
complex<double>> FSlash(const MiVec &a) const;

{4 propagators
Flensor::Tensor2<stds: :complex<double>, 4,
Matr xiota: scomplenidobions

4> iD_y(const double q2) const;
iD_F (const MdVec &g, double m) const;

// Dirac spinors
std:ivector<st
std: :vector<st

complex<double>> ubirac(const MiVec &p,
:complex<double>> vDirac(const MaVec &p,

int spin) const;
int spin) const;

7/ Spinor-seldcity style methods
::complex<double> sProd(const MdVec &pl,
std::vsc(ox(s(d::comylex(dnuble>> uGauge (const Mdvec &p,
complex<double>> vGauge (const MiVec &p,

const;

const MavVec &p2, int helicity)
int helicity) const;
int helicity) const;

// charge conjugate operat.
Mhtatr ix<ata: s aompLexcdoublers C_up() consts

// Right and left chiral projectors
MMatrix<std::complex<double>> PR() const;
MMatrix<std::complex<double>> BL() const;

// angular
MMatrix<st

Momentum operators
complex<double>> J_operator (unsigned int i)

const;

// Test functions
double TestGammaAntiCommutation() const;
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(Sub) ~Processes and Amplitudes

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MSUBPROC_H
#define MSUBPROC.

7/ e
#include <complex>
#include <random>
#include <vector>

// own
"Graniitti/M4vec.h
"Graniitti/MAux.h"

99
"Graniitti/MTensorPomeron

#include

namespace gra {

using math::abs2;
using math:imsqrt;

Abstract process base class
BASIC DESIGN,

Use "late (lazy) construction", that
Just before the event generation.

is, objects are pointers and initial

ized only

strings i, const std: const std

ISTATE i

strings 3,

«

)i
std:istring
std::strin
std:ivector<std:

ISTATE;
CHANNEL;

+string> DESCRIPTION;

virtual "MProc() {} // Needs to be virtual

virtual double Amp2(gra::LORENTZSCALARS 1ts) = 0;

// Processes usable with different fluxes
/7 2y =

double GannaannaCON (gra: -LORENTISCALARG 1ts) (
"lts.decaytree.size (1))
nvalid_argument (ISTATE +

+ CHANNEL + "] requires 2-body final state”);

if (RssertN((24, -24}, PDGList(lts))) {

amp2 = Gamma->AmpMGS_yy_ww.CalcAmp2 (1ts,

} else if {Assex\'.Lep(unQuaszunopo]ePa)x(PDG];s((ltsY1? €
anp2 = Gamma->yyffbar (1ts);

} else

ThrowUnknownFinalState ()
return

amp2;

// Process class containers

unique_ptr<MGamma> Gamma = nullptr;
unique_ptr<Mburham> Dushan - nullpts;
unique_ptr<MRegge> Regge = nullptr;
std::unique_ptr<MTensorPomeron> Tensor = nullptr;

// Delayed constructors, so global .json parameters are read from files already at this point
void InitGamma(gra::LORENTZSCALARG lts:
if (Gamma == nullptr) { Gamma = make_unique<MGamma>(lts,

GetModelFile()); }

)
void InitDurhan(gra::LORENTZSCALARS lts) {

const;
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TestSpinorHELimit (const MiVec &pl, const MiVec &p2) const;
TestspinorComplete (const MdvVec &p, const std::string &type,
TestMassiveSpinlComplete (const MdVec &k) const;
TestFSlashFSlash (const MdVec &p) const;

double
double
double
double

const std::string mode) const;

// Kronecker delta

double Delta(int i, int j) const { return (i == 3) ? 1.0 : 0.0; }

to birac sandwich:

// Transform matrix from the Weyl basis by an operator
Vi

// \gamma®\mu_birac = S \gamma_{Weyl}"\mu §"{-1}

Va

/s

(-1) <

So this matrix works also from Dirac to Weyl basis
// Spinor Transformation:
Va

// u_pirac
// v_pirac

S u_weyl
S v_weyl

Vi
/7§ = 1/\sqrt{2) (1 + y"5y°0)

Va
e ixcata: seomplexsdoubler 6 beals
comple

ex<double>>(1.0 / std::sqrt(2.0), 0.0, 1.0 / std::sart(2.0), 0.0},
Sqrt(2.0), 0.0, 1.0 / std::sqrt(2.0)},

a. £(2.0), 0.0, -1.0 / std::sqrt 0.0},

“ed! ivector<std: scompLencdoublers (0.0, 1:0 / s6d: isqrt (2,00, 0.0, 1.0/ sed::sdrt (2.0)117

// Pauli matrices
MMatrix<std::complex<double>> sigma_x =

st svector<sta: complexcdouble>> (0.0, 1.0},

ta: ivector<std: : complex<double>>[1.0, 0.0}};

MMatrix<std::complex<double>> sigma_y = (std: complex<double>>(0.0, i),
s complex<double>>{gra 0.0));

Miatrix<std: :complex<double>> sigma_z = {std:ivector<std::complex<double>>{1.0, 0.0},
std::vector<std: :complex<double>>{0.0, 1.0}};

// Contravariant (up) and covariant (lo) gamma matrix set
std:: x<std: gamma_up;
std:: x<std:

// Contravariant (up) and covariant (lo) \sigma_{\mu\nu) matrices

std:: : qma_up;
st to x<std:: sigma_lo;
¢/ Indices ate.

11 (0, 1, 2, 31;
i vector<ines SPINORSTATE = {-1, 1};

// Minkowski metric tensor n convention

+ i (t, px, py, pz)
MMatrix<double> g oot (4,4 ;

minkowski") ;

// Identity matrix

14 i @, 4, reyen);

protected:
string BASIS

// D for Dirac, C for Chiral

) // namespace gra

#endif
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if (Durham make_unique<MDurham> (1ts, GetModelFile()); )

nullptr) { Durham

void InitTensor(gra::LORENTZSCALARE lts)

if (Temsor == nullptr) { Tensor = make_unigue<MTensorPomeron>(lts, GetModelFile()); }

)
void InitRegge (gra:
if

LORENTZSCALARS 1ts)
egge

«
nullpts) { Re make_unique<MRegge> (1ts, GetModelFile()); |

7/ Retuzn general modelfile
g GethodelFile ) conee (
@+

+ "/GENERAL.json";

return gra Tt gra:

[/ Assert the final state List
Do seds: £ const std:: input) const
return std::is. begin(), ref: a0, t.begi
// Assert the number of final states
bool AssertN(int reference, int input) comst ( return (reference == input) ? true : false; }
// Assert lepton or quark
bool AesertLeptonouarkMonopelePair (const Std:ivector<int>s input) const {
// PDG identifiers
static const M¥atrix<int> X = {{11, -11}, (13, -13}, {15, -15), (1, -1}, (2, -2},
3, -3}, {4, -4}, {5, -5}, {6, -6}, {992, -992}};
for (st i ; X.size_rou(); ++i
if (AssertN({X[11[0], X[i][1]), input)) ( return true; }
)
return false;
)
// Get PDG list
std:: PDSList (const LORENTISCALARL 1ts) const: {
sta: tor<int> L(lts.decaytree.size ()
for (const autos i : aux::indices(lts. decayueen  LIi] = lts.decaytree[i].p.pdg; }
return L;

void ThrowUnknownFinalState() const {
throw std::invalid_argument (ISTATE +

+ CHANNEL + + " with unsupported final state");

Va
// Gamma-Gamma processes
77

class PROC_O : public MProc {
public:

RES", ("Parametric resonmance”, "kt-EPA"}) {}

:LORENTZSCALARS 1ts) (

Gamma->yyX(1ts, lts.RESONANCES.begin()->second);
\pplyktEPAluxes (amp2, 1ts);

class PROC_1 : public MProc {

public:
PROC_1() : MProc("yy", "Higgs", {"SM Higgs®, "kt-ERA"}) {}

virtual double Amp2(gra::LORENTZSCALARG lts) {
InitGamma (1ts);

const double amp2 =
return flux

Gamma->yyHiggs (1ts) ;
\pplyktEPAfluxes (amp2, 1ts);

)i
class PROC_2 : public MProc {

"monopolium(0) ", {"Monopolium (J=0)", "kt-EPA"}) {}

s MProc('yy",
)

:LORENTZSCALARS lts)

Gamma—>yyMP (1ts) ;
ApplyktEPAfluxes (amp2, 1ts);

class PROC_3 : public MProc {
public:
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PROC_3() : MProc("yy", "CON', ("Continuum 1+1-, gagbar, WW-, monopolepaiz’, "kt-EPA"}) () else |
“PROC_3() (} A += Regge->ME3 (lts, x.second);
virtual double Amp2 (gra::LORENTZSCALARE lts) { )
TnitGamma (Lts); )
double ampz = GammaGammaCoN (1ts) ;
return flux::ApplyktEPAfluxes (amp2, 1ts);
7) set ror the screening loop
; 1ts.hamp =
class PROC_4 : public MProc ( /
: public
PROC_4() : MProc('yy", "QED", ("Continuum 1+l-, ggbar’, "FULL QED"}) () return abs2 (A);
“PROC_4 () )
virtual double Amp2 (gra::LORENTZSCALARE 1ts) {
TnitTensor (1ts);
class PROC_10 : public MProc {
if (1AssertN(2, lts.decaytree.size()))
throw std::invalid argument (ISTATE + *[" + CHANNEL + '] requizes 2-body final state’);
zeturn Tensor->ME4 (1ts);
)

BROC_10()

: MProc("PP", "RESHEL

Sliding pomeron helicity amplitudes”,
“PROC_10() (}

"Pomeron",
virtual double Amp2(gra

// Inclusive processes

V4

"DEVELOPER ONLY PROCESS!"))

[
ORENTZSCALARS 1ts) (
InitRegge its)s
std x<double> A = 0.0;
(s, 1ts begin () ~>second) ;
return abs2(A);
)
Vi
class PROC_S : public MProc {
lic class PROC_11 : public MProc (
PROC_S() : MProc("X", "EL", ("Elastic", "Eikonal Pomeron”, "Use with screening loop on"]) {} :
“PROC_5() (} PROC_11() : MProc("PP", "RESTENSOR', ("Parametric resonance”, "Tensor Pomeron"}) {}
virtual double Amp2 (gra::LORENTZSCALARG 1ts) { “PROC_110) (}
InitRegge (lts); virtual double Amp2 (gra::LORENTZSCALARS lts) {
return abs2 (Regge->ME2 (1ts, 1)); InitTensor (1ts);
) return Tensor->ME3 (lts);
i )
class PROC_6 : public MProc { Vi
ublic: :
PROC_6() : MProc("X", "SD", ("Single Diffractive’, "Triple Pomeron", "With TOY fragmentation"}) () class PROC_12 : public MProc (
“PROC_6 ( public:
virtual double Amp2(gra::LORENTZSCALARS 1ts) { PROC_12() : MProc('PR", "CONTENSOR", ("Hadron continuum 2-body", "Tensor Pomeron}) (}
InitRegge (lts); “PROC_120) (}
return abs2 (Regge->ME2 (1ts, 2)); virtual double Amp2 (gra::LORENTZSCALARS 1ts) (
InitTensor (1ts);
Vi
: class PROC_7 : public MProc { s (thasereh(2, lts-dscayeres.size()) (
public invalid_argument (ISTATE + + CHANNEL + "] requires 2-body final state’);
PROC_7() : MProc("X", "DD", ("Double Diffractive’, "Triple Pomeron", "With TOY fragmentation"}) {}
“PROC_T0) ()} return Tensor->MEA (Lts);
virtual double Amp2 (gra::LORENTZSCALARS 1ts) {
InitRegge (lts); )i
return abs2 (Regge->ME2 (1ts, 3));
) : class PROC_13 : public MProc (
Vi public:
: class PROC_B : public MProc { PROC_13()
: : MProc("PR", "CONTENSOR24",
PROC_S () iron continuum 2-body > 4-body", "Tensor Pomeron", "DEVELOPER ONLY PROCESS!"}) ()
, "ND", {"Non-Diffractive", "N-cut soft Pomerons", "With TOY fragmentation"}) () “PROC_13() (}
“PROC_8 () virtual double Amp2 (gra::LORENTZSCALARS 1ts) {
virtual double Amp2 (gra::LORENTZSCALARS 1ts) { return 1.0; } InitTensor (1ts);
i
ssertN(2, lts.decaytree.size()) & !AssertN(4, lts.decaytree.size())) {
throw std::invalid argument (ISTATE + "[* + CHANNEL
7/ Pomeron-Pomeron processes : "] requires 2 > (2x) or 4-body final state");
V4
Teturn Tensor->MEG (Lts);
class PROC_S : public MProc { )
: s
PROC_9() : MProc("PE", "RES", ('Parametric resonance”, "Pomeron”}) (}
“PROC_S () : class PROC_14 : public MProc [
virtual double Amp2(gra::LORENTZSCALARS 1ts) { public:
InicRegee (Lts); : PROC_14()
td; x<double> A = 0.0; WBroc(1per, e conmENSon
"Hadron resonances + continuum 2-body", "Tensor Pomeron / yP"}) ()
// Coherent sum of Resonances (loop over) “eroc100) ()
for (autos x : 1ts.RESONANCES) { virtual double Amp2 (gra::LORENTZSCALARS lts) {
const int J = static_cast<int> (x.second.p.spink2 / 2.0); InitTensor (1ts);
// Gamma-Pomeron for vectors (could be Pomeron-Odderon too) if (1AssertN(2, lts.decaytree.size()))
if (3 == 1 & x.second.p.P == -1) { throw std::in
A += Regge->PhotoME3 (lts, x.second);
// pomeron-pomeron, J = 0,1,2,... all ok

valid_argument (ISTATE +

+ CHANNEL + "] requires 2-body final state");
: /71
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1. Evaluate continuum matrix element —> helicity amplitudes to 1ts.hamp
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Tensor->ME4 (1ts) ; const int 7

// Add to temp vector (init with zero!)

std:: tempsum (1

for (const autos i :

static_cast<int> (x.second.p
+ aux::indices (lts.hamp))

.spinX2 / 2.0);
0, 0.0);

( tempsum[i] += lts.hamplil; }
// 2. Evaluate resonance matrix elements -> helicity amplitudes to lts.hamp
if (lts.RESONANCES.size() != 0) {
// We loop over resonances inside ME3
Tensor->ME3 (1ts) ;
// Add to temp vector

for (const autos i :

)

// Gamma-pomeron for vectors
if 3

A

x.second.p.p == -1) {
Regge->PhotoMe3 (1ts, x.second);

i
// Pomeron-pomeron, J = 0,1,2,..
else |

indices (1ts.hamp))

A 4= Regge—>ME3 (lts, x.second);
b
{ tempsum[i]

+= lts.hamplil; }

// Set helicity amplitudes for the screening loop
1ts.hamp = tempsum;
7"

7/ Set helicity amplitudes for the screening loop
lts.hamp = (A);
1z
// Get total amplitude squared 1/4 \sum_ h |a_h|~2
double amp2 = 0.0;
for (const auto:

Tt
anp2 /=

ux: :indices (Lts.hamp)) ( amp2 +=
// Initial state helicity ave

return abs2 (A);
)

gra::math::abs2 (1ts.hamp[i]) ;
4

)i
)
return amp2;

// Gamma (0dderon) ~Pomeron processes
77

s PROC_15 : public MProc {
public:
PROC_15() : MProc("PE", "CON',
“PROC_15() (}

class PROC_18 : public MProc (
public

roc 50 ¢

: MProc (v,
("Hadron continuum 2/4/6-body",

"RES", {"Photoproduced resonance’, '"kt-EPA x Pomeron"}) {}
“PROC_18()
wvirtual double Amp2(gra::LORENTZSCALARE 1ts) (
"Pomeron"}) {} InitRegge (1ts);
virtual double Amp2(gra::LORENTZSCALARS 1ts) (
InitRegge (1ts);

std
complex<double> A

.05
A Sestritron decaytree size0)) {
A = Regge->ME4 (1ts, 1);

:complex<double> A = 0.0;

// coherent sum of Resonances (loop over)
for 1ts . RESONANCES)
1ts.decaytree.size())) (

Regge->ME (1ts) ;

= static_cast<int>(x.second.p.spinX2 / 2.0);
// Vectors onl.
} else if (AssertN(6, lts.decaytree.size()))
A

if &5 x.second.p.B == -1) {
ts, 1t begin () ->second) ;
)
s «
Regge->MES (Lts) ; return abs2(A); // amplitude squared
)
invalid_argument (ISTATE + + CHANNEL + "] requires 2, 4 or 6-body final state Vi
return abs2(A); : class PROC_19 : public MProc (
) ic:
i PROC_19() & MProc('ye", st , "QED x Tensor Pomeron"}) {}
“PROC_190) (}
virtual double Amp2 (gra:: 0
s PROC_16 : public MProc ( InitTensor (1ts);
public
PROC_16() : MProc('PP", "CON-", {"Hadron continuum 2-body with [t-ul amp

zeturn Tensor->ME3 (1ts);
+ "Pomeron"}) {} )
+:LORENTZSCALARS 1ts) {
InitRegge (1ts);

)i
s (hssersn(z, lts.decaytressize(
€hs

nvalid_argument (ISTATE +

Mr + canmen + -
)

omplex<double> A =

class PROC_20 :
public
return abs2 (A);

: public MProc {
"] requires 2-body final state”);
Regge->ME4 (1ts,

PROC_20() : MProc("OB", "RES", {"Oddproduced resonance”, "Odderon x Pomeron'}) ()
“PROC_200) [}
-1 virtual double Amp2 (gra::LORENTZSCALARG 1ts) (
IricRegse (1ts);
omplex<double> A = 0.0;
g 7 Comarane sum of Resonances (1oop over)
: for (autoh x : 1ts.RESONANCES)
const int J - static_cast<int> (x.second.p.spinX2 / 2.0);
class PROC_17 : public MProc ( // Vectors onl.
: e 1 65 x.second.p.P == -1) { A += Regge->ME30DD(1ts, x.second); }
PROC_17() : MProc('PP", "RES+#CON", {"Hadron resonances + continuum 2-body", "Pomeron / yP"}) ()
“PROC_17() zeturn abs2(A); // amplitude squared
virtual double Amp2 (gra::LORENTZSCALARE lts) { )
InitRegge (1ts); )i
std: ;complex<double> A = 0.0;
if (AssertN(2, lts.decaytree.size()
throw std::i

{
::invalid_argument (ISTATE + "[" + CHANNEL + "] requires 2-body final state");
)

// 1. Continuum matrix element

// Durham QCD processes
Y
A = Regge->MEd (lts, 1);

2. Coherent sum of Resonances

class PROC_21
(loop over)
for (autos x : 1ts.RESONANCES)

: public Mroc {

PROC_21() : MProc('gg",
“PROC_21()

virtual double Amp2 (gra

"ehic(0)",

{"QCD resonance chic(0)*, "Durham QCD"}) (}
+:LORENTZSCALARS 1ts) {
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Initburham(lts) ; public:
PROC_27()
: Meroc(
"yy_Dz", "ELUX",
"Dz £lux with

amp2 = Durham->DurhamQCD (1ts, CHANNEL);
return amp2;

= 1%, "Collinear Drees-Zeppenfeld EPA", "SYSTEM TEST PROCESS!"})
i

“PROC_27 ()

virtual double Amp2(gra
InitGamma (1ts);
double amp2
return flux

LORENTZSCALARS 1ts) (
class PROC_22 : public MProc (
public:
PROC_22 ()
: MProc("gg", "CON"
{"QCD continuum gg, 2 x pseudoscalar”, "Durham QCD", "UNDER VALIDATION!"}) ()

1.0;
\pplyDzfluxes (anp2, 1ts);

“PROC_22() (}
virtual double Amp2(gra:
InitDurhan(lts) ;

:LORENTZSCALARS 1ts) (

// Umbrella class
class MsubProc (
double amp2 = 0.0; public:
if (RssertN((21, 21}, PDGlist(lts))) (
amp2 = Durham->DurhamQcd (1ts, "gg");
} else if (AssertN(2, lts.decaytree.size())) {
amp2 = Durham->DurhamQCD (1ts, "Mibaz”);
} else {
ThrowUnknownFinalState () ;

MSubProc (const std::vector<std
void Initialize(const std

string>s istate, const std::strings mc);
strings istate, const std::strings channel);

msubProc () (}
“MsubProc() ;

double GetBareAmplitude2 (gra::LORENTZSCALARE lts);
return amp2;
std:istring ISTATE; 7/ mpR7, myy", "gg” ete.
istring CHANNEL; // "coN®, "RES" etc.
unsigned int LIPSDIM = 0; // Lorentz Invariant Phase Space Dimension

// Process descriptions
< tring, std::vector<st

string>> Processes;

Durham QCD", "SYSTEM TEST PROCESS!"}) {}

ProcessExist (std::string process) const;
tistring> PrintProcesses() const;
tistring> (std::string process) const;

1
Initburham(lts);

return Durham->DurhamQCh (lts, "FLUX'); private:
void ConstructDescriptions (const std:
void CreateProcesses ();
void DeleteProcesses ();
void ActivateProcess();

trings istate, const std::istrings me);

a
// Gamma-Gamma processes std:ivector<MProct> pr;

class PROC_24 : public MProc { ) // namespace gra

#endif

545: public:
546:  PROC_24()
47: MProc("yy_LUX", "CON'", ("Continuum 1+1, qgbar, W+W-, monopolepair”, "Collinear LUX-PDE"}) ()
“PROC_24()

double amp2 = GammaGammaCON (1ts);
\pplyLUXf luxes (amp2, lts);

class PROC_25 : public MProc {

publi
BROC_25 ()
MProc("yy Dz",
("Continuum 1+1, qgbar, WHW-, 1 , "Collinear 1d ERA")) ()
“PROC_25 ()

double amp2 = GammaGammaCON (ts) ;
return flux::ApplyDzfluxes(amp2, lts);

i

class PROC_26 : public MProc {
ublic:

, "k&-EPA", "SYSTEM TEST PROCESS!")) [}

InitGamma (1ts);
double amp2
return flux:

.0;
:ApplyktEPAfluxes (amp2, 1ts);

581: class PROC_27 : public MProc {
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1: // Factorized 2->3 phase space class // Standard re istic and related [HEADER ONLY file]
2: 7/ a
/7 (¢) 2017-2020 Mikael Mieskolainen

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

// Licensed under the MIT License <http://opensource.org/licenses/MIT>
#ifndes 1

#ifndef MKINEM
#define

#define MXINEMM

B
!
7/ e

#include <complex>

#include <random>
#include <vector>

/7 ¢
#include <complex>

13:
14: // own

#include "Graniitti/MSpin.h"

// HepMC33
#include "HepMC3/GenEvent .h"

namespace gra {
class MPactorized : public MProcess {
public

MFactorized();

MFactorized(std::string process, const std

virtual -MFactorized();

#include "Graniitti/MSudakov.h'

OnecMD> asyntax) ;

namespace gra {

namespace kinematics (

void post_Constructor ();

double operator () (const std::vector<double> &randvec, AuxIntData &aux) {
return EventWeight (randvec, aux);

)

/ Case m3 = md
inline double SolvePz3_A(double m3, double pt3, double ptd, double pz5, double ES, double s)
le t2 = ES * ES;

double (const std:: &randvec, AuxIntData Gaux);
bool  EventRecord (HepMC3::GenEvent &evt);
void  PrintInit(bool silent) const;

private:
void Initialize();

bool const std
bool FiducialCuts() const;

plp, const std::vector<double> §p2p);

// 5+1-Dim phase space, 2->3
B51Rand (const std:: &randvec) ;
bool BS1BuildKin(double ptl, double pt2, double phil, double phi2, double yX, double m2X,
double ml, double m2);
void BS1RecordEvent (HepMC3::GenEvent evt);

double BS1IntegralVolume() const;
double B51PhaseSpaceieight () const;

void DecayWidthPS(double sexact) const; const double £22 = £8 + £10 + £11 + €12 + £13 + £14 + £15 + £16 + £17 + £18 + £19 + £20 + £21 -
ES * £9 % 4.0 — 5 * £3 ¥ 2.0 - 5 * £4 ¥ 2.0 - 5 ¥ €5 4 2.0 - 5 ¥ £6 * 4.0 -
€2 % £3 % 2.0 - t2 *t4 % 2.0 - t2 A £5 ¥ 2.0 - €3 % t4 * 2.0 - t2 * £6 * 4.0 -
ES * t2 % t7 * 4.
const double £23 = std::sqrt (t22);
const double t. P25 * (-1.0 / 2.0) - (B5 * £23 * (1.0 / 2.0) - £7 * £23 * (1.0 / 2.0) +
P25 * (t3 * (1.0 / 2.0) - td * (1.0 / 2.0))) /
(5 +t2 - t5 - ES * t7 % 2.0);

// Dynamic sampling boundaries based on resonance position and width
double M_MIN = 0.0;
double M_MAX = 0.0;

} // namespace gra

#endif return t0;

)
e
// old version for reference

inline double SolvePz3_B(double ml, double m2, double ptl, double pt2, double
: pz, double pE, double
5)

const double sqrt_s = msqrt (s);

const double plz
(- (pow2(m1) * pow? (pE) * pz) + pow?(m2) * pow2(pE) * pz -
Powd (PE) * pz - pow? (pE) * powZ(ptl) -
powZ(pE) * pow2(pt2) * pz + pow?(ml) * pow3(pz) -
pow2(m2) * pow3(pz) + 2.0 * pow? (pE) * pow3(pz) +
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BON2(PLL) © powd(p2) = pow2(pL2) * powd(p) = PouS(pz)
.0 * pow2(ml) * pE
5o pow2(m2) * pE * pz * sqrt_s -
2.0 * PE * pow2(ptl) * pz * sqrt_s +
2.0 * pE * pow2(pt2) * pz * sqrt_s - pow2(ml) * pz * s +
pow2(m2) * pz * s + 2.0 * pow?(pE) * pz * s - pow2(ptl) * pz * s +
pox2(peZ) < pz v s+ 2.0 1 pow3(pz) T8 - pz *powz(s)
sqrt (pow? (pE - sqrt.
powz fpowzlpz) - powz(pz) + 2.0 * PE * sqrt_s +s) *
(powid (m1) wd (m2) + powd (pE) ~
e powz o)+ mows (o) - pond (pE1) -
2.0 * powa (pE) ¥ pow2 (pt2) - 2.0 * pou2(ptl) * powd(pt2) +
Ppowd (pt2) - 2.0 * pow2 (pE) * pow? (pz)
2.0 * powz(ptl) * pow2(pz) + 2.0 * po~2[pt2) * pow2(pz) +
powd (pz) - 4.0 * pow3(pE) * sart_.
0 * pE * pow2(ptl) * sqrt_s +
0 * pE * pow2(pt2) * sqrt_s +
0 % pE * powz(pz) * sart_s + 6.0 * powZ(pE) * s -
-0 % powZ(ptl) * s - 2.0 % powz(pt2) * s
0
0

pz3 + pzd + pz5
E3 + B4 + E5
m3°2 + pz3~2 + p3-2

mar2 + pzd*2 + prar2].t;

S = solve(eqs, [pz3 pzd E3 E4]);

%% The answer for p3z, rest by substitution
S = simplify(s.pz3, 25);

. tpow(s, 1.5) + pow2(s) - 186: polybranch = 2; & Polynomial branch
* powz (m2) * (paw?(pEl + pow2(pt1) - pow?(pt2) - ;
owZ(pz) - 2.0 * pE * sqrt_s + s) -
(pow2 (m2) + pow2 (pE) - pow2(ptl) + pow(pt2) - : str = ‘const double’;
Ppow2(pz) - 2.0 * pE * sqre_s + 5)))) /
(2.0 ¢ (powd pE) + powzlpaw?(pz/ - s) -
ow2 (PE) * (pow2 (pz) + )));

 Elastic case
S0l_A = simplify(subs(s, [md], [m3]), ’Steps’, 25);
ccode (sol_A, ‘File’, ’temp.c’); readwritetext (’temp.c’,’solution A.c’, str);
return plz;
% Generic inelastic case

: s0l_B = simplify(s, ‘Steps’, 25);

ccode (sol B, ‘File’, ’temp.c’); readwritetext (’temp.c’,’solution_B.c’, str);
// Case m3, md same or different */

: inline double SolvePz3 B(double m3, double m4, double pt3, double ptd, double pzS, double ES,
8 ) s
function readwritetext (old_file, new_file, str)
fid_old = fopen(old_file,’r’);
fid_new = fopen(new_file,"w’);

const double t2
const double t3

tline = fgetl(fid_old);
while ischar(tline)
fprintf(fid_new, ‘$sts\n’, str, tline);
tline = fgetl(fid_old);

nst double til = £2 * t2; felose (fFid_old);
const double £12 = £3 * t3; felose (Fid_new) ;
const double t13 = t4 * t4; end

const double t14 = t5 * t5; “/

const double t15 - t6;

const double t16 = £7 * t1; 216: // This function solves pz3 component (in center-of-momentum frame)
7/ inpl + p2 > p3 + (ps) + pd
a

3 *2.0;
const double t19 = t4 * t6 * 2.0; a
const double £20 = £3 * t7 * 2.0; inline double SolvePz(double m3, double md, double pt3, double ptd, double pz5, double ES,
const double t21 = t4 * £7 * 2.0; double s)
const double t22 = t5 * t1 * 2.0; constexpr double EPS = le-9;
const double t23 = t6 * t1 * 2.0;
nst double t24 = ES * t3 * t8 * 4.0; if (stdiiabs(m3 - m4) < EPS) ( // identical mass case (elastic-X-elastic)
const double €25 = ES * t4 * t8 * 4.0; zotusn Solvees3 A(ms, pe3, prd, pes, E5, o)
const double t26 = ES * t5 * t8 * 4.0; ) {
const double t27 = ES * t6 * t8 * 4.0; Cieen sotverss B, mi, Pt3, pté, pz5, ES, s);
const double £28 = ES * £7 * t8 * 4.0; )
const double £29 © £9 ¢ H1 4 £12 4 G130 E14 4 RIS 64 ELT G R1D 4 EI0 4620 4 w222 ¢ )
€23 + £24 + £25 + £26 + £27 + £28 - ES * £10 * 4.0 - s
s+ -0 FE o e // Center of mass momentum"2

. . . // for e.g. 1+2 (p_{cm}*2) -> 3+4 (p_{cm}’"2)
t3‘t5'20-t4‘t5'2Q-tS‘tE'QQ-ES‘t2't8'AD, 7
const double 30 = std:isqrt (c29); 77 dsigma/domega (s, theta) = 1/(64*pin2+s) p_(cm}’/p_(cm) |M|"2,
235: // where domega = dcostheta dphi, if no initial state polarization, no phi dep
77

(1.0 / 2.0) - t8 * £30 * (1.0 / 2.0)

Then integrating phi: dostheta dphi / (16%pin2) = dcostheta/ (§%pi), gives
I~z

(£3 % (1.0 / 2.0) - t4 * (1.0 / 2.0) + £5 * (1.0 / 2.0) - €6 * (1.0 / 2.0))) / : // dsigma/dt (s,t) = 1/(16%pi*s"2 * p_{cm}~2) |M(s,t)
462 - L7 - BS ¥ 8 * 2.0); /7
inline double pem2(double s, double ml, double m2) {
return t0; return 1 / (4.0 * 5) * (s s:imath::pow2 (ml + m2)) * ou2 (ml - m2));
/- /22 scattering invariants (p1 + p2 = p3 + ph)
8% MATLAB symbolic code to generate solutions
$% Solve the non-linear system Shes 7 /201 - cosehetar)
syms E3 E4 E5 pz3 pzd pz5 m3 md pt3 ptd s 247: inline double mandelstam t(const MiVec spl, const MiVec &p3) ( return -2.0 * (pl * p3); }
248: // -s/2(1 + cos (theta®))
249: inline double mandelstam_u(const MVec &p2, const MiVec &pd) ( return -2.0 * (p2 * pd); }
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: (16.0 * gra::math::PI * S_factor * math::pow3(math::msqrt (M0_2)));
// 1-body Lorentz invariant phase space volume integral for energy < MAX (GeV)

// \int dPS_1 = \int d"3p / (2E(2pi)

77 \int_0*(4\pi} d"2\Omega/(2pi)*3 \int_0~{\sqrt(MAX"2-m"2}] p"2 336: // Relativistic velocity of a particle with m'2
Vi dp/ (2E) 337: // in the system with invariant shat
2/ = 4\pi / (2(2\pi)*3) \sqrt{MAX"2 - m"2}"3/(3 MAX) 338: inline double Beta(double m2, double shat) { return gra::math::msqrt (1.0 - 4.0 * m2 / shat); }
a 339
77 with B2 = p2 + 02 340: // 2->2 Scattering E1 + E2 -> E3 + E4 angle as a function of (s,t,m_i"2)
341: // [REFERENCE: Kallen, Elementary Particle Physics, Addison-Wesley, 1964]
 intine douste darhin (double wAX, double m) { 342: inline double CosthetaStar(double s, double t, double El, double E2, double E3, double Ed) {
using gra::math::pow2; 343:  const double numer = s * s + s * (2.0 * t - EL - E2 - E3 - E4) + (EL - E2) * (E3 - Ed);
348:  const double denom tKallenLambda(s, EL, E2) * SqrtKallenlLambda(s, E3, E4);
return pow? (MAX) / (12 * pow2(gra::math:i:PI)) * std::pow(1.0 - pow2(m) / pow2 (MAX), 3.0 / 2.0); 345
) 346:  return numer / denom;
347
// Two-body Lorentz invariant phase space volume, evaluated in the rest frame 348
266: // p_norm is the result given by DecayMomentum () 349: // 2->2 Scattering E1 + E2 -> E3 + E4 Mandelstam t-limits (physical boundaries)

inline double dPhi2(double E, double p_norm) (
// Sampling box volume cos (theta/
const double V = 2.0
return V * p_norm / (16.0 * qza"mar.h tpow? (gra::math::PI) * E);
)

// [REFERENCE: Kallen, Elementary Particle Physics, Addison-Wesley,

// [REFERENCE: Sjostrand, Mrenna, Skands, https://arxiv.org/abs/hep-ph/0603175]

inline void TWo2TwoLimit(double s, double El, double E2, double E3, double B4, double &tmin,
double &tmax) (

“ 10,2pi)

// Triangle function
const double KL12 = SqrtKallenLambda(s, E1, E2);
273: // Kallen triangle function (square oot applied here) const double KL34 = SqrtKallenLambda(s, E3, E4);
symnetric under interchange of x <= 20

7/ danbia Y N S // Geometry

const double A = s - (E1 + E2 + E3 + E4) + (EL - E2) * (E3 - E4) / s;

const double B = KL12 * KL31 /

(E3 - E1) * (E4 - E2) + (EL + E4 - E2 - E3) * (E1 * B4 - E2 * E3) / s;
-0.5 * (A +B);

€/ tmin;

// 1/ lambda®(1/2) (s,m_a*2,m b*2) -> 1/(25) when s >> m_a*2, m_b"2

{aline double SqreKalleniamba (doubic %, doubis v, dewble 2) {
[/ fiyperboloid formsla
return mSGrt(x ¥ x by Yy +ztz-2.0% (x*y+xtziyta; 65
T e mcqrt( powz( x -y - z) - 4.0%y*z ); // numerically unstable 366: // Standard conventions:
67: //

7/ B2 = (me*2)"2 + |pe| "2 = gammatme", amma*m*v, m = constant!
a TE/m = 1/sget (1ovn2)end) o 1/sqet (1-batard)
/8 => gamna‘beta

: inline double betal2(double s, double ml, double m2)
return SqrtKallenLambda (s, gra::math::pow2(ml), gra::math::pow2(m2)) / s;

// Kinematic (momentum) bound for phase space (decays) HEA (25021007 3) « | \parcial (o oa oy, poo)/pertial (b ¢ \phi,) | d-t d\oht
77 This is same as: SqrtKallenLambda(x"2, y°2, 2°2) / (2%) 3 dpt d\phi dy / (2E°2(2\pi)”
2/ 375: /7
// Note x,v,z Imother, daughterl, daughter2] in units of ENERGY (not ENERGY*2)
inline double DecayMomentun (double x, double y, dowble ) {

7/ return SqrtKallenLambda(x*x, y*y, 2*2) / (2%);

7/ numerically stable

return gra::math:imsgrt((x —y - 2) * (x +y +2) * (x +y —2) * (x -y +2)) / (2.0 * x);
}

// Generic Lorentz boost into the direction given by 4-momentum of "hoost"
’

o1 for boost wo the reat frane (vt of laby for cxample)
1 out from the rest frame (back to lab, for exampl

: 2
300: // Massive two body phase space integral volume PS™(2} (M°2; m_A"2, m_B*2) 383: template <typename T>

1: inline double PS2Massive(double M2, double mA2, double mB2) { tnline void Lorentsoost (const T iboost, double MO, T ip. int sign) (
return SqrtKallenlambda (12, mA2, mB2) / (8.0 * gra::math::PT * 12); valarray<double> p3 = (p.Px(), p-Py(), p.Pz0};

// Mother beta-vector
const std::valarray<double> beta = (sign * boost.Px() / boost.E(), sign * boost.Py() / boost.E(),
sign * boost.Pz() / boost.E()};

305: // Massless phase space integral volume PS((n)] = \int dPS™((n)]
306: // where M2 (GeV"2) is the total CMS energy’2 of the n-body system.
307: // Use this e.g. as a (debug) reference of other routines

// Gives 1/(8%D) for n = 2 casa, regardless of #'2

// Mother gamma-factor
const double gamma = boost.E() / MO;

// apply transforms
const double kappal = (beta * p3).sum(); // Inner product
const double kappa? = gamma * (gamma * kappal / (1.0 + gamma) + p.E());

oubie M2, int n)
) const double denom - comnme (n) * tgamma(n - 1.0;

m = gra::math::factorial(n - 1) * gra::math::factorial(n - 2);
gra::math: imsart (42) ;

// vector sum
P3 += kappa2 * beta;

const double PS =

(1.0 / (2.0 * std::pow(4.0 * gra:imath::PT, 2 ¥ n = 3))) * (std::pow(E, 2 * n - 4) / denom);

P = T(p310], p3[1], p3[2], gamma * (p.E() + kappal));
return ps;
)

// Exact 2-body partial decay width, emplate <typename T2>
: /7 is not dependent on menentun => phase space and matrix elenent factorize 405: inline voi double &sintheta, double Gphi, T2 &rng) {
onchora g0, 1.0 4/ Coeleneta) frae (o017

// Topue: Hother nass 02 Sintheta = gra::math:+msqrt (1.0 - gra::math::pows (costheta));
cay product 1 mass~2 T D Trgotoro, g s ra: 21); /) phi fiac [0, 2pi]

// Dex,ay product 2 mass"2 )

7 Secay mateix clonent sauazed [i]°2 value

7 Final stace symecry factor // Isotropic decay 0 -> 1 + 2 in spherical coordinates with flat cos(theta),phi

template <typename T1, typename 12>

inline void Isotropic(double pnorm, Tl &pl, T1 &p2, double ml, double m2, T2 &rng) {
using gra::math
using gr:

a

// [REFERENCE: Alwall et al, https://arxiv.org/abs/1402.1178]

inline double PDW2body (double M0_2, double ml_2, double m2_2, double MatElem2, double S_factor) (
return SqrtKallenLambda(M0_2, ml 2, m2_2) * MatSlem2 /
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double costheta, sintheta, phi;
FlatIsotropic(costheta, sintheta, phi, rng);

// Jacobian of spherical coordinates
const std::valarray<double> k = {pnorm * sintheta * std
pnorm * sintheta * std:

05 (phi),
in(phi), pnorm * costhetal};

// Energies by on-shell condition
const std::valarray<double> e = {msqrt (pow2 (ml)

// Back-to-back
Pl = TL(KIO], k(11, kI2],
P2 = TL(-KI0], ~KI1l,
)

erol);
k2], el11);

For floating point / efficiency reasons, the mother mass needs to be provided
outside

template <typename T1
inline MCW TwoBodyPh:

typename T2>
Space (const T1 &mother, double M0, const st
ector<Il> &p, T2 arng)

vector<double> &m,

// Two particles
p.resize(2);

// First isotropic decay
const double pnorm = DecayMomentum(M0, m[0], m[1]);
Tsotropic(pnorm, (01, p[1], m[0], m[1], rng);

// Boost daughters to the lab frame
const int sign =

for (const auto &i : (0, 1]) ( LorentzBoost (mother, MO, p[il, sign); |
// return phase space weight

const double weight = dPhi2 (M0, pnorm)

Cetusn MCH (noLaht, gra::math pous (nelght), 1)

: // 3-Body isotropic (Dalitz) phase space decay in the rest frame;
// by factorizing the 3-body phase space into two 2-body
77

Vi m(o] mi1]
/ /

/

m12-- - (2]

a
7/ dphi_3(pM; pO, pl, p2) - dM_12°2 dphi_2 (pM; p0, pl2) dphi_2 (p12; pl, p2)
a

// Return: phase space weight for a valid fragmentation and -1.0 for a
: // kinematically impossible.

This function returns also number of trials for proper

emplate <typename TL, typenane 12>
iniine e Thee eBodyphaseSpace (const T1 Gnother, double M0 const sta::vectorcdowble in,
std::vector<Tl> &p, beol unweight, T2 &rng) {
1/ three Final states

p.resize(3);
T1 pl2;

// Phase space boundaries [min,max]
const std::vector<double> mlzbound
double w_max
if (unweight

(m(1] + m(2], MO - m[0]};
DecayMomentum (0, m[0], m12bound[0]) * DecayMomentum (mlZbound[1], m[1], m(2]);
false) { w_nma;

// Accceptance-Rejection

const unsigned int MAXTRIAL = 1e8;

std: rvector<double> pnorm (0.0, 0.0};
double mi2 - 0;

MR

do {
7 £ogUti2bound(0], miZbound(1]);
pnorm(0] = DecayMomentum (M0, m(0
prorm(1] = DecayMomentum(mi2, m(1], U

// Flat mass (in GeV, not GeV"2)

const double w = (ml2 / gra::math::PI) * dPhi2(M0, pnorm[0]) * dPhi2(mi2, pnorm[1l);

./include/Graniitti/MKinematics.h
e
double
do {
// 1. ordered random numbers
std::for_each (randvec.begin(), randvec.end(), fillrandom);
std::sort (randvec.begin(), randvec.end()); // Ascending
" ort (randvec.begin(), randvec.end(), [](const double a,
7/ b)
// return a > b; 1); // Descending
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w = 0.0

const double

/ 2. Calculate effective masses
calemass () ;

// 3. Calculate momentum norm values
w = calcmomentum();

x.Bush(w);
if (x.GetN() > MAXTRIAL) { return MCW(-1, 0, 0); } // Impossible kinematics
) while (u < rng.U(0.0, w_max));

// Normalize the phase space integral
const double volume = 1.0 / (2.0 4 sta

(2.0 * gr
S

1, 2 -3 -
st factorial(N - 2) / MO;
1/ operator overloaded

% = x * volume;

// Return phase space weight
return x;

Flat N-body phase space by implementing a number of (N-2) recursive 2-body
decays.

Input as [mother 4-vector, vector of daughter masses, vector of final

/7 4-vectors]

[REFERENCE: F. James, https://cds.cern.ch/record/275743/files/CERN-68-15.pdf]
Vi
a m_n
a * m_(n-1)
N-bodies - - m_{n-2}
/7w .
M_(N-1} M_(N-2) .
a
M_(N-3)
For faster alternatives, investigat
7 W, Biock, Momte Carle phase space evaluation, Comp. Phys. Commun.
69, 459 (1992)
5. Platzer, RAMBO on diet, https://arxiv.org/abs/1308.2922
7
Return: weight for a valid and -1.0 for a 1

// impossible
77

Hhen unweight

true, This function returns also number of trials for proper

MC error treatment

77 e oo

%

template <typename T1, typename T2>

: inline MCH NBodyPhaseSpace (const T1 imother, double MO, const std: ivector<double> i,
std:ivector<Il> ip, bool unweight, T2 &rng) (

using gra::math::imsqrt;
using gra::math::pow2;

const int N = m.size();

// Generate effective masses and decay momentum

// Effective masses

vector<double> prorm(N, 0.0); // Decay momencun yeights

const MCW = NEodySetup (mother, MO, £, pnorm, unweight, rng);
T (r.GOtH() < 0) [ return xr ) U/ Inpossiblo Kinematics

m, Mef:

Setup decay daughters size
p.resize(N);

// Recursively go down from N-body to 1-particle

T1 k = mother;

for (stdirsize_t i =N -1; i
double costheta, sintheta, phi;
FlatIsotropic(costheta, sintheta, phi, rng);
const double pt = pnorm[i] * sintheta;

—-i) o

+ pow2 (pnorm) ), msqrt (pow2 (m2) + pow2 (pnorm)) };
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x.Push () ;
if (x.GetN() > MAXTRIAL) ( retuzn MCW(-1, 0, 0); }
} while ((pnorm(0] * prorm(1]) < £ng.U(0.0, w_max));
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// Impossible kinematics

// pM —> p0 + pl2 in the pM r.f. and pl2 —> pl + p2 in the pl2 r.f.
Isotropic (pnorm[0], p[0], P12, m[0], mi2, rng);
Tsotropic(pnorm(1], p(1], p(2], m(1], m(2], rng);

// Boost p(1] and p(2] out from the pl2 rest frame to the pM rest frame
const int sign = 1; // Boost sign

for (const auto &i : {1, 2}) { LorentzBoost(pl2, mi2, plil, sign); }

// Boost p(0], pl1] and p(2] to the lab £
Zor (eonst auto 41 1 (0, 1, 21) { TorentaBosst (nother, MO, pLil, sign); )

// Phasespace weightA [note m versus m*2 jacobian,
7/ (mi2 volume (Gev)] x [dm_ 12] x [dphi2] x [dphiZ]
const double volume = (mizbound[1] - miZbound(01);
x x * volune; // operator overloaded

taken into account]

// Return phase space weight
return x;

// becay setup for NBodyPhaseSpace
// Uses the "sorting algorithm”, see description in F. James, CERN/68
7/ boot unweighted for (un)weighted eperation
// Return: W for a valid and -1.0 for a kinematically impossible
: tauplate <typename T1, typename T2>
inline MCW NBodySetup (const T1 &mother, double M0, const std
std:: BM_eff, std::

ector<doubler an,
pnorm, bool unweight,

12 &rng) (
// Decay multiplicity (1 —> N decay)
const unsigned int N = m.size();

€

// Random variables functo.
auto fillrandom = [§] (double &value) —> void ( value

ng.U(0, 1); }

// Bffective (intermediate) masses
M_ef£(0] m[0]; // First daughter
M_effIN - 1] = M0;  // Mother

// Cunulative sun of dsughter masses
std::vector<double> sumvec;
inaths scumsan (m,  sumvec)

Sampling mass interval
const double DELTA = M_eff[N - 1] - sumvec(N - 1];

// Generate effective masses functor, where sumvec(i] defines the minimum
auto calemass = [&] () -> void
for (std:irsize t i = 1; i < N - 1; ++i) { Meff[i]

sumvec(i] + randvec(i - 1] * DELTA;

Seas rvector<double> n_minma
for (st i=1; i
m_minmax(0] += m(i - 1];

nniomax(l mli];
max *= DecayMomentum (m_minmax[1], m_minmax[0], m(il);

x = (0,0, DELTA + mIN - 117
<N )

// Functor to calculate decay momentum to pnorm(]

and return product
auto calcmomentum = [4]() —> double
1.

size_t 14 < i) ¢
pnorm(i] = DecayMomentum(M_eff(i], M_eff(i - 1], m(i]);
W *= prorm[il;

return w;

// Acceptance-Rejection

if (unweight

false) { w_max =

const unsigned int MAXTRIAL =

1e8;
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(i) = T1(pt * std::cos(phi), Pt * std::sin(phi), prorm(i] * costheta,
hsart (bows (1)) + pow? (prom(]))) 5

// Boost to the lab frame

const int sign - 1; // positive

LorentzBoost (k, k.M(), plil, sign);

// Subtract the momentum

// Finally, we are left with only one daughter
pI0] = k;
return x; // Phase-space weight

// $0(3) Rotations

// Rotation matrix from 3-vector a to 3-vector b (both need to be unit vectors with ||x|| = 1)
4

ector<double> £a, const std::vector<double> &b)

inline iatrixcdoubler Rotonetoons (const. std
3l {

: nvanu,axqumem (

et ice: :motonatoone: Input should be 3-vectors");
// Dot product

const double c = matoper

ecvectultiply (a, b);

// cross product
Conet std: vector<double> v = matope

Cross(a, b);

// Skew symmetric cross product matrix

const MMatrix<double> Vx = ({0, -v(2], v[1]},
// Identity

const MMatrix<double> I(3, 3,

(vi2), 0, =vi0]}, {-v{1], vi0], 0}};
reye");

{/ Rotation matrix, with singularity at c = -1

(a and b back-to-back)
const MMatrix<double:

4 x %V % (1.0 /(1.0 + c))

return R;

// Rotate 4-vector spatial part by (theta,phi)

inline void Rotate(T &p, double theta, double phi) {
std::cos (theta) ;

const double s1 = std::sin(theta);

const double c2 = std::cos (phi);

const double s2 = std::sin(phi);

// 3%3 Rotation matrix

const MMatrix<double> R = {{cl * ¢2, -s2, sl * c2}, (cl * s2, ¢2, sl * s2}, (-sl, 0.0, cl}};

ctor<double: ip. qu, P-BY0, P-P20);
onet ata: ivector<doubler p3new = R *

P = T(p3new(0], p3new(1], p3new(2], p.E());
)

// Active S03-rotation counterclockwise around x-axis
emplate <typename T>
: inline void RotateX(T &p, double angle) (
const double costh = std::cos (angle) ;
const double sinth = std::sin(angle);

// Rotation matrix applied

const double px = p.Px();

const double py = costh * p.Py() - sinth * p.Pz();
const double pz = sinth * p.Py() + costh * p.Pz();

P = T(px, PY, P2z, P.E();

double angle) {
s (angle) ;
in(angle);

745:  // Rotation matrix applied
746:  const double px = costh * p.Px() + sinth * p.Pz();
747:  const double py = p-Py();

}
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-sinth * p.Px() + costh * p.Pz();

P = T(px, BY, PZ, P.E(0);
)

// Active So3-rotation counterclockwise around z-axis
template <typename T:
inline void Rotatez(T &p, double angle) (

const double costh = std::cos (angle) ;

const double sinth = std::sinl(angle);

// Rotation matrix applied
const double px = costh * p.Px() - sinth * p.By();
sinth * p.Px() + costh * p.Py();
const double pz = p.Pz();

P = T(px, BY, P2, P-E();

// Bind the closest d-vector on lignecone
77 solution by Lagrange multipliers \Nabla f = \lambda \Nabla g
Vi

7/ eq(1)

2% (px-px0)
7/ eq(2)

~2*1ambda*px

7/ eqla) =
7/ eq(s) = B2
7

(px*2 + py"2 + pz°2)

solve(eq, [E,px,py,pz, lambdal)

Nz
Va
inline MdVec LagrangeLightCone(const MdVec &p0)

/ spacelike (q°2 < 0) or timelike (q"

«
2> 0 inpue
const double sign = p0.M2() <= 0 ? 1.0

const. double pinedz - p0.2aned2 ();
const double p3mod = math::msgrt (pimod2) ;

const double E() / 2 + sign * pimod / 2;
Conct double alpha - <p3ma2 + sign * PO.E() * p3mod) / (2 * p3mod2);
return MdvVec(alpha * p0.Px(),

alpha * p0.Py(), alpha * p0.Pz(), B);

// Kinematic transform in process: pl + p2 —> [p}, where
Va

/7 b1, 92 are nassless spacelike 4°2 < 0 = transformed to lightlike 4°2 = 0
i 7/ (p) massive/massless final states with g2 =

V4

tntine void ousxmuzmqntconemqvec &pl, Mavec sp2,
const.

Conet ine  waxITER - 55

const double STOPEPS = le-10;

std::vector<ivecs &p) {

// 4-momentum sum

: aux::indices(p)) { sum += plil; }

return sum;

// Energy su

auto Esumfunc = [61() (
-0;

for (const auto &l :

aux::indices(p)) { sum +=
return sum;

plil.EO; }

// Fractions

auto Efrac
const
st

sl 0«

double Esum = Esumfunc ()

: svector<double> £(p.size());

for (const autos i : aux::indices(p))
return £;

( £(i] = p(i].E() / Esum; }

/

7 st imivin venee spacelike (q°2 < 0) particles to lightcone by
// conserving 3-momentum and thus increasing energy
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// Collins-Soper: Quantization z-axis defined by the bi-sector vector b

7/ initial state pi and (p2) (NEGATIVE) directions in the (resonance) Syeren rest frame,
where pl and p2 are the initial state proton 3-momentu

// Anti-Helicity: Quantization z-axis defined by the bisector ve

// initial state pl and (p2)

: // where pl and p2 are
Vi

tor betwee:
(005 TTIVE) directions in the (sesonance) sytem rest frame,
the initial state proton 3-momentum.

// Helicity: Quantization axis defined by
77
Vi

the resonance system
3-momentum vector in the colliding beams frame (lab frame).

Vi axis defined by the initial state
// proton pl (or pz) 3-momentum vector in the (resonance) system rest frame.
s/

template <typename T>
: inline void

std:: &p, const T &X, const T apbeaml,
const T &pbeam2, T &pblboost, T &pb2b: :

const double M =

spboost) {
XM0;

// 2. Boost each particle to the system rest frame

pboost = p;

for_[const auto gk : graiiaux:iindicesip))
nematics::LorentzBoost (X, M, pboost (k],

-1); // note minus sign
7/ 3. Boost initial state protons
pblboost = pbear
prbcu:t < Pheanz,

kinematics
dra:ixinematics
)

LorentzBoost (X, M, pblboost,
LorentzBoost (X, M, pbZboost,

-1

// note minus sign
-1

// note minus sign

template <typename T>
inline void LorentaFrame (std: ivector<D> Gpfout, const T ipblhoost, const T ipbZhoost,
const. ctor<T> &ptboost,
Tne direction) {
const std::vector<double> pblboost3 = pblboost.P3();
const std::vector<double> pb2boost3 = pb2boost.P3();

const std:

tring sframetype,

/{ Frame rotation x-y-z-axes
r<double> zaxis;

“d ivector<double yaxis;

std::vector<double> xaxis;

{{ € NoN-ROTATED FRAME AXIS DEFINITION €@
) {

(©, 0, 11;
yaxis = {0, 1, 0};

7/ 88 COLLINS-SOPIR FRAE POLARIZATION AXIS DEFINITION 88
\\ frametype

Comit (

Minus (gra:

G1)

smatoper: :Unit (pblboost3), gra::matoper::Unit (pb2boost3)));

)

/{ 8 ANTI-HELICITY FRAME POLARIZATION AXIS DEFINITION 89
0

else if (frametype frametype
xis = «

gra natoper: :Unit (pblboost3), gr

Unit (pp2boost3))) ;
// @@ HELICITY FRAME POLARIZATION AXIS DEFINITION @@
else if (frametype == 'mx ||

frametype == "G3"
zaxis = gra::matope

Unit (gra: :matoper: :Negat (gra

atoper

lus (pblboost3, pb2boost3)));

// e FSEuDo carmusp JRLKSON s usrmzrmu
else if (frametype Il £

T¢ lairection o
nit (pblboost3) ;

1] or [2] @@
0

nit (pb2boost3) ;

::invalid_argument ("gra::kinematics::LorentzFrame: Invalid direction <" +

td:ito_string (direction) + ">");

::invalid_argument ("gra: :kinematics: :LorentzFrame: Unknown frame <" + frametype + ">

// y-axis
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Pl.SetE (pl.P3mod ()
P2.5etE (p2.P3mod () ;
7

1/ Gef
Conet wivee a = o1+ b2
// Normalize \vec(qj to unit length
const std::vector<double> qvec = gra::matoper::Unit(q.B3());
7/ Final state masses

vector<double> m(p.size());

for (conet sute 64 aux: :indices (p))

(Il = P0G )

int iter = 0;

// for (const autos i : aux.
// std::cout << miter

ndices (p))
<< iter <<

{ Pt prin;
(a psumfuncm M2() << std::endl;

while (true) {
/

// 3-Momentum scaling and emergy subtraction step

// New energy difference
const double

dE - Esumfunc() - q.E();
/7 Current energy fractfons
/7 s ctor<double> f = Efrac();

for (const auto &i
const double E =
// const double E

: aux::indices(p)) {
PII.EQ) -
i].E0)

dE / N; // Scaling distributed by simple 1/N
- dg * £[i]; // Scaling distributed by fractions

const double
Blil.setia * BILIPXO,
}

thiimsqre (B * E - mli] * m{i]) / pli].P3mod();
Ry 0,

a * plil.P2(), E);

// 3-Momentum subtraction step

// New 3-momentum difference
const std::vector<double> D3 = (psumfunc ()

- @.p30;

// Current energy fractions
Bfrac();

for

(const auto &i ndices (p))

Ceds rvactor<doubles D3 this < D3
gra:imatoper::ScaleVector (D3_this, 1.0 / N);
7/ gra: :matoper: :ScaleVector (D3_this, £(i]);

// sea
// Scaling distributed by fractions

:Minus (p[i].P3(), D3_this

0
sart (plil.P3mod2 () + mli]

Pli].5etP3 (gra::matoper:
ath: = mli;

pli].SetE (gra:

7"
// 3-Momentum rotation step
7

// Add and normalize to unit length,
const std::vector<double> avec = gr.
const gra::MMatrix<double> R = gra:

find rotation
per: :Unit (psumfunc () .P3()) ;
tkinematics::RotOnetoone (avec, qvec);

// Rotate
for (const autos i
/

sindices(p)) { p(i].SetP3( R * p(i].P3()); }

/7

iter;

const double W = stassabe ({3 - (pmcinc()) 02017
if (iter > MAXITER || IVM < STOPEPS) { break;

// std:icout << "iter =" << iter << "
)

" << IVM << std::endl;

ndices (p))

{ pli].Print(); }
)

<< std::endl;

// A unified Lorentz Transform function to ’frametype’ give below:
a

77 mcsm o

Collins-Soper
/7 vaE

Anti-Helicity (Anti-CS)

13/20

if (frametype
yas E

i +:Unit (pblboost3), gra::
)

+:Unit (pb2boost3) )

atoper

ross (yaxis, zaxis)); // x =y [cross product

// create 50(3)
const MMatrix<double> R = {xaxis, yaxis,

rotation matrix for the new coordinate ax

zaxis); // Axes as rows

wx: sindices (pfout)) {
const std::vector<double> p3new = R * pfout(k].P3();

pfout (k] = T(p3new(0], p3new(1], p3new[2], pfout(k].E());

// From lab to Anti-Helicity frame

: // uantization z-axis is defined as the bisector of two beams, in the rest
// frame of the resonance

Vi

Set of 4-momentum to be transformed
- Ssystem 4-momentum

Beam 1 4-momentum
Beam 2 4-momentum

/7 Input: o=
2/ X

: template <typename T>

inline void AHframe(std::vector<T> &p, const T &X, const T &pl, const T &p2, bool DEBUG =

if (DEBUG) {
Printf("\n\n ::ANTI-EELICITY FRAME
Printf("AHiframe:: Daughters in
for (const auto &i : gra::au

FRAME: \
indices (p))

N
€ plil.Print(; }

// Boost particles to the central system rest frame
for (const auto

i : gra::aux::indices(p))
inematics: :LorentzBoost (X, X.M(), p(il, -1); // Note the minus sign
)
T plb - p1;
T p2b = p2;

LorentzBoost (X,

X.M(), plb, -1); // Note the minus sign
LorentzBoost (X, X.M(), p2b, -1); // Note the minus sign
// Now get the 3-momentum
vector<double> pblboost3 = plb.P3();

vector<double> pb2boost3 = p2b.P3();

// Frame rotation x-y-z-axes
vector<double> zaxis;

sta:
st

std: ivector<double> xaxis;

[/ nci-Helicity positive bisector vector
xis = gra::imatoper::Unit (

gra:imatoper::Plus (gra:imatoper:

:Unit (pblboost3), gra::matoper::Unit (pb2boost3)));
vexts = gra:matoper: Unit (
gra:: ex::Cross (gra

atoper: :

it (pblboost3), gra

atoper

it (pb2boost3)))

xaxis = gra::matoper::Unit(gra

atoper

ross (yaxis, zaxis)); // x =y (cross product] z
77 Create 50(3) rotation matrix for the new coordinate sxes
const MMatrix<double: xaxis, yaxis, zaxis); // &

/ Rotate all vectors
© gra::aux::indices(p)) (
t std::vector<double> pdnew = R * plk].P3();

// Spatial part rotation Rp
plk] = T(p3new(0], p3new(1], p3new(2], plkl.E0);

// Full d-momentum [px; py; pz; E]

Va
if (DEBUG) {
printf ("AHframe

Daughters in AH FI
for (const auto &i

: gra::au mmces(pn

« pm.punm: )
)
V4

ling distributed by simple 1/N

)i

1z

// Spatial part rotation Rp ->
// Full 4-momentum [px; py; pz; E]

false)

«
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From lab to Collins-Soper frame
Quantization z-axis is defined as the bisector of two beams, in the rest
frame of the resonance

From lab to Gottfried-Jackson frame
Quantization z-axis spanned by the propagator (momentum transfer vector)
momentum in the rest frame of the central system

Input: Set of 4-momentum to be transformed

Set of 4-momentum to be transformed
System 4-momentum

“1or1

4-momentum transfer vector 1
4-momentum transfer vector 2

Input
7

Beam 2 4-momentum

2
: template <typename T>

inline void CSframe(std::vector<T> &p, const T &X, const T &pl, const T &p2, bool DEBUG = false) (
/"

template <typename T>
inline void GJframe(std::vector<I> &p, const T &X, int direction, const T &ql, const T &q2,
bool DEBUG = false) (

if (DEBUG)
printe (" \B\n ::COLLINE-SOPER TRNAE: : \*);
Srame:: Daughters in LAB FRAME: \n");

(const auto &i : gra::aux::indices(p)) { plil.Print(); }

Va
if (DEBUG) {
Printf("\n\n ::GOTTFRIED-JACKSON FRAME:: \n");

) AR AR
Printf("GJframe:: Daughters in LAB FRAME: \n");
for (comst auto &i : gra::aux::indices(p)) ( plil.Print(); }

sindices (p))
orentrBoost (X, XH0, plil, -1); // Note the minus sign

// Boost particles to the central system rest frame
for (const auto &i : gra::aux::indices(p))
inematics: :LorentzBoost (X, X.M(), p(il, -1); // Note the minus sign

8

T pib = pl;

LorentaBost (X, X.M(), plb, -1); // ote the minus sign
LorentzBoost (X, X.M(), p2b, -1); // Note the minus sign

gn::mnemaucs :LorentzBoost (X, X.M(), qlboost, -1); // Note the minus sign

// Now get the 3-momentur
kinematics::LorentzBoost (X, X.M(), aZboost, -1); // Note the minus sign

vector<double> pblboost3 = pib.P3();
vector<double> pb2boost3 = p2b.B3();

// Frame rotation x-y-z-axes
std::vector<double> zaxis;
vector<double> yaxis;
vector<double> xaxis;

i
Z_angle = -qlboost.Phi();
Y_angle = -glboost.Theta();

) else if (direction
Z_angle = -q2boost.Phi();

Y_angle = -g2boost.Theta();

} else {

throw std::invalid_argument ("GJframe: direction not -1 or 1');

// Collins-Soper bisector vector
«

zaxis = gra::matoper::Unit
gra::matoper::Minus (gra: :matoper::Unit (pblboost3), gra:

matoper: :Unit (pb2boost3))) ;
/* ALTERNATIVE WAY, but gives random reflection (rotation around 7 by PI)

Mavec bijector,
bijector.SetP3 (zaxis); const auto rotate = [&](T &p) {
matics::RotateZ (p, Z_angle);
otateY(p, Y_angle);
::RotateZ(p, math::PI); // Reflection

// Now get the rotation angle, note the minus
const double Z_angle = -bijector.Phi();
const double Y_angle = -bijector.Theta();

// Rotate final states
for (const auto &i : gra

ux: :indices (p)) ( ndices(p)) { rotate(p(il); }
otatez (p(i], Z_angle);
otate¥(p(i], Y_angle);

L S P

Jframe:: Daughters in Gottfried-Jackson FRAME: \n");
for (comst auto &i : gra:: indices(p)) ( pli].Print(; }

// Rotate propagator
rotate (qlboost) ;
rotate (q2boost) ;

yaxis = gra::matoper::Unit(
gra::matoper::Cross (gra

nit (pb2boost3)));

atoper::Unit (pblboost3), gra

atoper

xaxis = gra::matoper::Unit (gra::matoper::Cross(yaxis, zaxis)); // x = y [cross product] z

Printf("GJframe:: Propagators are along z-axis \n");
Printf("GJframe:: Propagator 1 in Gottfried-Jackson FRAME: \n");
alboost.Print ();

// Create 50(3) rotation matrix for the new coordinate axes

const MMatrix<double> R = {xaxis, yaxis, zaxis); // Axes as rows
Printf("GJframe:: Propagator 2 in Gottfried-Jackson FRAME: \n");
a2boost.Print ();

)

// Rotate all vectors
for (conat auto Gk : ora:iaux::indices (p)) (
const std: svector<douier pnew = R+ BIKI.B3();  // Spatial part rotation fp -
BT = T ponen 0], pment1]s ane 21, UK 20)5 /) Futi dmemencon (oxs v per %)

// From lab to Pseudo-Gottfried-Jackson frame
7/ Quantization z-axis spanned by the beam proton +z (or -z) momentum
// in the rest frame of the central system

7
if (pEBUG)

Printf("CSframe:: Daughters in CS FRAME: \n");

for (const auto §i : gra::aux::indices(p)) ( plil.Print(); }

) 77
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// Input: p Set of d4-momentum to be transformed :
Vi x = System 4-momentum // Input: p = Set of 4-momentum to be transformed
a direction “1or1 a X = System 4-momentum

4-momentum of beaml
4-momentum of beam2

Y
template <typename T>

p_bean_minus
: inline void HXframe(std::vector<I> &p, const T &X, bool DEBUG = false) (
7

Vi
I
1252: template <typename T>
1253: inline void PGframe(std::vector<T> &p, const T &X, comst int direction, const T &p_beam plus,
const T &p_beam_minus, bool DEBUG = false) (

(

A\n ::HELICITY FRAME:: \n");

Xframe:: Daughters in LAB FRAME: \n");

for (comst auto &i : gra::aux::indices(p)) { plil.Print(); }

Va
if (DEBUG)
printe (" \R\R © 1PSEUDO-GOTTPRIED-TACKSCN FRAME: : \a")7

printf("PGframe:: Daughters in LAB FRAME: \n"
for (conmst auto &1 : gra:: indices(p)) ( pli].Print(); } // Rotation angles, note the minus

const double Z_angle = -X.Phi();

V4 const double Y_angle = -X.Theta();

[/ Boost particles to the central systen rest frame const auto rotate = [&] (T &p) {

for (const auto &i : gr ndices (p)) gra:ikinematics::Rotatez(p, Z_angle);
Gra kinematice: sorentBoost (X, XM BIil, ~1); // Note the minus sign gra::kinematics::Rotate¥(p, Y_angle);

inematics::Rotatez (p, math::P); // Reflection

// Boost initial state protons to the central system rest frame
T proton p = p_beam plus;
T proton_m = p_beam_minus;

for (const auto i : gra::aux::indices(p)) [ rotate(plil); |

Va
if (DEBUG)

Printf("HXframe:: Daughters in ROTATED LAB FRAME: \n");

Zor const auto i1 : gra:saun::indices(p)) ( pLi1.Print0; )

LorentzBoost (X, X.M(), proton_p, -1); // Note the minus sign
LorentzBoost (X, X.M(), proton_m, -1); // Note the minus sign

/ Wow get the rotation angles, note the minus
double Z_angle = 0;
double ¥_angle = 0;

T ex(1, 0, 0, 0);
T ey(0, 1, 0, 0);
T ez(0, 0, 1, 0);
1f (direction )
Z_angle = -proton_p.Phi();
gle = -proton_p.Theta();
o

Vx> x', y >y, 2> 2t
rotate (ex) ;
rotate (ey)
rotate(ez);

Z_angle = -proton_m.Phi();

Y_angle = -proton_m.Theta();
else Printf("HXframe:: AXIS vectors after rotation: \n");
Printf("pGframe:: Input direction %d not valid (1,-1)!", direction);

return; ex.Print();

ey.Print();
ez.Print();
// Rotation function
const auto rotate = [&](T &p) |

g otatez (p, Z_angle);
otateY (p, Y_angle);
::RotateZ (p, math::PI); // Reflection

"

[/ Gonstruce the central systen d-momentun in FOTATED FRAME
XNEW = X;
Totate (atEn

// Boost particles to the central system rest frame
// > Helicity frame obtained
for (const auto &i : dices (p)) (

Gra kinematica: sorent sBoost (XNEW, XNEW.H(), p[il, -1); // Note the minus sign

// Rotate final states

for (const auto &i : gra s:indices(p)) { rotate(p(il); }

if (DEBUG) {
priatf (Gfune:  Deughters in Paeudo-Gottfried sackson A \');
for (const auto &i ux::indices(p)) ( pli].Print(); } I AR AR AR AR R SRS A AL A A AR SRR AR RS R ET SRR T AL S A AR
if (DEBUG)
Printf("HXframe:: Daughters after boost in HELICITY FRAME: \n");
for (comst auto &i : gra::aux::indices(p)) { plil.Print(); }

// Rotate proton
rotate (proton_p);

printe("Protons are on (zx)-plane: \n"); Printf("HXframe:: Central system in LAB FRAME: \n");
SE3

prin R chosen dizection slong 34 beam dizection \n, dirsction); X.Print O
print. +z Proton in Pseudo-Gottfried-Jackson FRAME: i
proton_p.Print (); Pprintf("HXframe:: Central system in ROTATED LAB FRAME: \n");

XNEW.Print () ;
// Rotate other proton
rotate (proton_m) ; printf("\n");
printf(" -z Proton in Pseudo-Gottfried-Jackson FRAME: \n"); s
proton_m.Print ();

// Mandelstam invariant

Printf('Mandelstam = = 0.5¢ \n", (proton_p + proton_m).M(); // "Rest frame" (no boost, beam axis as z-axis / spin quantization axis)
a

// Input: p = Set of 4-momentum to be transformed
Vi X = System d4-momentum

2
template <typename T>
// From lab to the Helicity frame inline void CMframe(std::vector<T> &p, const T &X, bool DEBUG = false) (
: // Quantization z-axis as the direction of the resonance in the lab frame 7"
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if (DEBUG)
Printf("\n\n ::REST FRAME:: \n");

Printf("Cframe:: Daughters in LAB FRAME: \n");
for (const auto &i : gra::aux mdicesLPH ( plil.Print(; }

)
V4
[/ Boost particles to the central systen rest frame

o ndices (p))
LorentiBoost (X, KMO4 BUil, ~1)i // Note the minus sian

7/
if (DEBUG)

Printf("CMframe:: Daughters in REST FRAME: \n"

For(Conat. auto 61+ drasimunssindices ) BIL1PEIREOS 1

V4
) // namespace kinematics

// Lorentz scalars and other common kinematic variables
class LORENTZSCALAR (
public

LoRENTZSCALAR() ()
~LORENTZSCALAR ()
delete GlobalSudakovPtr;
delete GlobalPdfPtr;
)

/"
// Particle Database
MPDG PDG;

a
// PDF access

// Sudakov/pdf routines

MSudakov *GlobalSudakovPtr = nullptr;

// Normal pdfs

LHAPDFSET
PDF *GlobalPAfPtr = nullptr;
int pdf_trials = 0;

[/ caseade sampling forced control initiated by corresponding anplitude functions
bool FORCEFLATUASS? - falae;
dowble TORCEOTRSHELL - -

Va

// Resonances read from JSON input
std::imap<std::string, PARAM_RES> RESONANCES;

// Helicity amplitudes returned by amplitude functions,
7/ used in screening loop etc.
std::vector<std: :complex<double>> hamp;

// central system decaytree
std::vector<MDecayBranch> decaytree;

// Forward system decaytree
MpecayBranch decayforwardl;
MpecayBranch decayforward2;

// Integral weight container (central system phase space)
gra::kinematics: :MCW DW;

// Active in the factorized phase space product (by default, true)
// This is controlled by the spesific amplitudes
bool PS_active = true;

// sum containers
gra::kinematics: :MCWSUM DW_sum;
gra::kinematics: :MCWSUM DW_sum_exact;

// Initial states
gra::MParticle beaml;
gra::MParticle beam2;

20/20
// Fiducial cuts (default parameters set here)
struct FIDCUT {
bool active = false;

// "Central particles”
double etamin = -30.0;
double eta_max = 30.0;

double rap_min = -30.0;
double rap_max = 30.0;

double pt_min
double pt_max

0.0;
1000000.0;
double Et_min = 0.0;

double Et_max = 1000000.0;

// “Central system"
double M_min = 0.0;
double M_max = 1000000.0;

double ¥_min = -30.0;
double Y_max = 30.0;

double Pt_min
double Pt_max

0.0;
1000000.0;

// "Forward system"
double forward_t_min = 0.0;
double forward_t_max = 1000000.0;

double forward Mmin = 0.0;
double forward M_max = 1000000.0;

eto
struct VETODOMAIN {

-30.0;
30.0;

double eta_max

double pt_min = 0.0;
double pt_max = 1000000.0;
i
struet VETOGUT (
active = false;
et tvector VETODOMAIN> cute;
i

)} // namespa

#endif

%
st:
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// Four momenta of initial and final states

mavec pbeanl;
mavee pbean2;

vector<Mdvec> pfinal orig;

// Basic Lorentz scalars

&
1
:

double sqrt_s
// Sub-energies2
double s1 = 0.0;
double s2 = 0.0;

// 4-momentum transfer squared

double t2 - 0.0;

// Sub-Mandelstam variables
.05

// central system
uble m2 =

// Maximum 10 particles in the final state
// (2 protons + 8 direct central system)
double ss[10](10] = {{0.0}};

double tt_1[10] 0.0

double tt_2[10
double tt_xy[10][10]

£10.0});

// Longitudinal momentum losses
double x1 0;
double x2 = 0.0;

// Bjorken-x
double xbjl
double xb32

// Forward proton excitation tag
bool excitel
bool excite?

false;

// Propagators from protonl (up) and proton2 (down)
Mavee ql,
Mavec q2;

// Propagator pt
double qtl = 0.0;
double qt2 = 0.0;

Generator cut (default parameters set here)
ruct GENCUT {

se space <C>
9.
9.0;

.0;
-1.0; // Keep at -1 for user setup trigger

// Factorized phase space <F>
L0;

double M_max = 0.0;

// Both <C> and <F> class forward legs
double forward_pt_min = -1.0; // Keep at -1 for user setup trigger
double forward pt_max = -1.0; // Keep at -1 for user setup trigger

V4

// Quasi-Elastic phase space <0> or forward excitation
double XI_min = 0.0;
double XI_max = 1.0;
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7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT L.

icense <http://opensource.org/lic

nses/MIT>

/7 crr
Hnclude <complex>
#include <map:

Finclude <randon>
#include <vector>

own
#include "Graniitti/MPDG.h"
#include "Graniitti/MRandom.h"

namespace gra {
class Meragment (
public

WFragnent ) ()
“MFragment () ()

static double TubeFragment (const M4Vec &mother, double MO, const std::vector<double> &m,
std::vector<MiVec> sp, double q, double T, double lambda, double maxpt,

MRandom &rng, const std::string &pt_distribution);

ector<double> &

static bool SolveAlpha(double &alpha, double MO, const std
cons

t std::valarray<double> émt, const std::valarray<double> 6y);

static void ExpPowRND (dosble g double T, double maxpt, const std:
ctor<double> &x, MRandom &rng);

:vector<double> imass,

static void (const std: &pdgcode, std:: > tabl

static void GetForwardMass (double smassl, double &mass?, bool sexcitel, bool sexcite2,
unsigned int excite, MRandom &random);
static void GetSingleFormardass (double smass, MRandom &random);

static void NstarDecayTable (int Q, double m0, std::vector<int> spdgcode, MRandom &rng);

static bool PickParticles(double M, unsigned int N, int B, int S, int O,
sta:

MRandom rng) ;

// namespace gra

8:
49: #endif

smass, std: &pdgcode, const MPDG £PDG,
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1: // Multidimensional fixed size arrays via template alias technique
7

7/ Usage:
// MultiDimarray<int,

., 2> arr (1, 2, 3, 4, 5, 6];
// assert (arr(1][1] == 4
Vi

4

/7 (¢) 2017-2020 Mikael Mieskolai
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MDIM
#define

RRAY_H
IMARRRY_H

#include <array>
#include <complex>

namespace gra

(
// Note the index order below, in order to get the row major format

template <typename T, size_t D1, size_t D2, size_t... DN>
struct Getarray {
using type = std::array<typename GetArray<T, D2, DN...>::type, D1>;
: template <typename T, size_t DI, size_t D2>
struct GetArray<T, D1, D2>
using type = std::array<std::array<t, D2>, D1>;
template <typename T, size_t D1, size_t D2, size_t... DN>
31: using MDimArray = typename GetArray<T, D1, D2, DN...>::type;

} // namespace gra

#endie

tti/MU:

39:
0:

: #include "Graniitti/MHl.h

.h 1/1
// Container class for different type of histograms

/7 (¢) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>
#ifndef MUSERHISTOGRAMS H

#define MUSERAT

7/ e

#include <complex>
#include <vector>

7/ own

#include "Graniitti/Md2.h
#include "Graniitti/MKinematics.h"

namespace gra {

class MUserHistograms (
public

// Constructor, destructor
MUserHistograms ()
“MUsersistograms () {}

void Initistograns();
void FillHist (double totalweight
void Yxxntl-hstﬂl;rams 0
void SetHistograms (unsigned int in) { HIST = in;
void FillCosThetaPhi (double tot

const gra::L R sscalar);

)
ht, const gra

&scalar);
7/ Histograns indexed by name std: :string

string, MHl<double>> m,
string, MHZ>

H

s map<std!

unsigned int HIST = 0; // Histogramming level

) // namespace gra

#endif

./include/Graniitti/MSpin.h

1/1

// Spin polarization and correlation functions
Va

// (c) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <htt

/opensource.org/licenses/MIT> .
#ifndef 1
#define s

7/ ces

#include <complex>
#include <random>
: #include <vector>

// own
#include "Graniitti/MKinematics.h"
#include "Graniitti/MRandom.h"

namespace gra (
namespace spin (

10 Matrix<std: lculateFMatrix (const sbranch) ;
void TreeRecursion (MbecayBranch sbranch);

: void (const &by i sout);

a:

:std: gra

AR slts, gr:

PARMM RES &res);
sta: : gra::PARAM_RES &res);

: void GetRhoRotation(const gra::LORENTZSCALAR &lts, const std:
double &phi_R);

Matrix<std: :complex<double>> DMatrix (double J,
MMatrix<std::complex<double>> fMatrix(const MMatrix<std
: dos

uble 52, double theta, double phi);

<double> SpinProjections (double J);
voia x..nmtnxxgrs HELMatrix &hc, const gra::MParticle &p,
st gra::MParticle &p2);

// spin-Statistics

bool BoseSymmetry(int 1, int s);

: bool FermiSymmetry(int 1, int s);

{/ Spin algebra functions

ClebschGordan (double j1, double j2, double ml,

W3jrules(double jl, double j2, double j3, double ml,

TriangleCoeff (double j1, double j2, double

omplexcdouble> WignssD (double theta, double phi.
gnerSmalld(double theta, double m, doubl

double mp, doubl
// Density matrix functions

// Set matrix to Minkowski metric
void Minkowski() {
for (std:isize_t i = 0; i < rows; ++i) {
for (stdirsize t j = 0; j < cols; ++3) {
double sign (1>08& 3 >0 ?-1.0
this-> operator() (i, J) 3
)

2 sign * 1.0

)

// For initializing with a

{row0-vector, rowl-vector,
// where each row is std:
7,

tvector<T>

st

// Row-major order!

Miatrix(std::initializer_list<std:
rows = list.size();

cols = list.begin()->size();

data = new T(rows * cols];

vector<T>> list)

sta:
for (const auto &v i list)
for :
ey

et j = 0; j < cols; ++3) { datalcols * i + 3] = v(jl; )

// For initializing with a = ( (}, (1, (] }
/

// Row-major order!

33);
double m, double mp, double J);

double theta_mother, double phi_mother);
complex<double>> &T, double J,

const gra::Mparticle &pl,

:string GFRAME, double stheta R,

double s1,

double m2, double j, double m);
CGrules (double j1, double j2, double ml, double m2, double j, double m);
chalfint (double x);

cint (double x);

isequal (double x, double y);

W33 (double j1, double j2, double j3, double ml, double m2, double m3);

double m2, double m3);

: bool srho, unsigned int 7);
Mt rix<std: : complex<double>> RandomRho (unsigned int J, bool parity, MRandom &rng);
: double MMatrix<std: sxho)
) // namespace spin
) 7/ namespace gra
#ondif
./include/Graniitti/MMatrix.h 1/5
// Mininal templated matrix class [HEADER ONLY class]
7
7/ (e) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.
Fifndes MUATRTX
Hdefine MUATRIX
#include <initializer list>
#include <iomanip>
#include <iostream>
namespace ara (
// Constant size matrix
: template <typename T>
class Miatrix (
public:
Miatrix() : rows(0), cols(0) { data = nullptr; }
MHstrix(s5d:saize t ¥, std:isizet o (
ol - &
new T[rows * colsl;
i11(data, data + rows * cols, T(); // No initialization
T value) {
<
new T(rows * colsl;
ifill(data, data + rows * cols, T(value)); // Tnitialization
)
MMatrix(std::size_t r, std:isize_t ¢, comst std::string &special) {
new T{rows * colsl;
if (special ver) {
std::fill(data, data + rows * cols, T(0.0));
"minkowslei")
std::fill(data, data + rows * cols, T(0.0));
Minkowski ();
) else {
throw std::invalid_argument ("MMatrix: Unknown initialization string:" + special);
)
)
// Set matrix to identity [diagonal = 1, otherwise 0]
void Identity() {
for (std:isizet i = 0; i < rows; ++i) {
for (std:isize t 3 < cols; ++3) ( this->operator() (i, 3) 21.0 5 0.0; )
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matrix (std:

s = list.size();

Cols - 1ist begin()->size);
new T(rows * cols]

data
st 0;
for (consE auto & ¢ 1ist) (
stdrisize t ;
for (const auto &w : v) (
datalcols * 1 + 3] = wj
++3;
}
shi;

)
)

// copy constructor
MMatrix (const MMatrix &a) {
cols = a.cols;
data = new T(rows * cols];

// Copy all elements
Copy (a);
)

“Miatrix() (
// delete dynamically allocated memory

delete(] data;

// Assignment operator
MMatrix soperator=(const MMatrix arhs)
ata != rhs.data & rhs.data != nullptr)

it (
ReSize (rhs.rows, rhs.cols);
Copy (rhs) ;
return *this;
11151

// For indexing with
rder.

// Row-major o

B p-xntarl](cenlr_ stdiisize t arow) {

// Row-major order!
T soperator () (std::size t i, std:
if (5 >= rows || 3 (

throw std::out_of range ("Matrix

tsizet 3) (

Index

return datafcols * i + 31;

tsizet i,
I3 >= cols) ¢
out_of_range ("Miatrix

const T operator () (std:

Index

}
return datafcols * i + j1;

nitializer_list<std::initializer_list<T>> list)

T
const T *operator|] (const std::size_t &row) comst { return data + cols * row;

std::size

5
«

«

return data + cols * row;

)

over matrix dimensions!");

t 3) const {

over matrix dimensions!");

a
// Add to the left
MMatrix soperator+=(const MMatrix &rhs) {

for (std::size t i i< rows; ++i)
for (std:iisizet j = 0; j < cols; ++3) {

)

return *this;

// Subtract to the left
MMatrix soperator-=(const MMatrix &rhs) {
ti=0; i< rows; ++i)

this->operator () (i, 3) += rhs(i](3]; }

chslil(31; )

3

./include/Graniitti/MMatrix.h

)
}

)
return C;

for (std::siz i
for (std:isizet § = 0; j < cols; ++3) [ this->operator() (i,
return *this
Va
// Return negated matrix
MMatrix operator-() const {
MMatrix out (rows, cols);
for (std:isizet i = 0; i < rows; ++i) {
for (stdiisize t j = 0; j < cols; ++j) { out(i][j] = -this->operator() (i, 3); }
)
return out;
4/5

0; 3 < cols; ++3

For (ot oizet 3

return sum;

7/ F
double FrobNorn() const | return std:

// Frobenius norm squared
doule Froblorm2 () const {

i=0; i< rows;

M¥atrix Dagger() const { return ConjTr

vectos

/7 Gt disgonal
const (

:+invalid_argunent (et

)
std:ivector<T> d(rows);

(std::size_t i = 0; i < rows;

for (std:isize_t j

// Size operators

77
// Sum all elements
T sun() const {
T sun(0
for (st .t 1= 0; i< rows; ++i) {
) { sum += this->operator() (i,

diito_string(rows) + " .

+4i)

EIF

ssqrt (FrobNorm2 ()); }

izt L= 0; 1 < rowa; 4+ (
=0 3 < cols; ++3) (
alue bs (this->operator () (1, 3));
sum += value * value; // |a_ij|"2
}
)
return sum;
// Get transposed matrix
MMatrix Transpose() comst {
Miatrix out (cols, rows
++i)

{
+3) this->operator() (i, )i

=0+ std:

{ dli] = this->operator() (i, i); }

u]) { std::cout << this->operator() (i,

)

for (std::size_t
for (std:iisizet j = 0; 3 < cols; ++3) | out(3](1] =
)
zeturn out;
// Get conjugate transposed matrix (dagger)
MMatrix ConjTranspose() const {
Matrix out (cols, rows);
for (std:isize t i = 0; i < rows; ++i) {
for (std:irsize_t j = 0; j < cols; ++3) { out(3][i] = std::conj(this->operator () (i,
return out;
anspose ()7 }

GetDiag: Only defined for square matrices,
tto_string(cols));

Only defined for square matrices, rows = " +
o string(oole));

3

EN

o s) 0
throw std::invalid_argument ("MMatrix::Trace
std::to_string(rows) + ', cols =
}
T sun
for lordsiokze_t £ = 0 1 < xowss ++1) [ sum 4= this->operator() (1, 1); 1
return sum;
T Tr() comst { return Trace(); }
void Print (const std:istring iname ) const {
<< "MMatrix::Print: " << name << ' [" << rows << " x ' << cols << "]" << std:

<< e

./include/Graniitti/MMatrix.h
)

// Add two matrices

)
return out;

MMatrix operators(const MMatrix &rhs)

M¥atrix operator-(const MMatrix &rhs)

3/5

const {

MMatrix out (rows, cols);
if (rows != rhs.size_row() || cols rhs.size_col())
throw std::invalid_argument ("MMatrix:: Matrix + Matrix with invalid dimensions");
for (std:isizet i = 0; i < rows; ++i) {
for (stdirsize t j = 0; j < cols; ++3) { out[i][j] = this->operator() (i, i) + rhs(i][]; }
}
return out;
// Subtract two matrices
const {

Matrix out (rous, cols
rhs.size_row() || cols mha-sizecol()) |
invalid argunent (Madacrix = Matrix with invalid dimensions");
for (stdsisize_t i = 0; i < rows; ++i)
for (std::size_t j 0; 3 < cols; H]) { out[i][]j] = this->operator() (i, j) - rhs[il[3]; }

"safety” reasons (can lead t

V4
V4
// We do not allow addition or substraction by scalar, for dimensional

o accidental results), thus only multiplicative

for (std:

}
return out;

MMatrix<T> C(n, p, 0.0);

rhs.size_row()

if (cols

throw std:

// over [i,j] of ¢

for (std:isizet i = 0; i

for (std:isizet j = 0
for (std:isizet k

include/Graniitti/MMatrix.h
size_t size_row() const
iisize_t size_col()

private:

void Copy (conat Miatrix ia)
TP
T g

white (55 duta) (o
)

// Re-Allocate
void ReSize (std::size_t T,
if (data !'= nullptr)

size_t rows;
.s(d::srxe t cols;
T data;

)i

) // namespace gra

8
: #endif

}

tiendl;

CIi1[3] += this->operator() (i,

, stdiisize
{ delete(] data; }

7
7/ operations.
// Multiply by a scalar
MMatrix operator*(const T Grhs) conmst (
iatzix out (rovs, cols);
for (std:isize_t i = 0; i < rows; ++i) 1
for et 3= 0; j < cols; ++3) { out[i][j] = this->operator() (i, j) * rhs; )
zeturn out;
// bivide by a scala
{Watrix operator (const T axhs) const {
MMatrix out (rows, cols
for 0; 4 < rows; ++i)
for (sta 5 Zesiar 430 ( outi4]13] = thia->operator() (1, %) / rha )
)
zeturn out;
7
7/ patrix (this) - vector [rha) multiplication
vector<T> operator* (const vector<T> &rhs) const (
L naoeize ) e cote)
throw std::invalid_argument (
"MMatrix:: matrix * vector product with invalid dimension on rhs");
}
std::vector<T> out(rows, 0.0); // Init!
for (std::size_t < xows; ++i)
isize_t § = 0; 3 < cols; ++3) ( out[i] += this->operator() (i, 3) * rhs(3l; }

[rhs] multiplication

// Matrix (this] * Matrix
M¥atrix operator*(const MMatrix &rhs) const {
const std:isizet n = rows;
coll
rhs.size_col();

// Note initialization to 0.0!

)
matrix * matrix product with invalid dimensions");

rinvalid_argument ("Miatrix

K) * rhs(k1[§1; // notice plus

5/5

t ( return rows; }

const { return cols; }

// Copy data from a to *this (after ReSize)

a + rows * cols;
a.data + rows * cols;
b -

o) 1
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// Optimal Transport Class

7

7

7/ (e) 2017-2020 Mikael Mieskolainen

: // Licensed under the MIT License <http://opensource.org/licenses/MIT>.

#include <vector>
// Eigen
#include <Eigen/Dense>
: #include "Graniitti/MMatrix.h"
#include "Graniitti/MTensor.h"
3

: namespace gra {
: namespace opt {

void ConvKernel (std::size_t
Void GibbeKernel (double anbda,

_t m, double lambda, MMatrix<double>s K);
conet Mhiatrikcdoubion ¢, Miateixcdounions )7
double

st Mvat X,
St isizet iter)s

sta::
A tvestor<doublers o

) // namespace opt
)} // namespace gra

: fendif

A iitti
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// sigmoid

inline dual sigmoid(dual z) { return 1.0 /
// Modified Sigmoid

inline dual logexp(dual z) {
const double alpha =

25
return 1.0 / alpha * log((1.0 + exp(alpha * 2)) /

(1.0 + exp(-2)); }

(1.0 + exp(alpha * (z = 1.00)));

// Gaussian

: dua: prob(const Vectorkdual 4z, double mu,
dual prod = 1.0;

for (int i .size(); ++1) {
prod *= (1. o/ aqre(s S PE+ sidma + signa)) * exp(-(z(i] - mu) +

double sigma) {

(204] - ma) / 2.00;
return prod;

// Feedforward Network layer
class Layer (
publi
Layezunc M, int

et riaxdval (,
Vectorxdual (M) ;

5

)

Layer() {1
Matrixxdual w;
VectorXdual b
Vi

// Parameter struct
: struct NetParams {
vector<Layer> Lj

// Return number of parameters
int sizeparan() {
int k = 0;
“or forartoize s 1
for (std::sizet 1
return k;

0; 1< L.size(); ++1)
07 1< L.size(); ++1)

L{1].w.rows() * LIl].w.cols(); }
LI1].b.size ()

= 0; // Integral dimension
dual alpha;
Vi

// Global parameters
: NetParams par;

// Neural network function G: D°N -> DN, D = [0 ... 1]
77

// This depends on global parameter struct p
Vi

: VectorXdual G_net (const VectorXdual &x) (
const double beta = 0.5;

// Network input

VectorXdual in(x.size());

for (std::size_t i = 0; i < (unsigned int)x.size(); ++i) { in[i] = x[il; )

// Network layers

for (std:isizet 1= ar.L.size() -

< +41)
VectorXdual out (l-wZ LIJ] w.rows());

(unsigned int)par.LIl].w.rows(); ++i) (
="0; 3 < (unsigned int)par.L(l].w.cols(); ++3) (
+= par.Llll.u(i, §) * in(3);
}

out[il = hypertanh(out[il + par.L[1].b[il) * beta + (1.0 - beta) * out[il;
)
in = out; // Next layer input is this layer output

)

// output layer compression to [0,1] range

const unsigned int last = par.L.size()

Vectorxdual out (par.L{last].w.rous ()

for (std:isize t i = 0, (unsigned int)par.L(last].w.rows(); ++i) (

(unsigned int)par.L[last].w.cols(); ++i) {
par. L[last] Wi, )+ in(3);

Logexp(out[i] + par.L[last].b[il);

return out;

d iitti
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high energy diffraction

thub. con/mieskolainen/graniitti

7/ <NeuroJacobian neural net prototype>

Va

// (c) 2017-2020 Mikael Mieskolainen

/ Licensed under the MIT License <http://opensource.org/licenses/MIT>
10: #ifndef MNEUROJACO!
#define MEURO.

155/ cor inctuces
14: #include <future>

/7 own

#include <Graniitti/MAux.h>
#include <Graniitti/MH2.h>
20: #include <Graniitti/MMath.h>

21: #include <Graniitti/MProcess.h>
22: #include <Graniitti/MRandom.h>
23:

24: // EBigen includes

25: #include <Eigen/Core>

261

// 1-BFGS algorithms
#include <LBFGS/include/LBFGS.h>

: #include <autodiff/forward.hpp>
#include <autodiff/forward/eigen

hpp>
: using namespace gra;

using g
: using gr s
391 using Geatinach: ipowz;

indices;

Vectorxd;

ra |
nanespsce neuzodas {

t*ptfptr) (const std::vector<double> &randvec,
AuxIntData & ) = wproces

EventWeight;
: // Function to be integrated

double func (std::vector<double> &x) {

if (FLAT_TARGET) { return 1.0; )

gra::AuxIntData aux;

aux.vegasweight = 1.0;
au burn_in node - false;
doy v

cptr) (x, aun);
// Mumerical protection
isnan(y) || std

Cy=0.0; }

// Exponential linear unit
¢ inline dual elu(dual z) {
(z >= 0.0) {

et exp(z) - 1.0;

// Hyperbolic functions

: inline dual hypersinh(dual z) { return (exp(z) - exp(-2)) / 2;

82: inline dual hypertanh(dual z) ( return (exp(2.0 * z) - 1.0) / 4exp(z 0%z +1.00; )
83:

sitei

: class MNeuroJacobian (
public:
MNeuroJacobian () {}
“MNeuroJacobian() {}

// vector format

to parameters

:1vector<double> 4w, NetParams par) |
1< par.l.size(; +41) {
i< (unsigned int)par.Ll].w.rows(); ++i) {

t3=0; §< (unsigned int)par.Ll1l.w.cols(); ++3) {
Ear LU Wi 3 - Wikl

for (std:isizet 1 = 0; 1 < par.L.size();
for (std:iisize t j = 0; j < (unsigned in[ypar L1].b.size();
par.L{1].b(J) = wikl;
P

++9)

7/ Randon init for parameter vecto
cctor<double> Randominit (NetParams spar,
cror<double> wipar size_paran());
0;

double sigma) (
unsigned int

// Connection matrices with random initialization
for (std::size t 1 = 0; 1 < par.L.size(); ++1) {
for (std:isize t i = 0; i < (unsigned int)par.Lll].w.rows(); ++i) (
for (stdiisize t j = 0; j < (unsigned int)par.L[l].w.cols(); ++3) {
WIK] o vandx-G(0, sigma) * sart (2.0 / par-LiLl.w.eols ()} // Horet all style

44k

for (std:isize t 1 = 0; 1 < par.L.size(); ++1)

i < (unsigned int)par.L[1].b.size(); ++i) (

return w;

// Kullback-Leibler divergence loss function
Vi

Va
// For KL-di and
CE: Leow et al., Statistical Properties of Jacobian Maps ..., 20071
7/ bietp:/ /mw-sop. inria- Modiu. /Leow_TMIO7_ o

7} o pevsal netioris and Jacons
D.

// [REF Tensorelow Bijector API,
7/ bieps: anin: vri]/aba/l"ll 10604v1]

7/ atrix dexivative res ults,
// [REFERENCE: M. Giles, http://eprints.maths.ox.
Va

uk/1079/1/NA-08-01.paf]
// MC Integration:

// [REFERENCE:
i

Bendavid, https://arxiv.org/pdf/1707.00028.pdf]

Va
static double singleloss(VectorXdual &z, const NetParams &par) {
// Input likelihood value
double p = val(gaussprob(z, 0, 1));
// Evaluate network
Vectorxdual u = G_net(z);

// Jacobian matrix du/dz [AUTODIFF]
Matrixxdual J = jacobian(G_net, u, 2);

// Absolute Jacobian determinant

double absbetJ = abs (val(J.determinant ()));

V4
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// Evaluate integrand function
d::vector<double> u_(u.size());
i< (unsigned int)u.size(); ++1) { u_(i) = val@lil); )

// Prior term
double KL = 0.0;
if (p > 0) ( KL = log(p); |

// Jacobian determinant term
if (absDetJ > 0) { KL = KL - log(absDetd); }

// Target function fidelity term
if (£6 > 0) ( KL = KL - log(£6); }

return KL;

static dual loss(Vectorkdual &7, const NetParams &par)
Vectorxdual z (p
dual sumloss = 0.0;

{/ Foep over all samples
int k = 0;
white (ere ¢

/ Pick prior p(z) distribution sample
sizet L= 0; i< (umsigned int)par.D; ++i) (

sumloss + smg1e1ussu. par);
2z.size()) break,

}
return sumloss;

// Bvaluate loss and gradient vector
static double C: t std: std: sgraav) {
37 Genorate now viteuar pateh Zron noise aeribution (rior)
Vectorxdual z(BATCHSIZE * par.
for ti=0; i< mnngn.a int)z.size(); ++1) { 2[i) = randx.G(0, 1); }

// Update vector to global parameters
Vec2Par (w, par);

// Evaluate gradient vector components numerically (not very optimal..)
td:isize_t 0;
Gradv.resize (w-size());

// Mumerical derivative epsilon
const double h = le-4;

for (stdiisizet 1 = 0; 1 < par.L.size(); ++1) {
for (std:isize t i = 0; i < (unsigned int)par.L[l].w.rows(); ++i) (
for (std:isize_t j 3 < (unsigned int)par.Lll.w.cols(); ++i) {
par.L(1].u(i, 3] + b
const double £_pos - val(loss (z, par));
wik]

const double f_neg = e, par));
gradv(k] = (f_pos - f_neg) / (2 * h);

par.L{1].w(i, 3) = w[kl; // back to previous value
ok

](parlezeUy 1
j < (unsigned int)par.L{l].b.size(); ++3) {
Cwtel + n

veliloss (z, par));

[

par.L1].b(3)
const double f_pos
par.L1].b(3)
const double f_neg = val(lnss(z, par));

grady (k] = (fpos - fneg) / (2 * h);
par.L{1].b(j) = wm, // back to previous value
+4k;
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stdiicout << "£(x) = " << f£x << std::endl;

419: private:

420 class Neurocost {

publi

Newrocost (int _n) { n =

double fx = 0.0;

double operator () (const VectorXd &x, VectorXd sgrad) {
// Map to vectors

vector<double> w(x.size(), 0.

::vector<double> gradv (x. el b

for (std:irsize t i = 0; i < (unsigned int)x.size(); ++i) { w(i] = x(i]; }

£x = CostGrad(w, gradv);

for (std:irsize t i = 0; i < (unsigned int)x.size(); ++i) { grad[i] = gradv(il;

retusn £x;

private
int n;

// M¥euroJacobian

// Namespace neurojac
// Namespace gra

147:
448: fenair

)
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const double cost = val(loss(z, par));
std::cout << "loss < cost <<
return cost;

// Naive gradient descent
void NaiveGradDesc(std::vector<double> &w, unsigned int MAXITER, double rate) (
"

// Gradient Descent
// w_n+1 = w_n - gamma*Grad (F (w_n))
unsigned int iter = 0;

[/ gradutent vect
ta. tor<double> gradv(w.size(), 0.0);

while (true)

ent update
0; k < gradv.size(; ++k) (

wik] = wik) - rate * gradv(kl;

Printf("wl%3lu] = %6.3f  <gradv[:3lu] = $10.38> \n", k, wlkl, X, gradv(kl);

+riter;

if (iter > MAXITER) bre

)

// Test network dimensions
void TestNetworkDimensions () {
for (std:isize_t 1= 0; 1 < par.L.size() - 1; ++1) (
if (par.L(l + 1] 15 () L{1].w.rows ()
throw std::invalid_argument ("Network layer dimension mismatch!");

)
)

// optimize network
void Optimize() {
7

[/ Zandon init (too high signa > may get trapped to a bad local minina)

double igma = le-d;
Seas reector<double> RandonInit (par, sigma);

7"
// By Jacobi formula: d/dt ln det A(t) = tr(A(t)*{-1} d/dt A]
V4

const unsigned int n = w.size();
LBFGSParan<double> param;
// Initial guess

Vectorxd x = VectorXd::Zero(n);
for (std: 0; i < +4) ( x[1] = wlil; }

// Function object
Neurocost fun(n);

// x will be overwritten to be the best point found
double £x;

int  niter;

FLAT_TARGET = true;
out << "Solving flat target

paran.epsilon = le-q;
param.max_iterations = 10;

LeFGSSolver doubler solverd (paran);
olver0.minimize (fun, x, £x);

FLAT_TARGET = false;
std:icout << "Solving real target: " << std::endl;

paran.epsilon = le-q;
param.max_iterations = 20;

LeFGSsolversdouble> solverd (paran);
Lverl.minimize (fun, x, £x);

out << niter << " iterations' << std::endl;
tcout << "x = \n" << x.transpose() << std::endl;
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// 1/0 aux functions
’

7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/licenses/MIT>

: #ifndef MAUX H
#define MAUX K

// ¢
: #include <limits.h>

#include <stdexcept>
#include <vector>
//#include <experimental/filesystem>

7/ own
2: #include "Graniitti/Mivec
#include "Graniitti/MMatrix.h"

+ // LHAPDF
#include "LHAPDF/LHAPDE.h"

// Hepuc3
: #include "HepMC3/FourVector.h"

// Eig
: #include <Eigen/Dense>

// Libraries
5: #include "rang.hpp"
namespace gra {
namespace aux {

// Example:

Va

// @SOMECOMMAND:value

// @PDG[992] (M:300, W:0}

// Format options:

a

. value>

7/ @idivalue is represented with map<"_SINGLET_

// @id:value
// eid{arg}
7/ eidi](arg)

: // eid[targetl, target2,...] (arg)

struct Onecp (

st id;

target;
std::string> arg;

void Print() (
std:icout << "id ¢ "

sta: t << "[target] ;
for (stdiisizet 1= 0; i< target.size(); ++4) (
cout << target[il;

if (i < target.size() - 1) { stdiicout << % |

)
sta: .

out << "]

<< "arg) : " << std::iendl;
for kconst auto gx : arg) ( stdiicowt << x.first << "
sta: td:zendl;

" << x.second << std::endl; }

// MiVec to HephC3: :FourVector
inline HepMC3::FourVector MAVec2HephC3 (const MéVec &v) {
return HepC3: :FourVector (v.X(), v.¥(), v.20, v.EQ);
)
// HepNC3: :Fourvector to MAVe
inline MAVec HepMCZMAVec(const HepliC3::FourVector &v) ( return MAVec(v.x(), v.y(), v.z(), v.e0));

// Eigen to std::vector
inline std::vector<double> Eigen2Vector (const Eigen::Vectorkd &x) {
ectorcdoubies ¥ (k5120017

)
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bool trimextraspace = true);
SplitStr2Int (std::string input, const char delim = ',');
tring> Extract (const std::string &str)

for (int i = 0; i < x.size(); ++i) ( y[i] = x[il; }
return y;

// Split string to int or double
: template <class T

£ svector<T> splitsts (st
{vectorers put;
a Hetringatrean oo (iaput)

vector to Eigen
: template <typename T>

inline Eigen::Vestorkd VectorZSigen(const std::vector<D> &) (
Eigen::VectorXd y(x.size());

for (std:isize t i i< x.size0); ++i) [ yI4]
zeturn v;

string input, T type, const char delim = ' ‘) {

x141; )

// Get inputfiles by comma
while (ss.good()) {
tring subst

951
96: // MMatrix to Eigen matrix
etline(ss, substr, delim);

97: template <typename T>
atrixXd MatrixZEigen(const MMatrix<T> &M) {
tiMatrixxd eM(M.size_row(), M.size_col());
size t i = 0; i < M.size_row(); ++)
size_t = 0; 3 < M.size_col(); ++3) { eM(i, 3) = MIi1[31; )

TrimBxtraspace (substr) ;

// petect type >>

if (std::is_same<T, int>
output .push_back (std:

toi (substr)) ;

// System information // double
void PrintArgv(int argc, char *argv(]); else if (std::is_same<T, double>::value) (
: void AutoDownloa DF (const std::string pdfname); output.push_back (std: :stod (substr)) ;
)

std::string ExecCommand (const std::string &cmd);
sstring GetExecutablepath();
tring GetBasePath(std::size_t level);

return output;

// Check if file exist
| hbol Filemxist (const std:iatring snane);
9

| Dooi Fitervise (const std: :experinental: :£ilesysten: :pathe p,
xperimental::filesystem::file_status s
m::file_status(]);

oid PrintNotice();

string &filename);

std::uintmax_t GetFileSize (const std: hScreen (rang::fg peolor);
)i

: void PrintVersion(

: void GetProcessMemory (double peak_use, double &resident_use);
122: void tDiskUsage (const std::string Gpath, int64_t &size, int64_t &free, int64_t used);
123: unsigned long long TotalSystememory (); // Bar print
st ystename () ; void PrintBar (std::string str, unsigned int N = 74);

Hosthame (1

string DateTime(); 209: // create directory

210: void CreateDirectory (st

string fullpath);

// Progress b 211
void PrintProgress (double ratio); 212: // Version information
i void ClearProgress(); 213: void CheckUpdate () ;

214: void CreateVersionJSON();
215

// djbzhash function

: unsigned long djbZhash(const std: Getversion () ;

GetVersionType () ;
Getversionbate () ;

Getversionpdate () ;
GetVersionstring();
g GetVersionTLatex();

// Input processing
std::string GetInputData(const std::string &inputfile); 222: std::string GetWebTlatex();

string &s);

// simple CSV reader
void ReadCSV(const std:

vector<std

sstring sinputfile, std string>> Goutput);

// Assert functions

141
: bool IsIntegerDigits(const std::string &str);
2

// Check cut, lower value needs to be smaller than upper value

143: // Trim extra spaces of a string
s a

template <typename T
; 229: bool AssertCut (std::vector<T» cut, const std::string &name = '*, bool dothrow = false) {
i if (cut.size() != 2) (
throw std::invalid_argument ("AssertCut: Input ‘" + name + "' vector size not 2");

148: void TrimAllSpace(std::string &value);
149:

if (cut(1] <= cut[0]) {
if (dothrow)
std::string message = "AssertCut: Input '* + name + "
L o_string(cut[1]) +
"] (maximum value smaller than minimum value)";
nvalid_argument (message) ;

: // Number to string with formatting
: template <typename T>

tring ToString(const T value, const unsigned int n = 6) {
std::ostringstream out;
out.precision(n);
out << std::fixed << value;
return out.str();

‘ with [* + std::to_string(cut[0]) +

throw std

return false;

return true;
// ouantum numbers as a strin
std::string ParityToString (int value);
sstring ChargedXtostring(int q3);
tring Spin2XtoString(int J2);

: template <typename T>
248: bool B cut, std:: bounds, const std::string &name
bool dothrow = false) {

// string splittin
std:: :

tring> Spl sistring input, const char delim . 249:
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iterator begin() const { return {0}; }

250:  if (cut.size() !
51 iterator end() const { return {n}; }

2) {
throw std::invalid_argument ("AssertCutRange: Input " + mame + "' vector size not 2");

)
if (1AssertCut (cut, name, dothrow)) ( return false; | Tn;
i€ (cut[0) < bounds(0] || cut(1) > bounds[1])

if (dothrow) { emplate <typename T, typename Index = typemame T::size_type>

index_range<Index> indices(const T &container) {
return {container.size()];

string message = "AssectCuthange: Input % + name + ™7 with [* ¢ stdiitostring(eut(0)) +
+ std::to_string(cut[1]) + "] + " invalid given bounds

std: :to_string (bounds(0]) + stdi:to_string(bounds(1]) +

nvalid_argument (message) ;

throw std::

return false;

SplitCommands (const std::string &fullstr);
Fi std::string &str, const std;

tstring &sub);

return true;
) // namespace aux

) // namespace gra
ction, threshold 0.01 means 1 percent ac

// Assert compare fun
gemplate <typename T
(T value, 2 threshold, const std
oot dotheow = £atee) (
bool ok = false;
const T ratio = value / reference;
if (ratio < (1.0 + threshold) && ratio > (1.0 - threshold)) ( ok = true; )

#endif

throw std: :invalid argunent ("AssesRatio: Input ' + name + '’ = ! + std:i:to_string (value) +
ithin reference + std::to_string(reference)
" Gnder threshold to_string (threshold));

)
return ok;

// Assert range (a,b]
template <typename T>
: bool AssertRange(T value, std::vector<T> range, comst std::string &name = ',
L dotbrow = false)
if (range.size() ¢
throw s\:d::xnva])d axgumen({“}\sseztk.mqe Input " + name + " , range vector size is not 21");

bool ok = false;
if (value >= range(0] & value <= range(1]) ( ok = true; )
if (lok && dothrow)
theow std: :invalid argument ("AssestRange: Input v+ mame + " = U+ std:ito_string(value) +
et of sange [* 4 std:ite string(ange(o]) +
o_string(range(1]) + "1");

sta:

)
return ok;

// Assert value if found from a set of numbers
template <typename T>
bool AssertSet (T value, std:
bool ok = false;
for (const auto &i : set) {

ector<T> set, const std::string &name = ', bool dothrow = false) (

)
if (lok && dothrow) (

throw std::invalid_argument ("AssertSet: Input ‘" + name + "' =
mot £ound From the inpet sete);

+ std::to_string(value) +

)
return ok;

Vi
// Templates for enhanced index based looping
// for (const autos i : indices(vector)) { vector[i] = foo; ... }

template <typename T>
struct index_range {
struct iterator {

bool operator!=(iterator x) const { return index != x.index; }
iterator operatortt ()
++index;

return *this;
T operator*() const { return index; }

T index;
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1: // Simple in-place Fast Fourier Transform with radix-2 using std:: // GRANIITTI Monte Carlo main class
Vi

// Normalization is 1 to 1, that is: ifft( £ft(x) ) = x 3: // (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.
77 s
65 // (c) 2017-2020 Mikael Mieskolainen 6: #ifndef MGRANIITTIH
7/ Licensed under the MIT License <http://opensource.org/licenses/MIT>. 7: #define MGRANIITTI_H
8:
#ifnde MFFT_H 91 // Cor

TH 10: #include <complex>
11: #include <mutex>
12: #include <random>

13: #include <thread>

14: #include <vector>

#define 1F

#include <complex>
#include <valarray>

// Hepuc3

namespace gra {
#include "HepMC3/GenEvent .h"

#ifndef 1T
#define 1 Pl 3.1415926535897932384626433832795028841971693993751058209749441 #include "HepMC3/WriterAscii.h"
#endif #include "HepMC3/WriterAsciiHephC2. h"

#include "HepMC3/WriterHEPEVT.h"

namespace MFFT ( :
// In-place Cooleyd\200\223Tukey FFT 22: // own
template <typename #include "Graniitti/M4Vec.h"
: void £fE(std::valarray<std::complex<T>> &x) { #include "Graniitti/MAux.h
const std::size t N = x.size(); #include "Graniitti/MContinuum.h"
if (v return; } // Trivial case/recursion ends, X = X #include "Graniitti/MEikonal.h"
Af (N s (N - 1)) 1= 0)
throw std: tinvalid_ssgunent (|ERROR: MIFT£e6: Input x.size()
ot a power of 21");

+ std::to_string(N) +

)

Graniitti/MQuasiElastic.h"
#include "Graniitti/MSpin.h"
#include "Graniitti/MTimer.h"
#include "Graniitti/MVEGAS.h

7/ Radix-2 step
valarray<std:
valarray<std.

omplex<T>> E = x[std:

Lice (0, 8 /2, D1
omplex<I>> 0 = x[std: 1i

lice(1, N / 2,

s

// Even and odd part via recursion
MFFT::E£E (E);
MFFT.

namespace gra {

39: // Simple MC parameters
o) L 0: struct MCPARAM (
std:zexp (std doubl.
K Bk] + O[k] * t;
x[k + N / 2] E[k] - O[K] * t;
)

BRECISION = 0.05; // Integral relative precision

omplex<T>(0, -2.0 * M_PI * k / N));
unsigned int MIN_EVENTS = 1000000; // Minimum number of events to be sampled

// Integration statistics
class stats
public

// In-place Cooley-Tukey IFFT
void Accumulate (const gra::AuxIntData Gaux) (

template <typename T>

void ifft(std::valarray<std::complex<T>> &x) { evaluations +
: x = x.apply(std::conj); // Conjugate
MFET::EFE (x) 5 /7 FPT amplitude_ok += (aux.amplitude_ok ? L0);
kinematics_ok (aux.kinematics_ok 0.0);

x = x.apply(stdiiconi); // Conjugate
/= x.size); // Normalize

fidcuts_ok += (aux.fidcuts_ok ? 1.0
vetocuts_ok += (aux.vetocuts_ok 2 1.0

}
)} // namespace MFFT

// calculate integrated cross section sigma and

)} // gra namespace ends it
V) Ciror for direct. (simpic) sampling. NOT TO 8F USED WITH vEGAS!

#endif void CalculateCrossSection ()
1/ <e>
sigma = oun | evalvations;
/7 errn2 = <£ e
slqma_eer raum ) evaluations - gra::imath::pow? (sigma)
7/ err_trials - err2 / sqrt(trials) (standard error of the mean)
sigma_err = gra::math:imsqrt (sigma_err2 / evaluations);
double amplitude_ok = 0.0;
double kinematics_ok = 0.0;
double fidcuts_ok 0.0;
double vetocuts_ok = 0.0;
// Keep as double to avoid overflow of range
double evaluations = 0.0; // Integrand evaluations
double trials 0.0; // Event generation trials
unsigned int generated = 0.0; // Event generation
unsigned int N_overflow = 0.0; // Weight overflows
{/ Gross section and its error
double sigma = 0.0;
double sigma_err = 0.0;
double sigma_ers2 = 0.0;
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void Getxs(double éxs, double dxe_err) const (
= stat.sigma

// Weight statistics FLAT MC
0; xs_err = stat.sigma err;

double Hs: ;
double Wzsum = 0.0; )
iouble maxi i

// Set number of (un)weighted events to be generated
void SetNumberOfEvents (int n)
if (n<0)
throw std::invalid_argument (
‘MGraniitti: :SetNumberOfEvents():: Error: Number
of events < 01");

{/ Weight statistics VEGAS MC
double maxt i
Gouble ohiz = 0.0

class MGraniitei (
public:
// Destructor & Constructor
MGraniitti();
“MGraniitti();

}
NEVENTS = n;
int GetNumberOfEvents() const { return NEVENTS; )

/7 peturn processes
:string> O const;

// For cross-section for HepMC3 output
void ForceXs (double xs) { xsforced = xs; }

// Initialize generator
void Initialize();

// Read parameters
void Initialize(const MEikonal &eikonal_in);

void ReadInput (const std::string &inputfile, const std::string cmd_PROCESS = "null);

// Process object pointer, public so methods can be accessed

// Initialize memory
MProcess *proc

void InitProcessMemory(std::string process, unsigned int RNDSEED);
void InitMultiMemory();

void PrintHistograms () ;

void ReadGeneralparam(const std:istring Ginputfile);

void (const std::string e const std
void ReadIntegralP ¢ std::string Ginputfil

/ Set simple MC parameters
void SetMCParam (MCPARMM &in);

string cmd_PROCESS = "null");

// Set VEGAS parameters
void SetVegasParam(const VEGASPARAM &in);

{7 Set extemnal file hanale std: s ) const;
vo! (std: :shared_p : iHeplC2> &hepme,
const st OUTPUTNAME) { void Generate();
outeUT = OUTPUTNAME;
"hepme2"; std::string PROCESS = "null"; // Physics process identifier
outputHeplC2 = hepmc;
bool WEIGHTED = false; // Unweighted or weighted event generation

void pMC3 : 1S i> shepme, const std::string GOUTBUINAME) { int NEVENTS = 0; // Number of events to be generated

ouTeUT OUTPUTNAME; cores 0; // Number of CPU cores (threads) in use

= "hepme3"; std::string INTEGRATOR = "null"; // Integrator (VEGAS, FLAT, ...)

FORMAT
outputHeplC3 = hepmc;
) // SILENT ouTeuT
bool HILJAM = false;
// Maximum weight set/get
void  SetMaxweight (double w);
double GetMaxweight () const;

private:
7"

// Copy and assignment disabled by making the private
MGraniitti(const MGraniitti &);
M

// Get number of CPU cores
( € M tei 8);

void SetCores (int N)
CORES = N
if (CORES == 0) { // SETUP number of threads automatically
cores round (st hardware_concurrency() * 1.5);

7

// Integration statistics
stats stat;

// 1f autodetection fails, set 1
if (CORES < 1) { CORES = 1; // Histogram fusion
} bool hist_fusion_done = false;
if (CORES < 0) {

std::string str = "MGraniitti::SetCORES: CORES < 0";

: 7 Input string
throw std

string FULL_INPUT_STR = "null';

invalid_argument (str);

/7 pepuc ovepuecile

string FULL_OUTPUT_STR
:string OUTRUT -
{itring romar

)
int GetCores() const ( return CORES; )

void std::string { INTEGRATOR = integrator; }
void Satwe)gh(adkbuul weighted) { WEIGHTED = weighted; )

// output file name

// hepme3 or hepme? or hepevt

void Setoutput (const std::string foutput) ( OUTRUT = outputs ) ::shared ptr<HepHC3:: runinfo = nullptr;
shared p : i nullptr;

tassseing stomat) | shared ptr<HephC3: Kepicz> - nullptr;

|| format == "hepmcz" || format == hepeve™) ( Shared_ptr<HephC3: vT> nullptr;

RMAT = format;
/{ vEGas creates copies here
ctor<MProcess *> pvec;

invalid_argunent ("MGraniitti::SetFormat: Unknown output format: " + format +

alid: hepme3, hepmc2, hepevt)"); Noont i proc.c;

) MFactorized proc_F;

) MQuasiElastic proc_0;
MParton proc_p;

// special method for combining histograms from each thread
void HistogramFusion(); // Forced cross-section for HepMC3 output

double xsforced = -1;

// Get cross section and error
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[/ Global tining
MTimer global_tictoc;
Mliner local fisrocs
a
// Process MC integration generic variables
=0, event -1

V4 mo
unsigned int GMODE

Va
// FIAT MC
MCPARRM meparam;

/"
// veGas mc

// Parameters
VEGASPARAM vparam;

// DATA
VEGASData VD;

void VEGASInit (unsigned int init, unsigned int calls);
int VEGAS (unsigned int init, unsigned int calls, unsigned int iter, unsigned int N);
void VEGASMultiThread (unsigned int N, unsigned int tid, unsigned int init,

unsigned int LOCALcalls);

Va
void UnifyHistogramBounds ();

// Calculate cross section
void CalculateCrossSection();

// Vegas wrappes
double Vegashrapper (std: svector<double> Grandvec, double Wot);
// Event sampling/generation

void Calllntegrator (unsigned int N);

void SampleVegas (unsigned int N);

void SampleFlat (unsigned int N);

void SampleNeuro (unsigned int N);

7/ Helper functions
PrintInit() const;
SaveEvent (MProcess *pr, double W, double MAXW,
PrintStatus (unsigned int events, unsigned int N,
PrintStatistics (unsigned int N);

PARAM_RES ReadFactorized (const std::string &resparam_str);
InitFileoutput ();

:AuxIntData aux);
double timercut);

const gra:
MTimer &tictoc,

// Interpreter commands
std::vector<aux::OneCMD> syntax;
)i
// Launcher functions
: void MLaunch(MGraniitti gen, int randomseed, int tid, int events);
void MIhreader (MGraniitti sgen

) // namespace gra

: fendif
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©1 = std::make_shared<TCanvas>("cl’, "ci’, 700, 600); // horizontal, vertical
if (RowS !
¢l = std::make_shared<ICanvas>("cl®, "cl’, 700, 450); // horizontal, vertical
c1->Divide (COLS, ROWS, 0.002, 0.001);
// This is needed
gStyle->SetPadleftMargin (0.15);
s
// Cubetelix colormap generator
7: /)
number of discrete steps
start color (1 = r 2 = green ... 3 = red)
humber of helix rotations
hue, with 0 gives blackswhite
7/ gamma = intensity correction
a
i // Default CubeHelix(256, 0.5, -1.5, 1.2, 1.0);
// [REFERENCE: D.A. Green, https://arxiv.org/abs/1108.5083]
/7 heeps:/fuws-nrao. can. ac. uk/"dag/CUEHELIX
{fline std: vector<std: svector<doubles> Cubekelix(int N, double start, double R, dowble hue,
double gamma) (
auto limitfunc - [] (std: :vector<doublers x)
for i< x.size(); ++D) {
i (x[4] < 0.0) ( x[i] = 0.0; }
if (x[i] > 1.0) { x[i] = 1.0; }
)
Color matrix
const std: :vector<std: :vector<double>
(o aser, 170297}, 10 2001, 0. sasm. (1.97204, 0}};
const double PI = 3.14159265359;
// Steps, Red, Green, Blue
st i M4, std:: ™, 0.0));
// Lightning
const double maxlight = 1.0;
const double minlight = 0.0;
const double lightstep = (maxlight - minlight) / N;
for (int i = 1; 1 <= N; ++i) (
// Rotation angle and shift
double alpha = (i - 1.0) / (N - 1.0);
const double phi = 2.0 * PI * (start / 3.0 + 1.0 + R * alpha);
// Apply gamma-correction
alpha = std::pow (alpha, gamna);
const double a = alpha * (1.0 - alpha) / 2.0;
// Affine Map
const std: :vector<double> x = (a ¢ std:icos (phi),  * std:isin(pni));
std: rvector<double = AL0170) - %0] & ACD1 (1)  x(1) & alpha,
AT11[0] * x[0] + A[1][1] * x[1] + alpha,
A[2][0) * x[0] + A[2][1] * x[1] + alphal;

limitfunc(y); // Limit values to [0,1)
// save values

MIOI[i - 1] = minlight + lightstep * (i - 1);

for (stdiisizet 3 = 07 3 < 3; ++3) (M3 + 1)[i - 1] = y(3]; )

return M;

// Set "nice" zp-plot style
tnline void setplotstyle() |
Set smooth color gradients
Cooen 1o vaone 38 6;

default”

const std::string style

if (style == "default") {
const int NRGBs = 5;
double stops(NRGBs] = {0.00, 0.34, 0.61, 0.84, 1.00};

L/
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// ROOT style namespace
Va

#ifndef MROOT_H
#define MROOT_E

9: #include <complex>

10: #include <memory>

-/

#include <tuple>
: #include <vector>

#include "Graniitti/MMath.h"

3: #include "TStyle.h"

#include "Graniitti/MAux.h"

namespace gra {
namespace rootstyle {

for (const autos i : aux::indices(color)) (
color[i] = TColor::GetFreeColorindex ();
// color(i] = 9000 + i; // some big number not used
// ROOT style, we need to create some hidden memory part
rootcolor [i]
std: :make_shared<TColor>(color[i], colormap[il(0], colormaplil(1], colormap[il[2]);

«

while (crue) (/7 Adjuse grid size
const unsigned int val = std::sqrt (N + ADD);
if (val * val == (N + ADD)) x break;
++ADD,

// Calculate if we have a full empty row -> remove that
unsigned int DEL = 0;
if (ADD * ADD - AD

N {DEL = 1; }

const unsigned int COLS = std::sqrt (N + ADD);
const unsigned int ROWS = std:isqrt (N + ADD) - DEL;
{{ Adguse aspect ratio
if (ROWS Ls) {
include/Graniitti/Analysis/MROOT.h 3/4
double red[NRGBs] {0.00, 0.00, 0.87, 1.00, 0.51};
double green(NRGBs] = {0.00, 0.81, 1.00, 0.20, 0.00};
double blue[NRGBS 1.00, 0.12, 0.00, 0.00};
TColor: :CreateGradientColorTable (NRGBS, stops, red, green, blue, NCont);
// See https://root. cern. ch/doc/mastex classTColor . html
a (53); 4
/7 gsty: Seotraiotie o)y
// gStyle->SetPalette (87); // kpightTemperature
/7 gst: tpalette(105);  // KT}
// gstyle-> lette (71); Va
7/ gStyle->Setpalette(57); // kBird
7/ gStyle->Setpalette (75) // kcherry
gStyle->SetPalette(112); // kviridis
// TColor::Invertpalette(); // Palette inversion
“arayn) (
double stops[NRGBs] = {0.00, 0.34, 0.61, 0.84, 1.00};
= {1.00, 0.84, 0.61, 0.34, 0.00};
uble green(NRGBs] = {1.00, 0.84, 0.61, 0.34, 0.00};
.00, 0.84, 0.61, 0.34, 0.00};
eateGradientColorTable (NRGBs, stops, red, green, blue, NCont);
"cubehelix"
t NRGBs = 256;
const std::vector<std: :vector<double>> M CubeHelix (NRGBs, 0.5, -1.5, 1.2, 1.0);
double stops [NRGBs];
double red[NRGBS;
double green (NRGBS;
double blue [NRGBs];
for (std:isize_t i = 0; i < NRGBs; ++i) {
reateGradientColorTable (NRGBs, stops, red, green, blue, NCont);

gStyle->SetNumberContours (NCont) ;

gStyle->SetTitleOffset (1.6, "x"); // title offset from axis
gStyle->SetTitleOffset (1.0, "y"); //
gStyle->SetTitleSize(0.03, "x"); // title size
gstyle->SetTitlesize (0,035,

gstyle->SetTitlesize(0.03, "z")
gStyle->SetLabelofeset (0.025) ;

7/ Nec v with multiple plots per canvas
gStyle->SetPadTopargin (0.1);
gStyle->SetPadBottomMargin (0.15);

gStyle->SetPadLeftMargin(0.1);
gStyle->SetPadRightMargin (0.09);
)

// Global Style Setu
inline void SetROOTStyle()
gStyle->SetOptstat (0);

{
// Statistics BOX OFF [0,1]

gStyle->SetOptFit(); // Fit parameters

gStyle->SetTitleSize(0.04, "t"); // Title with "t" (or anything else than xyz)
gStyle->SetStat¥(1.0);
gStyle->SetStatX(1.0);
gStyle->SetStath(0.15);

gStyle->SetStat (0.09);

SetPlotStyle();

// Before calling this, call mother TCanvas cd->()
2: inline void TransparentPad (std::shared ptr<TPad>s pad) {

pad = std::make_shared<TPad>('newpad', "a transparent pad’, 0, 0, 1, 1);
pad->Setrillstyle (4000);

pad->Draw () ;

pad->cd () ;

248
249: // Create GRANIITTI Text

// Returns a new colormap
inline void color, std::
nt COLORSCHEME = 1) (
2t tvector<sta: svector<doublers colormap (150);
L (coLomacHee — 1)
"Modern colormap”
r<std::vector<double>> cm = {{0, 0.4470, 0.7410}, (0.8500, 0.3250, 0.0980],
{0.9290, 0.6940, 0.1250), (0.4340, 0.1840, 0.5560},
{0.4660, 0.6740, 0.1880), {0.3010, 0.7450, 0.9330},
(0.6350, 0.0780, 0.1840));
colormap = em;
4 (coromscisus ¢
"Classic colormap”
L oeoton<nds roentor<donbless ca = {10, 0, 0.9, 0, 0.5, 0}, 0.3, 0, 0),
{0, 0.75, 0.75),  {0.75, 0, 0.75), {0.75, 0.75, 0},
10.25, 0.25, 0.25}};
colormap = em;
olor std: svector<int> (colormap.size (), 0);
rootcolor = std::vector<std::shared ptr<TColor>>(color.size(), nullptr);
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25
25

0: inline void MadeInFinland(std::shared_ptr<TLatex>s 11,
double xpos = 0.935

hared_ptr<TLatex>s 12,
ector<double> ypos = {0.03, 0.58}) (

if (ypos.size () «
throw std::invalid argument ("MROOT: :MadeInFinland: argument ypos should be of size 27)

)

11 - stdsmake_shared<TLatex> (xpos, ypos(0), gra GetversionTLatex () .c_str());

)i
e —>SetTextAngle (90) ;
11->Draw() ;

12 = std: imake_shared<TLatex> (xpos, ypos(il, gra GetWebTLatex () .c_str());
1

)i
12->SetTextAngle (30);
12->Draw() ;

)} // namespace rootstyle
} // namespace gra

#endir

2/2

// Correlations between frames

std::shared ptr<TH2D> h2CosTheta [NFR] [NFR];
std::shared ptr<THZD> h2Phi[NFR] [NFR];

7/

// HepC3 reade:
doy

shared ptrehiMultiplet>> &  hl,
shared ptr<hzMultiplet>> &  h2,
shared_ptr<nProfMultiplet>> she,
unaiqned int s1D);

// Plot out all local histograms
void PlotAll (const std::string &titlestr);

double cross_section = 0,

double CheckEnergyMomentum (HepMC3::GenEvent sevt) const;

void  FrameObservables(double W, HepMC3::GenEvent Gevt, const MdVec &p_beam plus,
const MiVec &p_beam_minus, const MiVec &p_final plus,
const MdVec &p_final minus, const vector<MiVec> &pip,
const s ctor<MiVec> &pim);

void  NStarobservables(double W, HepMC3::GenEvent &evt);

private:
double sqrts = 0.0;

// Name of the HepHC33 input
std::string inputfile;

// Proton excitation is turned on
bool N_STAR ON = false;
i

} // namespace gra

#endif

d iitti/Analysis/MAnal

1/2
// Fast analysis class
Va

// (c) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <htt

/opensource.org/licenses/MIT> .

#include <complex>
#include <memory>
#include <vector>

// RooT
: #include "TBranch.h"

#include "TLorentzVector.h"

#include "TStyle.h"
#include "TTree.h"

// HepMC33

#include "HepMC3/FourVector.h"

Hey
Vinciude “HepHC!/Genvex(ex "
#include "HepMC3/Pri:

o "HopMC3 /Readerhacii "
HeplC3/Relatives
#include "HepMC3/Selector.h"
#include "HepMC3/WriterAscii.h'

// own
#include "Graniitti/Analysis/MMultiplet.h"
#include "Graniitti/MAux.h"

namespace gra {
namespace analyzer {

// Different Lorentz frame labels
const std::vector<std::string> FRAMES = {"CM', "HX', "CS", PG, 'GI", "LAB'};

) // namespace analyzer

class MAnalyzer (

public:

// Constructor, destructor
MAnalyzer (const std::string &1ID);
“MAnalyzer ();

// Default daughter particle name string
std::string pstr

// Forward system quantities
std::shared ptr<THID> hE_Pions;
d::shared_ptr<THID> hE_Gamma;
shared_ptr<THID> hE Neutron;
tshared ptr<THID> hE_GammalNeutron;

s 1shared pLr<THID, hE_Plons;
std::shared ptr<THID> hXF_Gas
Catienared prr<THIDS MXF Newteon;

shared_ptr<THID> hEta_Pions;

std::shared ptr<THID> hEta Gamma;

std::shared ptr<THID> hta Neutron;
shared_ptr<THID> hlM_NSTAR;

// Angular observables
std::shared ptr<TProfile> hP1(8);

static constexpr unsigned int NFR

// number of frames

d iitti/Analysis/MMultiplet.h  1/2

e HopMC3_OracloFill (const stdsistring inputcile, unaigned it multipliciey, int €inaleos,
nsigned i
ta: map

// Multiplet of ROOT histograms
a

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/lic

nses/MIT>

#ifndef MULTIPLI
#define MULTIPL:

/7 crr
#include <string>

// RooT

#include "TCanvas.h"
#include
#include "THZ.h
#include "TProfile.h"

// own

#include "Graniitti/MAux.h"
namespace gra

// Histogram boundaries
class hizound (

publi
h]Bound(unaanad int N, double _min, double _max) {
N

)

“hiBound () (}
unsigned int N
double

double max

class nimaltiplet {
pub

string &labeltext, int N, double minval,

MLt iplet (const std::string Gnane, const std
doub vector<std::string> &legendtext);

le maxval, const std:

“hiMultiplet ()
for (const aute &i

ndices(h)) { delete h[il; }

)
void MultiFill(const std::vector<double> &x)
(const auto &1 : gra::aux::indices(h)) { h(i]->Fill(x(i]); }

)
void MultiFill(const std:: Gx, const std:: aweight) {
(const auto &i : gra::aux::indices(h)) { h[i]->Fill(x[il], weight[il); }

void NormalizeAll (const std: &cross_section,
const std::vector<double> &multiplier);

// Plot and save 1D-histogram Multiplet
std::vector<double> SaveFig(const st

string sfullpath, bool RATIOPLOT = true) const;
int N
double minval_;
double maxval_;
td:istring legendposition_;
Stdiiatring nane;

// Histogran pointers here
std: tvector<THID
e ta et ring> togendtext_s

class namaltiplet (
bl

P
NZMULt iplet (const std::string Gname, const std:istring ilabeltext, int N1, double minvall,
double maxvall, int N2, double minval?, double maxval2,

const std::vector<std::string> &legendtext);

“h2Multiplet ()
for (const auto &i : gra::aux::indices(h)) { delete hlil; }

)
void MultiFill(const std::vector<std: <double>>
or (const auto 61 : gra:saun:sindices ()  AL]- e wrton xons

void MultiFill (const std::
for (const auto &

i x, const std: aweight)
rdicen by (M4 AEALE (x(1] (01, x(1) (17, weight(i]); )

]
void NormalizeAll(const std:: cross_section,
const std::vector<double> &multiplier);
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84:
// Plot and save histogram Multiplet
double SaveFig(const std::string &fullpath, bool RATIOPLOT = true) const;

int N1
double minvall_,
double maxvall

int
double minval?
double maxval2_,

std::string name_;

/{ [Histogran pointors here

string> Jeqend\:ext

class nerofmilciplet (

P
NProfMultiplet (const std::string éname, comst std::string élabeltext, int N, double minvall,
double maxvall, double minval?, double maxval?,
const std::vector<std::string> &legendtext)
“nerofMultiplet () (
for (const auto &i

sindices(h)) ( delete h[il; }

void MultiFill (const std::vector<std::vector<double>> &x)
for (const auto &i : gra::auxiiindices(n)) ( hIi]->Fill(x[i][0], x[i][11); }

)
void MultiFill (const std::
for (const auto &l :

aweight) (
weight[i1); )

i &x, const std:
indices(h)) ( h[i]->Fill(x(i] (0], x[i] (1],

// Plot and save histogram Multiplet
double SaveFig(const std::string &fullpath, bool RATIOPLOT = true) const;
int
double minvall
double maxvall

double minvalz_;
double maxval2_;

string name_;
string legendposition_;

// Histogran pointers here

} // namespace gra

: #endif
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const std:

string soutputpath) const;

void PlotFigures (const st pegra::
unsigned int OBSERVABLE,
const. st.

, : ::SH>> atensor,
const std::string &TYPESTRING, int barcolor,

string soutputpath) const;

void PlotFigures2D(const std:imap<gra

1:iveta,
const std::vector<int> GOBSERVABLE2,
int barcolor,

H>> stensor,
const std::string &TYPESTRING,

const std::string &outputpath) const;

void PlotlDEfficiency (unsigned int OBSERVABLE, const std::string &outputpath) const;
// Parameters

HPARAM param;

int  NCOEF;

private:
et rixcdoubies
::ivector<gra:

Y_lm; // calculate once for speed
:spherical::Omega> DATA events; // Input d.

i
// Needed by MINUIT fit/cost function
// currently active
std::vector<std::size_t> DATA_ind;
stdiivector<std::size_t> activecell; // Hypercell indic.
d: tvector<double> t_lm; Fitted moments
t_lm_error; // Their errors

// Error and covariance matrices
MMatrix<double> errmat;
MMatrix<double> covmat;

V4

// Active moments bookkeeping here
std::vector<bool> ACTIVE;
unsigned int ACTIVENDF

0;

// Detector expansion tensor data

MTensor<gra::spherical::SH_DET> det DET;
MIensor<gra::spherical::SH_DET> fid DET;
MTensor<gra::spherical::SH_DET> fla_DET;

// Expanded data in a map for different data sources

st p<gra::sph 1:iveta,

std::map<gra::spherical::Meta,
d::map<gra::spherical::Meta, MTensor<gra:

H

1:isH>> det;
e 1::5H>> £id;
{bherical: gt fla;

// Discretization
std::vector<std: :vector<EDGE>> grid;

// Plotting

ector<int> colors = {46, 38, 43, 30, 25, 14, 9, 19, 29, 39, 49};
ector<std::string> xlabels = {"M (GeV)", "B_{T} (GeV)", "¥"};
"

} // namespace gra

#endie
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// Spherical harmonic expansion and analysis class
Va

/
7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <htt

Jopensource.org/licenses/MIT> .

#ifndef MHARMON
#define MHARMONT.

/) crr

#include <complex>
: #include <random>
#include <vector>

// own

#include "Graniitti/MAux.h"
#include "Graniitti/MDimArray. h"
#include "Graniitti/MMatrix.h"

Graniitti/MSpherical.h
#include "Graniitti/MTensor.h"

namespace gra {
class Miarmonic {
public:
// Bin edge
struct EDGE (
uble min
double max

0;
double center() const { return (max + min) / 2.0; }
// Parameters

ector<double> M = (0, 0, 0};

“ea: ivector<doubles ¥ - (0, 0, 0};
ector<double> BT = {0, 0, 0};

// Maximum spherical harmonic truncation degree (non-negative

true; // Fix odd moments to zero (due to lacking spesific spin

// Fix negative m to zero (due to parity
// conservation, for example)
1

// Use Bxtended Maximum Likelihood fit
// SVD regularization strength in algebraic inverse (put 0

1; // Li-norm regularization in EMI fit (put 0 for no
// regularization)

void Print ()
td:

:cout << "HARMONIC EXPANSION PARAMETERS:" << std::endl << std::endl;

ticout << "LMAX = : ;
std::cout << "REMOVEODD " << (REMOVEODD ? "true’
st <<

: "false”) << std:
M ? "true' : "false") <<
false’) << std::iendl;

// Constructor, destructor
MHarmonic () ;
“MHarmonic ()

void Init (const HPARAM &hp);

void yperloop (vold (*fitfunc) (int &, double *y double 4, dowble *, int),
td. spherical::Omega> &MC,
pherical::Data> SDATA, const HPARAM &hp);

votd MomentEit (conet. gra:sphe Meta GMETA, const std
i (Zittune) tine 1, dodbie

ctor<std:isize_t> gcell,
*, double &, double ¥, int));

double

1(const gra:: 1::iMeta GMETA, const
void  logLfunc(int &npar, double 'qm, double &f, doubl
bool  PrintLoop(const std::string goutput) const;

void  PlotAll(const std::string soutputpath) const;

vector<std:
o *par, ey iflag) const;

size_t> acell);

void Plot2DExpansion (const std::map<gra:: 1::Meta, ::spheri
unsigned int OBSERVABLE, const std

: 1::8H>> stensor,
tring &TYPESTRING, int barcolor,
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// Simple matrix/vector operations not included in MMatrix. (HEADER ONLY file]
a

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT L.

icense <http://opensource.org/lic

nses/MIT>
#ifndef MMATOPER H
¥#define MMATOPER_H

/7 crr

#include <complex>
#include <iostream>
#include <vector>

// own
#include "Graniitti/MMath.h"
#include "Graniitti/MMatrix.h"

namespace gra {
namespace matoper {

// MATLAB style meshgrid
Va

// X is a matrix with each row
7/ 'Y is a matrix with each column
semplace <cypenane Tv

inline voi

: &x, const std:: By, MMatrix<r> &X,
MMatrix<T> &¥) {
X = MMatrix<T>(y.size(), x.size());

¥ = MMatrix<T>(y.size(), x.size());

for (std.
for (std:

ize t 1

i< X.size_row(); ++i) {
size t 3 = 0; 3 < X.size_col(); ++3) { X[11(3] = x(3]; }

for (std::size t i = 0;

i< Y.size row(); ++i)
for (std:

(
size_t 3= 0; 3 < Y.size col(); ++3) { Y(il(3]

= yll )
)

// diag(x) * A * diag(y) product
: template <typename T>
inline MMatrix<I> diaghdiag(const std
// over [i,3] of A
const std::sizet n = A.size_row();
const std::sizet m = A.size_col();

ector<T> &x, const MMatrix<I> &A, const std

ector<T> ay) {

MMAtrix<T> Cin, m);
for (std:isize t i =0; i <n; ++i) (
for (stdiisize t § = 0; 3 <m ++)) ( CI41[3] = x[(1] * ALi](3]

* oyl )
return C;

// Return diagonal matrix constructed from a vector

vector<T> &x) (
MMatrix<T> A(x.size(), x.size(), 0.0);

for (stdizsize_t i = 0; i < x.size(); ++i) ( Ali][i]
return A;

)

x[i1; b

// Return 12-unit vector (|
cemplate <typename T>
9

inline std::vector<T> Unit (const std::vector<T> &x) {
doy i
tk=0; k<x.size(); ++k) ( norm )
s:msqrt (norm);  // 12-norm
std:ivector<t> y = x;

]

for (stdiisize_t k = 0; k < y.size(); ++k) {
yIKk] /= norm; // normalize

return y;

// Return unit sum normalized (\sum_i x_i = 1)

template <typename T>

inline std:: Normalized
double sum = 0.0;

for (std::sizet k = 0;

€ std:: ax) {

K < x.size(); +4k) { sum 4= x(k]; }

K < y.size(); ++k)
// normalize
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) : template <typename T>
inline std::vector<T> Cross(const std tor<T> sa, const vector<T> &b) (
s tvector<Ts = = (a(1) * B(2) —al2) s B, ala1 T BI0) ~atey < B(2:
al0] * b(1] - all] * b[ol};

return y;

return z;
// Multiply vector by scalar )
template <typename T, typename T2>

ector<T> &h, T2 scale)
i< Asize(); ++i) ( AL

// Negate vector

template <typename T>

inline std::vector<T> Negat (const std
std:ivector<T> z(a.size(), 0.0)
for (std. K < a.size(; ++k) { z(k] = -alkl; }
return z;

ector<T> sa) (

// Add a constant matrix: A + (full ones) * ¢
template <typensns T, typenane 12>
nstMat (MMatrix<T> A, T2 c)
et Lo 07 4 < Austzaron); e (
3 < Asize_col(); ++3) { ALLI(3) += c; }

// subtract two vectors

template <typename T>

inline std::vector<T> Minus(const std::vector<T> &a, const st
std:ivector<T> z(a.size(), 0.0);
for (stdiisizet k = 0; k < a.size(); ++k) ( z(k] = alk] - blxl; )
return z;

vector<T> &b) (

/7 unere o is (1 x

// add two vecto
nplate <typename T>
inline std:ivector<I> Plus(const std:ivector<l> &a, comst std:ivector<i> ib) (
£ tvector<D x(a. 0120 0,
for (std:isizet K o 0; K < avsize(l; +4k) ( 2(k] = alk) + blK1; )
return z;

vector<T> &A, const MMatrix<T> &B, const st

vector<T> &c) {

0; & <mp +4d) (
ize_t 0; 3 < n; ++)
value += A[i] * BIi][3] * C[3); // notice plus
)

// outer (tensor) product of two vectors: u (x) v = u VT

ector<T> su, const std::vector<t> &v) (

)
return value;

MMatrix<T> out (m, n);
// Vector-Matrix Multiplication c = aB,
/7 where a is )
7 B is (m x p),

for (std:rsize t i=0; i <m ++) (
for (stdissizet § = 0; 3 < n; ++9) ( out[i103] = uli] * v[il; )

Va ch gives ¢ (1 x p)
| Camplate “typename T
tnline std:ivector<D> VecHatultiply (const std:ivector<l Gh, const Matrix<T B) (
const std::isize_t m e0i
const std::isizet p = B.size_col();

return out;

// Kronecker tensor product of two matrices: A(x)B = C
a

st

vector<T> C(p, 0.0); // Init with zero! // byadic product, e.g. 2 x R"3 vectors span 6-D spac
S et R mataix has 5 components (1ike prodect state vs entanglement)
// over [] of 7’

for (std:iisize_t = 0; 3 < p; ++3) {

: template <typename T>
inline MMatrix<T> TensorProd(const MMatrix<T> &A, const MMatrix<T> &B) (
const unsigned int rowh = A.size_row();
const unsigned int rows = B.size_row();
const unsigned int cola
const unsigned int colB

ize_t 0; k < m;
ALKl * BIK113]; // notice plus

B.size_col();
return C;

) MMatrix<T> C(rowh * rows, colh * colB);

// Vector-Vector multiplication (strictly not a dot product, which would have for (std: ze_t i = 0; i < rowhA; ++i) {
[/ eompiex conjusation for the other) for (std::sizet j 3 < coln; ++3) {
template <typename T for (std ize t k k < rowB; ++k) (

v:e:mnplwcgnn std::vector<T> &A, const std::vector<T> &B) { for (st et 1=0; 1< cols; ++1
Cli * rowB + k][ * colB + 1] = A[:l[]l * Bk (1];

size_t i 1< Asize(; +41) (
Ali] * BIil; // notice plus

)
return out;
return C;

// Vector Conjugate Transpose (\dagger)
n

7/ X is {{ print out vestor elenents

7/ ¥is (1 x template <typen:

semplate <typanane 1> iaTine void Beintvector (const std:ivector<T> A, const std::atring name = %) (
inline std::vector<T> VecDagger (const std::vector<T> &X) { Print elements

conet unsioned int
d:ivector<T> Y(n, 0.0);

i< hsize0;
sta. Lalil), st

// Conjugate element by elemen

for Lol SR e vt - e I
return ¥; )
248: // Print out matrix elements
166: // Cross product for two 3-vectors 249: template <typename T>
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250: inline void PrintMatrix(const MMatrix<T> &A, const std
251 Print elements
cout << name << ' ¢ ";
0; i < A.size_row(); +H) {
0; 3 < A.size_col); ++i) {

// Functional methods for Spherical Harmonic Expansions
’

7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/lic

nses/MIT>

tring delim = (j < A.size_col() Ly #ifndef MSPHER H
£4i36. 383 std::real (A1 (3]), imag (A[5]15)), delim.c_str()); #define 1P H
)
std::icout << std::endl; /7 crr
#include <complex>
cout << std::endl; #include <iostream>
#include <vector>
// Print out matrix elements as two separate matrix // own
template <typename T> #include "Graniitti/MMath.h"
inline void PrintMatrixSeparate (const MMatrix<I> &) [ 16: #include "Graniitti/MMatrix.h"

// Print real part

namespace gra {
e_row(); ++i) { namespace spherical {
3 < A.size_col(); ++j)

dirstring delim = (j < A.size_col() - 1) 2 ", " : "7;
Printf("46.3£%s ",

real (ALi][3]), delim.c_str()); :istring NAME; // Input name ID
Vi
std:icout << std::endl; 7
a
std::icout << std::endl; bool FASTSIM = false; //
std::string FRAME, 7
// Print imaginary part double SCALE = 1.0; // scale/normalization value

stdiicout << "Im:" << std:iendl;
for (std:isize t i = 0; i < A.size_row(); ++i) {
for ize_t § = 0; j < A.size_col(); ++j) {
const std::string delim = (j < A.size col() - 1) 2 ", "
Printf("s6.3f%s ', std::imag(A[i](j]), delim.c_str());

std::vector<std::string> TITLES; // Phase space titles

g

// So we can use this in std.
bool operator<(const Meta &rhs) const { return NAME < rhs.NAME; )

)
std::icout << std::endl; void Print() const {
sta:

NAME << std

) // namespace matoper

} // namespace gra false") << std

#endie

i < TITLES.size();
s \n", i, TITLES[i].c_str());

// Microevent structure
struct Omega
/ Decay daughter
// rest frame variables
double costheta = 0.0;
double phi = 0.0

// Invariant / system lab frame variables
uble 1

bool fiducial = false;

bool selected = false;
Vi
// container
struct Data
// Metadata
sphericali:Meta META;

// Bvents
std::vector<spherical::Omega> EVENTS;
Vi

// Detector data for one hypercell, e.g., in (M,Pt,¥)
struct SH_DET (

// Moment mixing matrix

MMatrix<double> MIXLm;

// Efficiency decomposition coefficients
d::vector<double> E_lm;
vector<double> E_lm_error;




/mcluda/Gnnuctx/us;:h-ncu h 2/2

// Data for one hypercell, e.g., in (M,Pt,Y) 3
struct SH {
// Directly (algebraic) observed moments s
std::vector<double> t_lm_MPP; 6:

std: ivector<double> t_lm MPP_error;

8:
/{ Extended Maximun Likelihcod fitted noments 5
vector<double> t_lm EML; 10:
at vector<doubles t_im I, erroz;

::ivector<Omega> events, const std
const std::string amode);

MMatrix<double> GetGMixing(const std
int LMAX,

const stariatzet n = Asizel);
const std::size_t m = A[0].size()

St tvector<Ts  Cim, 0.0)5 /) nit with sero!

173

for (stdirsize t i=0; i <n; ++i) (

for (std:isize_t k = 0; k < m ++)

ct Ali) (k] * BIK]; // notice plus
) 177

return C;

template <typename T>

inline std::vector<T> valarray2vector(const std::valarray<T> &x) {

std:ivector<T> y(x.size());
for (stdiisize t k = 0; k < x.size(); ++k) { y(k) = x(k]; } 185
return y;

)
template <typename T>
inline std::valarray<I> vector2valarray(const std
std::valarray<T> y(x.size());
for (std::sizet k k < x.size(;
return y;

ector<T> &x) |

+4k) { yIk] = x[k]; ]

Absolute values per vector element
: (empl-te Stypenane T
inline std::vector<T> vabs (const st

vector<T> &x) (

// MATLAB style, H is std: sea:

/7 use like

// std::valarray<double> a =

V4

template <typename T>

inline std::vector<I> linspace(I start, T stop, size_t size) {
if (size == 0) { throw std::invalid_argument ("linspace: argument size

if (size == 1) { return {stop}; }

:vector, :valarray or similar

10.0, 16);

linspace<std: :valarray> (0.0,

vector<T> v(size);
for (srasiatzet & o0
return v;

i< size; ++1) { v[i] = start + i * (stop - start) / (size - 1); ]

template <template <typename T> class container_type, class value_type>
tnline container_type<value typer inspace (value_type start, value_bype stop,
if (size ( throw std::invalid_argument ("linspace: argument size )
if (size == 1) { return {stop}; }

size_t size) (

sta.

container_type<value_type> v(size);

size; ++i) ( v[i] = start + i * (stop - start) / (size - 1); }

template <template <typename T> class container_type, class value_type>

inline container_type<value_type> arange (value_type start, value_type step,
st size = (stop - start) / step;

container_type<value Srpe> visize);

for (std:isizet < size;

return v;

value_type stop)

4+1) { v[i] = start + step * i; ]

// cumulative sum

// Explicit powers for faster evaluation (std::pow is s
: template <typename T>
constexpr T pow2(T x) {
return x * x;
)
template <typename T>
constexpr T pow3(T x) {

./include/Graniitti/MMath.h

/7 which gives C (n x 1) 167+
template <typename T> 168
inline std::vector<T> vv_vMultiply(const st const std::vector<T> &B) { 169:

e vectonets 1y (r.si2e )5

for (std::size t k = 0; k < x.size(); ++k) { y[k] = std; ¥

return y; 200+
201+

} 219:
0

template <typename T> 235
inline void st ssunvec) | 236
const std::isize t N = x.size(); 237
sumvec.resize (N, 0.0); 238
sumvec(0] = x[0]; // First 239:
for (stdizsize_t i = 1; i < N; ++i) { sumvec[i] = sumvec(i - 1] + x[il; } 240
241

242

243:
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// Mathematical functions [HEADER ONLY file]
Va

/opensource.org/licenses/MIT> .

#ifndef 1
#define 14

ATH_H
TH

7/ ces
#include <algorithm>

nclude <vector>

16: // Eigen
std:pair<st , star: et . ne, 17: ¥include <Eigen/Dense>
const std: ivector<std: :size_t> 4ind, 18
© LuAX, const std::string tmode); 19: // own
20: ¥include "Graniitti/Mavec.h
+ivector<double> SphericalMoments (const std:ivector<Omega> & 21: finclude "Graniitti/MMatrix.h"
onet Std:ivector<ord:isisets Gings ine 1WAK, 22: #include "Graniitti/MTensor h
const std::string émode) ; 23:
: 24: namespace gra (
: Miatrixcdouble> YLM(const std:ivector<Omega> fevents, int LIAX); 25: namespace math
261 /7 inaginazy it
: double 4G, const std: ix, constexpr const std: :complex<double> 71 (0.0, 1.0)
vector<bool> &ACTIVE, int LMAX);
: // Geometzy
void ¢ st 4%, const std::ivector<double> x_error, constexpr const double PI = 3.1415926535897932364626433832795026641971693993751056209749441
ectorsbool> GACTIVE, int LMAX); constexpr const double PIPI = PI * PI
std:: ize > GetIndices(const std ence, const td: vector<doublex ok, // Index all combinations of numbers in vectors [recursive function
const. std“vectorﬂic\l.bla) &Pt, const std::vector<double> &Y); "/
77
void  Tescsphericalintegrals (int LK) 7/ Test code:
nt  LinearInd(int 1, int m); 7
| double Calekeror (dowble £2, double f, double N); vector<size_t>> allind = ((0,1,2), (0,1), (0,1,2,3}};
Vold | PrintMatrix(FILE fp, const std:ivector<etd:ivectordoubles iA)
: . t> current;
Miatrix<double> Y_real synthesize (const st ectorcbool> GACTIVE, i rvectorestds isize_t>> output;
Giisizet N, ndexConb (allind, 0, current, output)
std:ivector<double> 4phi, bool normalized = false);
ize_t i = 0; i < output.size(); ++i
stdis 4A, const std:ivector<double> ix); iisize t 5 = 0; 3 < output(il.size(); ++3) {
cout << output [1] (3] <<
) // namespace spherical 7
)} // namespace gra Vs
77
tonais Va
: template <typename T>
void sear: allind, stdiisize_t index, std:ivector<T> current
3: Ta: tvector<ot: rvactor ety Goutput)
if (index >= allind.size() (
output .push_back (current) ;
return;
}
for (stdrisie s i = 0; 3§ < allindlindex) size(s ++i)
urrent;
Hpesn hack (s11nd onon] 14115
IndexComb (allind, index + 1, b, output)
i
// Moore-penrose Pseudoinverse for Eigen
5. template <typename T>
T Pseudolnverse (const T &a, double epsilon = std::imumeric_limits<double> «
Eigen::JacobiSVD<T> svd (s, Bigen::ComputeThiny | Eigen::ComputeThinV);
const deuste volerance -
ilon * std:imax(a.cols(), a.rows()) * svd.singularValues().array().abs() (0)
return svd.matrixV() *
(svd.singularValues () .array () .abs () > tolerance
.select (svd.singularValues () .array () .inverse(), 0)
‘necrio
asbiagonal
svd.maceind 0 adboine 05
+
// Matrix-Vector Multiplication C = A
77 where A is (n x m)
7 Bis (mx 1),
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return x * pow2 (x);

tampl-lta <typename T>
constexpr T powd (T x) (
return pow2 (pow2 (x));

template <typename T>
constexpr T pows (T x) {
return x * powd (x);

template <typename T>
constexpr T pow (T x) [

return pow2 (pow3 (x));
)

<typename T>
constexpr T pow? (T x) {
return x * pows(x);

~Momentum conservation
ckEMC t MiVec sdiff,

> epsilon

> epsilon

double ep: -6)
ovasrams (GLEE Py () o epsilon I
QIEEE() > epsilon)

Che.
rabs (difE.Px ()

std::abs (diff.Pz())
return false;

return true;

// Factorial n! *(n-2)*.
constexpr double eactoriat (ine ni |

4 x

complex<double> 2) {
real(z);
imag (z)

constexpr do
const double Re =
const double Im =

12 e > 0.0 |
return 1.0,

) else {
return 1.0

< le-12 && Im > 0.0)) {

bs (Re)

// Sign function
is 0

72
constexpr double sign(double ) (

const. double EES - le-s;
i esteguia !
0o
} else if (x > 0) {
n 1.0;

// sgn function
constexpr double sign(double X,
if (Y < 0.0) ¢

double ¥) {

abs (X))

// sign functi
// template <typename T>

// constexpr int sgn(T val) {
7/ return (T(0) < val) - (val < T(0));
Yz

// Floating point rounding safe square root
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: inline double msqrt(double x) ( return std::sqrt(std::max(0.0, x)); 1

rry
while (ind[index] == MAX

/ Complex amplitude squared ) (
if (index { return T; }

/
: inline double abs2(const std::complex<double> &M) { return pow2 (st

}

z ||vl~2

indlindex++]
ind([index] ++;

}

index = 0;
i< v.size(); ++i) { sun 4= abs2(v[il); ) )
return sum;

// composite trapezoidal integral
il i // Has geometric (=fast) convergence for periodic functions:
template <typename T> Lane
: inline douple
doub

Ceturn nedrt (sum 5

// - Hankel contour around (-inf,0]

7
// hstep = (b-a)/N is the discretization size
a

// Template print

template <template <typename T> class container_type, clas

inline void PrintArray (containsr_type<value typs> X, std::
<< "PrintArray: ' << name << std::endl;

for (unsigned int i - 0j i< wisize(); +4i) ( std

std::icout << std:rendl << std::endl

7/ Indexing: j = 0,1,...,N-1,N, => length of £ = N+1, N = even
Va

value_type>
tring name) {

template <typename T>

vector<T> &f, double hstep) (
// Must be even
"FATAL ERROR: gra::math::CTrapIntegral N = " + std::to_string(f.size() - 1) +

out << x[il; )

// Degrees to radians
constexpr double Deg2Rad (double deg) { return (deg / 180.0) * gra::math::PI; }

// Radians to degree:
Constexpr double Radabeg(double rad) [ retur (rad * 180.0) / gra:imathi:Pl; |

const std::size_t N £.size() - 1;
T I_sum ;

for (stdsisizo 3 <= N - 1; ++9) { Isum 4= £031; )

// Binomial Coefficient C(n, k) T e T e s Fon) /)

5: constexpr int Cbinom(int n, int k)
i€ (k == 0 |[ k == n) ( return 1; } return I;

// Recursive function

return Chinom(n - 1, k - 1) + Chinom(n - 1, k)7 // composite simpson’s rule integral (quadratic interpolation),

7/ - hstep=(b-a) /N the discretization size

// N-dim epsilon tensor e_{\mu_1,\mu_2, \mu_3, ..., \mu_Nj:
+ 1 if even permutation of argwrencs

0,1, ..., N-1,N,

N+1, N = even

a
// Indexing: j length of £
u

/7 =1 if odd pecmutation of azgunents emplate <typename T>
1 // 0 otherwis it T esintegral (const std::vector<D> 4, double hatep) (
| inline Mlensor<int> EpsTensor (st et W) { £ ((f.size() - 1) % 0) ( // Must be even

7/ Maxinun range value for each for-loop sta: stro=

const. std. "FATAL ERROR: gra::math::CSIntegral N

throw std::invalid_argument (str);

sito_string(f.size() - 1) + " is not even!

// These hold for-loop index for each nested for loop
std::vector<std::size_t> ind(N, 0);

£osize() - 1;
Vi - 0.0

// Pernutation tensor definition o.

auto permutation = [&] ()

N2 -1y e [ Leven v £12 ¥ 415
ize t 3 725 ++3) { Lo £2 %3 -1 )
TI-hstep'lf[D]‘20'Ievent40'1udd4i[l\l|}/30'

dzet 1= 0; i< N; +Hi) (
sizet j = i 4 1; 3 <N +4)

Even permutation +1, 0dd permutation -1, Otherwise 0
if (ind[i] > ind[§])

va: ~value;
else if (ind(i] == ind(j]) {
return 0,

return 1;
)

/4 Conposite Simpson’s 3/8 rule integral (qubic interpolation),
/7 = hatep=(o-a)/3N the discretization s

// Indexing: j = 0,1,...,3N, => length of £ = 3N+1

return value;

Capate <typensme ™

inline T CS3WIntegral (const std:ivector<D> Gf, dowble hstep) (

if ((f.size() - 1) % 3 1= 0) { // Must be multiple of 3

istring str = ! eaTas RhoR’ ea et eSSt agEal N = * +
std:ito_string((f.size() - 1) / 3) + " is not multiple of 3

throw std::invalid_argument (str);

)

const std::vector<std::size_t> dimensions (N
MTensor<int> T(dimensions, int(0));

sta.

7/ Nested for-loop
size_t index = 0;
it v
/"

const st

size_t N = (f.size() - 1) / 3;

// Evaluate the function value

T I_first = 0.0;
T(ind) = permutation();
"

T I_second = 0.0;

for (stdirsize t 3 = 1; J <= N; ++3) ( Ifirst += (£(3 * 3 - 2] + £03 * 3 - 11); )
ind[0]++; for (stdizsize_t 3 = 1; J <= N - 1; ++3) { L_second += £[3 * jl;
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T I =3+ hstep * (£[0] + 3 * I_first + 2 * I_second + £(3 * NI) / 8; )

return I; / Simpson’s 3/8 rule weight vector dim[N+1]

) : inline std::vector<double> Simpson3BWeight (unsigned int N) {
if (N %3 1=0) { // Must be multiple of 3
s/

std::istring str =
AL ERROR: gra::math: :SimpsonWeight N

throw std::invalid_argument (str);

)

// 2p-Simpson’s 1/3 rule, see functions below to_string(N) + " is not multiple of 31"

a

/ £, W with dim[M+1,N+1] where M,N are even

: // hstepM, hstepN are discretization step sizes (b-a)/M, (d-c)/N std::ivector<double> W(N + 1, 3.0); // Init with 3
Vi

// Based on Fubini’s theorem <https://en.wikipedia.org/wiki/Fubinis27s_theorem>

wrol = 1.0;
template <typename T WIN] = 1.0;
inline T Sx-plunllxntlgxnlzblcunlt MMatrix<T> &f, const MMatrix<double> &W, double hstepM,
double hstepl) for (std: =3 4<N; i4=3) (W] = 2.0; )

if (((f.size_row() - 1) % 2 !=0) || ((f.size_col() - 1) % 2 0)) { // Must be even return W;

// Create a weight matrix dim(M+l, N+1] for 2D-Simpson’s 1/3 rule
: dnline wiatrix<double> SinpsonlSHelght2D (unsigned nt N, unsigned nt ) (
0:  MMatrix<double> WO 1, N1, 0.0);
td::vector<double> U Snvpsenl3wexght o) ;
vector<double> V = Simpsonl3Weight (N);

I-0.0;
for (std:isize t i = 0; i < f.size row(); ++i.
for (std:isize_t j = 0; J < f.size coll); ++jx (1 4= WIILID * FLAT030 )

// outer (tensor) product: W = U*VAT
// printf("\n");
ize t i = 0; i <= M; ++i)

T *- (hsteplt * hstepN) / 9; «
0; 3 <= N; ++)) { WILI(3]

ULl * VIElG )

return 1;
a
/7 2p-simpsen’s 3/8 rule, see funceions below szz» // Create a weight matrix dim(M+l, N+1] for 2D-Simpson’s 3/8 rule
3: inline MMatrix<double> Simpson38Weight2D(unsigned int M, unsigned int N) {
7 £, W with dim[M+1,N+1] where M,N are multiple of 3 | MEtsicdowle WM+ 1, N+ 1, 0.0)
/7 hatept, hocepN aze diserecization scep sizes (ba) /M, (d-c) /N const st ctor<double> U = Simpson3sWeight (M) ;

Comst Std: rvector<doubles V = Simpson3sHalaht (M)}

7/ based on Fupini’s theoren <https://en.wikipedia.org/wiki/Fubini’27s_theorem>

/) Queer (censor) product: ¥ = U*V°T

// printf("\n

for (atas tatzot 4
for (std:isize_t j

template <typename T:

inline T Simpson38Integralzd(const MMatrix<T> &f, const MMatrix<double> &W, double hstepM,
double hstepN)

if (((f.size_row() - 1) % 3 != 0) || ((f.size_col() - 1) & 3

i<= M 4
0; 3 <= N ++1v { WIATE3) = VLD * VI3l; )

o)

return W;
math: :Simpson3gIntegral2d M,N must be " )

throw std::invalid_argument (str); 546: // Construct binary reflect Gray code (BRGC)
547: // which is the Hamiltonian Path on a N-dim unit hypercube (2°N Boolean vector
548: // space)
549: // The operator * is Exclusive OR (XOR) and the operator >> is bit shift right
i< f.size_row(); ++i) ( 550: constexpr unsigned int Binary2Gray (unsigned int number) ( return number * (number >> 1); )
0; 3 < f.size_col(); ++3) | T += WIL1(3] * £0i1(3); } 551
552: // Convert BRGC (binary reflect Gray code) to a binary number
9 * (hstepM * hstepN) / 64; // 372, 92 553: // Gray code is obtained as XOR (%) with all more significant bits
return 1; 524: constexpr unsigned int Gray2Binary (wnsigned nt pumber) [
) 555: for (unsigned int mask = number >> 1; mask != 0; mask = mask >> 1) { number = number ~ mask; }
556:  return number;
// Example with M = 6, N = 557
558:

vi1o4 2 4 2 4 2 4 1 559: // Boolean vector to index representation
/4 16 8 16 5 16 8 16 4 560: // [the normal order: 0 - 00, 1 - 01, 2 - 10, 3 ~ 11 ...]
/72 B B B B B T B B 561: inine i vecaind (st ivectercbesi vec)
7% 16 & 16 8 16 & 16 4 // suap b ction (comment this for the reverse ordering)
2 & 4 & 4 s 4 & 2 “ai reverse (vec.begin (), ves.end(1))
/416 s 16 8 16 8 16 4
71 oa4 oz 42 4z 41 int retval = 0;
Zo
// simpson’s 1/3 rule weight vector dim(N+1]
rector<double> sxmp:unl}wetht (unsigned int N) { for (std: ctor<bool>::iterator it = vec.begin(); it vec.end(); ++it, ++i) {
1=0) { // tust be eve: T i ( retval |- 1< b5

'AL ERROR ath: :SimpsonWeight N =

AT + stdiito_string(N) + " is not even!";
throw std::invalid argument (stx);

return retval;
)

vector<double> W(N + 1, 2.0); // Init with 2 $74: // Index to Boolean vectas representation

575: // [the normal order. 0, 01, 2 - 10, 3711 ...]
// Set 1 as the first and the last 576: // Input: x = index rEP(eEenta“on
wo) = 1.0; 517: // d - Poolean vector epace dinension

WN) = 1.0; 578: inline std:

sta:

ctor<bool> Ind2Vec(unsigned int ind, unsigned int d) {
Vectorchools et

2) (Wil = 4.0; } 580
return W; 581:  while (ind) {
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if (ind
ret. pushjackkl), // ere we save all permutations
else st outset ( tat st wn;
ret.push_back (0); // This we modify
std::vector<int> set = input;
int temp - 0;
reverse (ret.begin(), ret.end()); int j o
it 1 =o0;
7/ Now will the d-dinensional bit vector starting from rightmost bit
vectorcbool> final(d, 0);
for (easaizet

// Save first
0; i < ret.size(); ++i) { finalld - 1 - i] = ret[ret.size()

-1l outset (0] = set;
int -1
return final;

// OBIS.org A030109 sequence of left

// Input: dim

inline std
/)

while (true)
gnt bit reversed

= Boolean vector space dimensio

ector<unsigned int> LRsequence (unsigned int dim) {
/ The sequen:

sequence

// Find largest j for which set(j] < set[3+1]
-1;
for (std:isize t L= 0; 1 <N - 1; ++i) {

if (set[i) < set[i + 11) j = i;

vector<unsigned int> seq(std

ow(2, dim), 0);
et i=0; i<

binary
std:ivector<bool> vec

if

5] )i
break; // No such j,
seq.size(); ++1) ( !

with dimension d
Ind2vec(i, dim);

we are done

for (std::s
Lt st ] > set 3]

PL<N; wed) {
i)

// Reverse the bits temp set(31;

reverse (vec.begin(), vec.end()); set(j) = set(l];

set(l] = temp;

// Turn back to index representation
seqli] = Vec2Ind(vec);
)

// Reverse from j+1 to the end
P N
return seq;

unsigned int swaps = (N - 3 - 1) / 2;
for (unsigned int i = 0; i < swaps; ++i) (
LE(GH14 D) <m [
) set[(j + 1) + i1;
SEL( 5 1) ¢4l = etii -1 =i
{/ Construct binary matrix in normal binazy order N - il = temp;

9: inline std: Matrix(unsigned int d) {

std::vsc\:or(std: ivector<int>> B;

unsigned i

= std:ipow(2, d);
/ First initialize
stdsivector<int> rvec(d,
for (std:isize_t

// Save permutation set
cutset [k] = set;
o

< Nj ++i) ( B.push_back(rvec); }

)
return outset;

izet i=0; i<N;
7/ Set binary expansion vector)
td: ivector<bool> binvec =

(
for this i
Ind2vec(i, d);

0

2rd-1

/7 ¢ 0 : Returns charge conserving amplitude permutations, such as
Z hipipipi- Final state
Fo.

for (unsigned int j =

2,4,6,8 this gives number of 2,16,288,9216 permutations of final
§ 7] Siate anpiitedes (1eges
3 < d; ++3) ( BIEI[3] = binvec(3l; ) 7/ which is OEIS sequence

// A055546 (absolute
7

return B;

of C

// Assumes big endian
8: // Example of how to use: int i = 6; PrintBits(sizeof(i), &i);
7/ >> 00000000000000000000000000000110
inline void PrintBits(size_t const size, void const *const ptr) {
unsigned char *b = (unsigned char *)ptr;
unsigned char byte;

of order N)

7/ type : Returns fully symmetrized amplitude, such as the case of yyyy (4
// gammas) final state

// This gives 2! 4! 6! (4,24,720) ... (pure factorial) number of permutations
V4

inline std

ectorestd::

vector<int>> GetAmpPerm(int N, int type) {
We start indexing at 3 for central system particles relevant for the
: // amplitude
[0 not in use,
// Loop over bytes, e.g. for int32 the size is 4 3,
for (int i = size - 1; i >= 0; (
// Loop over bits of a byt

1,2 are final state protons]
int offset -

std:ivector<int> set;
3 i 3 int

byte = (bli) >> §) & 1;
printf("su’, byte);

)

1 = offset;
for (int i = 0;

i<m; i) (
set.push_back (k) ;
ki
) )
puts (") ; // Get complete permutations
sta: i outset = (set);
if (type == 1) {
// Go through all the permutations, N! number of them return outset; // Return complete permutations
/7 Mlgerithn from the Kauth's "Art of Conputer Programming” } else { Return local charge conserving
7 Input example: // create alternating charge series
a 7/ 1,-1,1,-1,
t:vector<int> set = (1,2,3); stdiivector<ints charge;
: inline std:: (sta:: sinput) { for (int i = 0; i < N; ++i) {
std:isize t N input.size(); charge.push_back (pow (-1, 1));
int permutations = (int)factorial(¥); // printf("sd", charge(il);
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)
// printf("\n");
std:: : valid_amplitudes;

for (std:isize t i

Associated Legendre Polynomials with Spherical Harmonics
/
bool

0; i < outset.size();

+41) Guantum Machanics convantion
true;

for (stdirsizet j = 0; j < outset(0].size() - 1; J += 2) (
int a = outset[il(3];

Y_1°m(theta,

(o33 m \aaut (\£rac(21+1) (4\pt) \Erac{ (1-m) 1) { (Lsm) 1) P_(1n] (cos (theta))
e fim\phi}
int b = outset(il(3 + 11;
if ((charge.at(a - offset) + charge.at (b - offset))
// printf("sdsd", a, b);

Normalizati

\onega = 91n (chota) dleii dieteca
\int |¥_1%n|~2 d\omega =
]
if (ok) { valid_amplitudes.push_back (outset([i]);
7/ printe(r ok
// printf("\n");
)

}

orthogonality.
\int_{\theta = 0}~\pi \int_{\phi=0}"{2\pi} Y_1*m Y_1*{m’}"* d\Omega
\delta_(11) \delta_{mm’}

= d,

// printf("Total Charge conserving = %d \n",

// outset.size(), valid_amplitudes.size());
return valid_amplitudes;

)

Relation:
y

Y_1"(m*} (theta,phi) = (-1)*m Y_I*(-m] (theta,phi)
Va
when m = 0,
a
// ordinary Legendre polynomials P_I(x) to cross check algorithmic
// implementation
// x usually cos (theta.

inline double LegendrePl(unsigned int 1, double x)

we get ordinary Legendre polynomials
Parity of spherical harmonics
/ \theta, \phi} —> (r,

[

\pi - \theta, \pi + \phi}

Y_1°m(-\vec(r)) = (-1)*1 Y_1°m(\vec(r})
Y_1°m(theta,phi) —> Y_1*m (\pi - \theta, \pi + \phi)
\phi)

(-1)°1 ¥_I*m(\theta,

Parity = (-1)"1, so parity is even or odd, depending on the quantum number 1

Real valued representation of complex spherical harmonics
7z

Normalization such that \int domega |¥_l°m(Omega) |~
inline double NReY(const std::
return (63 * x * x * x * x * x - 70 * x * x * x + 15 * x) / 8; if (m < 0) {

) else if (1 == 6)

return sqrt(2.0) * std

2-1
omplex<double> &Y, int 1, int m)

return (231 % x % x X Y x ¥ x ¥ x - 315 F x *x *x *x+ 105 % x * x - 5) / 16;

ow(-1, m) * std

mag (Y) ;

se if 8 1
etarn (8435 +x bt x txex s
6

¢
eturn sqre(2.0) * std
)

ow(-1, m) * std::real(¥);
X4 x % x - 12012 % X Y X F X A X XA+

o+ ke x % 1260w xs 35 S

128;

// Real Basis Laplace Spherical Harmonics
) else 7

throw std::invalid_argument ("LegendrePl: Not valid 1 = " + std::to_string(1)); : // [REFERENCE: https://en.wikipedia.org/wiki/Spherical_harmonics]
) inline double Y_real basis(double costheta, double phi, int 1, int m) (
) // Normalization fanction
auto K = () (int 1, int m)

// Associated Legendre Polynomial P_1°m(x) solved numerically

-> double {
77
// Algorithm from:

4f (m == 0) ( return msart((2.0 * 1+ 1.0) / (4.0 * P1)); } // Speed it up
double temp =
7, ((2.0 * 14 1.0) * factorial(l - m)) / static_cast<double>(4.0 * PT * factorial(l + m));
// [REFERENCE: S. Jemma, The Nitty Gritty Details of Spherical Harmonics, SIGRAPH2003] return msqrt (temp);
constexpr double sf_legendre(int 1, int m, double x) (
/ associated Legendre Polynomial
double prm

1

const double sqrt2 = meqrt(2.0);
im0 ( i€ m<0) (
const double sx2 = stdiisqrt((1.0 - x) * (1.0 + x)); return std::ipow(-1, m) * sqrt2 * K(1, -m) * std::sin(-m * phi) * sf_legendre(l, -m, costheta);
double 1. .
for (int i = 1; i <= m; ++) | return K(l, 0) * sf_legendre(l, m, costheta);
prm = (~fact) * sx2; ) else { //m>
fact return std::pow(-1, m) * sqrt2 * K(1, m) * std::cos(m * phi) * sf_legendre(l, m, costheta);
) )
if (L == m ( return pnm; }
// Complex Basis Laplace Spherical Harmonic
dousle ppl = x ¢ (2.0 0 4 1.0) ¢ pems inling. std:scomplexcdoubies Y. complex.hasis (double costheta, double phi, int L, int m) (
i (1 + 1) { return pmupl; ) i (m<0)
return 1.0 / msqrt (2.0) *
double pll = 0.0; (Y_real_basis(costheta, phi, 1, std::abs(m)) -
for (int 11 = m + 2; 11 <= 1; ++11) ( 2i * Y_real_basis(costheta, phi, 1, -stds:abs(m));
BT (200 3110 F s gl - (1 n - 10) S /(L ) else if (m == O
pmpl;
Femp1 - 11

)t

return Y_real basis(costheta, phi,
)
return pll;

1, 05

pow (-1, m) / msqrt(2.0) *
(¥_real_basis(costheta, phi, 1, st
zi * Y_real basis(costheta,

abs(m) +
phi, 1, -std::abs(m));
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)
y

// Manually written Spherical Harmonics to cross-ch
: // implementations
inline std:complex<doublex Y_complex basis_ref (double costheta, double phi, int 1, int m {
const double theta = std s (costheta) ;

eck algorithmic

i q

0 §& m == 0) return 0.5 * std::sqrt(1.0 / PI);

186 m==-1)
return 0.5 * std::sqrt(3.0 / (2.0 * PI)) * std::exp(-gra::math::zi * phi) * std::sin(theta);

if (1

18m

0) return 0.5 * std::sqre(3.0 / PI) * costheta;

1 1

return 0.5 * std::sqrt(3.0 / (2.0 * PI)) * std::exp(gra::mathi:zi * phi) * std::sin(theta);

Va

if @ )

return 0.25 * std::sqrt(15.0 / (2.0 * PI)) * std:iexp(-2.0 * gra::mathiizi * phi) *
std::pow(std::sin(theta), 2);

if @ m == -1)
return 0.5 * std::sqrt(15.0 / (2.0 * PI)) * std::exp(-gra::math:izi * phi) * std::sin(theta)
costheta;

return 0.25 * std::sqre (5.0 / PI) * (3.0 * std::pow(costheta, 2) - 1.0);

sqrt(15.0 / (2.0 * P1)) *

zi * phi) * std::sin(theta)

i q
return 0.25 *
std: :pow (std;

sqrt(15.0 / (2.0 * PT)) *
in(theta), 2);

math::zi * phi) *

it

-3)
return 1.0 / 8.0 * std
std: :pow(std::

€(35.0 / PT) *
in(theta), 3);

it -2)
Eeturn 0.25 * stdiiagrt(105.0 / (2.0 PI)) * stdizexp(-2.0 * gra:imathiizi * phi) *
in(theta), 2) * costheta;

if (1 -1)
return 1 o/ 6.0 sed
Lo

Sqre(21.0 / PI) * std::exp(-gra:imathiiz
Pon(costhota, 2) - 1.0

i * phi) * std::sin(theta) *

if 1 0)
return 0.25 * std::sqrt(7.0 / PI) * (5.0 * std::

ow(costheta, 3) - 3.0 * costheta);

if (1 ==3 & 1
return 1.0 / 8.0 * std::sqrt(21.0 / PI) * std::exp(gra::math::z
(5.0 * std::pow(costheta, 2) - 1.0);

i * phi) * std. B

i @
return 0.25 * std::sqrt(105.0 / (2.0 * PI)) * std::exp(2.0 * gra::math:i:zi * phi) *
std::pow(std:isin(theta), 2) * costheta;

if

@ 3
return -1.0 / 8.0 * std::sqrt(35.0 / PI) * std::exp(3.0 * gra:imath::izi * phi) *
std::pow(std::sin(theta), 3);

if (1==4 sem
return 3.0 / 16.0 * st
std: :pow (std;

Gre (35.0 / (2.0 * PI)) *
sin(theta), 4);

exp(-4.0 * gra::math:

Af (1 == 4 6 m == -3)
return 3.0 / 8.0 * std
std: :pow (std;

qre (35.0 / (P1)) * std
sin(theta), 3) * costheta;

zi * phi) *

if

& n

are (5.0 / (2.0 * PT)) * std::ex;
in(theta), 2) * (7.0 * std:

p(-2.0 * gra::
pow icostnata, 2 o 1i0y;

if (1 == 4 6 m == -1)
return 3.0 / 8.0 * std

5art (5.0 / PI) * std::exp(-gra:imath:izi * phi) * std::sin(theta) *
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// Running QED coupling [HEADER ONLY FILE]

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

#ifndef MQED_H
#define MOED_H

0: #include <vector>

7/ own
#include "Graniitti/MMath.h"

: namespace gra {
namespace ged {

constexpr double alpha_ref
constexpr double Q_ref

: constexpr double alpha 0 =
0.0072973525693; // value of alpha at 0 = 0 (fine structure constant)®{-1]

0.0072973525693; // reference value of alpha at scale O
0.0005109989461; // reference scale (GeV)

V4

// Get number of charged leptons at given scale
inline int get_N_leptons (double Q) {

Q > 1.77686E400) { return 3; }
if (Q > 1.056583745E-01) { return 2; }
return 1;

// The coefficient of loop beta functi.
{nline double beta0_QED(int N.Lf) { return 1.0 / (3.0 % math::pD) * N1f; )

: // OED running coupling
: dnline double alpha QED (double G2, const std::stringt order
: // Freeze the coupling at 0 <

L) o

if (order zzro” || Q2 < (03 xef * Q_ref)) ( return alpha_0; )
// Inp

const double Q mat €102) ;

omet o Rie Z e reprone b5

// Beta-function quantities
const double betad = beta0_QED (N_1f);
const double R = stdi:log(Q2 / (Q_xef * Qref));

if (o Li') ( // leading log [one loop geometric series resummation
z-tun\ alpha_ref / (1.0 + alpha_ref * beta0 * R);
)

Sheow std::invalid_argument ("alpha QED:: Unknown order parameter: " + order);
)

// QED coupling at Q
: inline double .1phq_c=nu { return alpha_QED(0, "ZERO"); }
// OED: Blectric charge in natural units ~ 0.3

inline double eQED(dounie 07) [ return mAUM:MSdrt (alphe QED(@2) ¢ 4.0 mathiifN); )
inline double e_QED() { return math::msqrt (alpha_QED () D)

) // namespace ged
} /7 namespace gra

: #endif
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(7.0 * std::pow(costheta, 3) - 3.0 * costheta);

if (L == 4 &6 m == 0)
return 3.0 / 16.0 * st t(1.0 / pT)
(35.0 * std::pow(costheta, 4) - 30.0 * std::pow(costheta, 2) + 3.0);

Af (L == 4 g6 m == 1)
return -3.0 / 8.0 * st Tt (5.0 / PI) * std::exp(gra::matl
7.0 * std::pow(costheta, 3) - 3.0 * costheta);

1am

re (5.0 / (2.0 * PI))
sin(theta), 2) *

* std::exp(2.0 * gra:imath:izi * phi) *
(7.0 * std::pow(costheta, 2) - 1.0);

td::sqre(35.0 / (PI)) * std:
sin(theta), 3) * costheta;

texp(3.0 * gra::math::zi * phi) *

d:rsqrt(35.0 / (2.0 * PI)) * std:iexp(4.0 ¥ gra
std::pow(std::sin(theta), 4);

simath:izi ¥ phi) *

invalid argument ('%_complex basie xef:: Mot supported 1 =
+ std::to_string(m);

) // namespace math
) // namespace gra

1026: #endif
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// Tensor Pomeron amplitudes
a

7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/licenses/MIT>

: #ifndef MT
#define MTEN

// ¢
: #include <complex>
#include <random>
#include <vector>

// Tensor algebra
#include "FTensor.hpy

7/ own
#include "Graniitti/M4Vec.h’

#include "Graniitti/MTensor.h"

namespace gra (

// Tensor Pomeron model parameters
struct MTensorPomeronParam [
// Trajectory parameters
double delta? = 0;
double delta 0
double delta IR
double delta 2R

double ap P = 0; // GeV*{-2}

i /) Gevh(-2)
7/ Gev~ (-2}
7/ Gev* (-2}

double eta 0 =

7/ scales
double M_0 i // Gev
double M_IR = 0; // GeV

// couplings

double // GeV* (-1}, Pomeron-Proton-Proton
double // GeV* (-1}, Pomeron-Pion-Pion

double // GeV* (-1}, Pomeron-Kaon-Kaon
std::vector<double> gPrhorho;  // [GeV"(-3], GeV*(-1}], Pomeron-Rho-Rho

vector<double> gPphiphi;  // [GeV"(=3], GeV(-1}], Pomeron-Phi-Phi
bool initialized = false;

// Read parameters from file
void ReadParameters (const std::string smodelfile) {
= nlohmann::json;
tring data = gra::aux::GetInputData(modelfile);

3 = json::parse(data);

/7 350N block identifier
const std::istring XID = "PARAM_TENSOREOM';

delta P = j.at(XID).at("delta ®");
delta 0 = j.at(XID).at('delta 0");
delta IR = j.at (XID).at ("delta 1R');

delta 2R = j.at (XID).at ("delta 2R");

P = j.at(XID).at
ap_0 = j.at(XID).at
at (XID) .at
.at (XID) .at.

j.at (XID) .at
at (XID) .at
3.at (XID) .at

3.at (XID) .at ("gPNN") ;
3.at (XID) .at (“gPpipi

zi * phi) * std::sin(theta)
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GPKK = j.at (XID) .at ("gPRK") ;

::vector<double> a = j.at (XID).at ("gPrhorho”);
gPrhorho ai

d::vector<double> b = j.at (XID) .at ("gPphiphi”);
eohiph b

initialized =
} cateh (...) {
std::string s

rue;

tr = "MTensorPomeronParam: :ReadParameters: Error parsing " + modelfile +
" (Check for extra/missing commas)"
throw std::invalid_argument (str);

// Matrix element dimension: " GeV*" << -(2+external _legs - 8)
class MIensorPomeron : public MDirac {

publi
\Tensorponeron (gra: {LORENTZSCALAR 61ts, comst std::string Gmodelfile);
“MTensorpomeron ()

// Decay coupling (static so we can call it independently)
static double GDecay(int J, double M, double Gamma, double mf, double BR);

// Amplitude squared
double ME3(gra::LORENTZSCALAR &lts) const;
double ME4 (gra::LORENTZSCALAR &lts) const;
double ME (gra::LORENTZSCALAR &lts) const;

// Scalar, Pseudoscalar, Tensor coupling structures
Flensor::Tensord<std: :complex<double>, 4, 4, 4, 4> iG_PPS_0() const;
Fransort Tensord<etd: icomplexcdoubles, A, 4, 4, 1> LG_PPS_ (const MAVec Gql, const MiVec a2,
double g_PPS) const;
4, 4, 4, 4> iG_PPPS_0(const MdVec &ql, const MdVec &q2,
louble g_PEPS) const;
Frensos: Tensordsstd: complexcdoubler, 4, 4, 4, 4> 16_PPES_L(const Wilec tal, const Mivec a2,
e g_PPPS) const;
complex<double>> i_rer 000 const
::complex<double>> iG_PPT_12(const MdVec &ql, const MdVec &q2, double g_PPT,
int mode) const;
complex<double>> iG_PPT_03 (const MiVec £ql, const MiVec 6q2, double g PPT) const;
complex<double>> iG_PPT_04 (const MdVec &gl, const MiVec &q2, double g PPT) const;
complex<double>> iG_PPT_05(const MiVec &ql, const MdVec &q2, double g PPT) const;

: :complex<double>> iG_PPT_06(const MdVec &ql, const MdVec §q2, double g PPT) const;

FTensor: :Tensord<std: :complex<double>

// Vertex functions
FTensor: :Tensor2<std: :complex<double>

4, 4> iG_vv2psps (const std::vector<Mivec> &p,
int PDG) con:

FTensor::Tensord<std: :complex<double>, 4, 4, 4, 4> iG_PPS_total(
const Mdvec &ql, const MdVec &q2, double MO, const std::string &mode,
const std::vector<double> &g_PPS) const;
MTensor<std: :complex<double>> iG_PPT_total(const MaVec &ql, const MdVec §q2, double MO,
const std::vector<double> &g_PPT) const;

FTenso

. 4, 4> iG_eppl MavVec aprime, const MiVec p) const;

FTensor::Tensorl<std: :complex<double>, 4> iG_yee(
const Mdvec sprime, const MiVec &p, const vector<st;
const std::vector<std: :complex<double>> &u) const;

complex<double>> &ubar,

Frensor: iTensor2<std: :complex<double>, 4, 4> iG_yecbary!
const std tor<std: :complex<double>> subar, const MMatrix<std
Gonat atd: ivector<std: icomplencdoublers 4v) constr

complex<double>> §iSF,

Frensor::Tensorl<stds: :complex<double>, 4> iG_ypp(
const M4Vec &prime, const MiVec &p, const std::vector<st
const std::vector<std: :complex<double>> &u) const;

complex<double>> &ubar,

Frensor::Tensor2<std: :complex<double>, 4, 4> iG_Ppp(
const MaVec &prime, const MiVec &p, const std::vector<std
const ector<std: :complex<double>> &u) const;

complex<double>> &ubar,

Flensor::Tensord<std: :complex<double>, 4, 4, 4, 4> iG_PppbarP (
const MaVec prime, const std::vector<std::complex<double>> Gubar, const MdVec &pt,
const Matrix<std::complex<double>> &iSF, const std::vector<std::complex<double>> &v,
const Mdvec &p) const;

Frensor::Tensor2<stds: :complex<double>, 4, 4> 1G_Ppsps (const M4vec &prime, const MVec &p,
double gl) const;

Tud tti h 4/4
Flensor: :Tensord<double, 4, 4, 4, 4> R_DDUU;
Flensor: :Tensord<double, 4, 4, 4, 4> R_UUDD;

MTensor<double> T1;
MTensor<double> T2;
MTensor<double> T3;

// Parameters
MTensorPomeronParam Param;

)} // namespace gra

26
263: fendif

d iitti h 3/4

Frensor::Tensord<std::

omplex<double>, 4, 4, 4, 4> iG_Pvv(const MiVec aprime, const MivVec &p,
double g1, double g2) const;

sta
FTensor::Tensorz<std:

complex<double> iG_f0ss (const MVec &p3, const MiVec &pd, double M0, double gl) const;
omplex<double>, 4, 4> iG_fOvv(const MdVec 4p3, const M4Vec 4pd, double MO,
double g1, double g2) const;

FTensor:

omplex<double>, 4, 4> iG_psvv(const MdVec &p3, const MiVec &pd, double MO,
double gl) const;

omplex<double>, 4>  iG_vpsps(const MdVec &kl, comst MiVec &k2, double MO,
uble gl) const;

Tensori<std

FTensor::Tensor2<std::complex<double>, 4, 4> 1G_f2psps (const M4Vec &k1, const MaVec &2,
uble MO, double gl) const;
Frensor: Tensord<std: sconplexcdouble>, , 4, 4, 4> iG_2vv(const Mivec Gkl, const Mivec Gk2,

double M0, double gl, double g2) const;
omplex<double>, 4, 4, 4, 4> iG_f2yy(const MdVec &kl, const MéVec &k2,
double M0, double gl, double g2) const;

Frensor: :Tensord<std;

Flensor: :Tensorz<std;

4, 4> iG_yV(double g2, int pdg) const;

omp1ex<doubl

/{ potacization suns

vector<FTensor : , 4, 45> i Sum (
lamat Fronsor: ‘Tencori<eta::comploncaounier, 4, 4, 4, 45 o, const tvee ap3,
const MdVec &pd) const;

std::vector<FTensor:: L4, 4> 1P015um (
const FTensor::Tensord<std::complex<double>, 4, 4, 4, 4> &M, const MiVec &p3,
const Mdvec &pd) const;

sta:: 1p015um (
const FTensor::Tensor2<std::complex<double>, 4, 4> &M, const MiVec &p3,
const Mévec &pd) const;

stdi: n1Polsum(
const Flensor::Tensorz<std::complex<double>, 4, 4> &M, const MiVec &p3,
const MéVec &pd) const;

// Propagators
Flensor::Tensord<std::complex<double>, 4, 4, 4, 4> iD_P(double s, double t) const;
FTensor::Tensord<std::complex<double>, 4, 4, 4, 4> iD_2R(double 5, double t) const;
FTensor: :Tensor2<std: : complex<double>, 4, iD_O(double s, double t) const;
FTensor::Tensor2<std: :complex<double>, 4, 4> iD_IR(double s, double t) const;

v

Flansor: Tansora<std: soomplexciouble>, 4, 4> 0. (conat Mivec ¢p, double WO, duuble 834) consts

complex<double> iD_MESO (const MdVec &p, double MO) const;
sta scomplex<doubler uLMES(cann. Hivee ip, double M0, double Gamma) const;
FTensor: : Tensorz<st <double>, 4, 4> iD_VMES (const MdVec &p, double M0, double Gamma,

ol INDEX_UP) const;
omplex<double>, 4, 4, 4, 4> iD_TMES (const MdVec &p, doub:
double Gamma, bool oEx b1 conets

FTensor: :Tensord<std:

// Tensor functions
FTensor::Tensord<std::complex<double>, 4, 4, 4, 4> Gamma0(const MiVec &kl, const MdVec §k2) const;
FTensor::Tensord<std::complex<double>, 4, 4, 4, 4> Gamna2(const MiVec &kl, const MdVec £k2) const;
void CalcrTensor ();

// Trajectories
double alpha_P (double t) const;

double alpha 2R (double t) const;

// Form factors
double F1(double t) const;
double F2(double t) const;

double F1_(double t) const;
double ¥2_(double t) const;

double GD(double t) const;
double FM(double g2, double LAMBDA) const;
double F(double q2, double MO, double LAMEDA) const;

privats
// Minkowski metric tensor
FTensor::Tensorz<double, 4, 4> gT;

// Epsilon tensors
FTensor::Tensord<double, 4, 4, 4, 4> eps_lo;
FTensor::Tensord<double, 4, 4, 4, 4> eps_hi;

// Aux tensors
FTensor::Tensord<double, 4, 4, 4, 4> R_DDDD;
FTensor::Tensord<double, 4, 4, 4, 4> R_DDDU;
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./src/Program/gr.cc 1/4 ./src/Program/gr.cc 2/4
1: // GRANIITTI e Carlo event generator for high energy diffraction 84: “space generation, set N to -1 for more info"
https://github.con/mieskolainen/graniitti

<< " GFLATMASSZ:true flat sampling in M2 instead of "
"relativistic Breit-Wigner £(M*2) in decay trees"

<Main generator program>

ndl;
" GOFFSHELL:X how many +- full widths particles
[of-shell in decay trees (X = O onshell, X = 5 dafault)”

:iendl

(¢) 2017-2020 Mikael Mieskolainen std::cout <<
Licensed under the MIT License <http://opensource.org/licenses/MIT>.
<< st
sta::cout
<< " @PDG[X](M:350.0, W:5.0) new mass and width for pdg particle id X"

al;

#include <memory> ©
#include <stdexcept> ER[£0_980] (M:0.990, W:0.065} set new central resonance mass and width"
d:rendl;
/ own << " @RES(rho_770:1, ..., £2.1270:1) set active resonances in the "
#include "Graniitti/MAux.h" vamplitude (1 active, 0 inactive)"
<< sta;

#include "Graniitti/MGraniitti.h"
#include "Graniitti/MMatrix.h"
<< std:rendl;

// Libraries << rang:istyle [Pomeron amplitudes]” << rang::style::reset
#include "cxxopts.hpp"
#include "json.hpp" std::icout << " @SPINGEN:true set generation 2->1 spin "
#include "rang.hpp" seorrelations sctive (true, false)®
< std:
using namespace gra; < e moRc erue set decay 1->2 spin correlations "
: ractive (true, false)"

<< std

// Main
int main(int arge, char *argv(]) {
aux: :PrintArgv(arge, argv); << " @FRAME:X set Lorentz frame definition for the "

"spin density matrix (X = CS, HX, CM)"

7/ save ene number of fnput argunents < s

const int NARC std::icout << " @R[£2_1270]{J20:0.5, JZ1:0.0, J22:0.5} set new diagonal spin demsity matrix "
"elements for resonance:

// create generator object f. << std::endl;

i aue e Morant 1tk 1> gon = std: imake_unique<MGraniitEl> ) std:icout << @IMAX:X set maximum Pomeron helicity for the "

"sliding helicity amplitudes"
<< std:rendl

ptions options(argv(0], "");

sta::cout
GptLona-add_options (V1) (14, INEUT!, \nput card, cxxopta::valuecstdsistring () (1 hele’, std::cout [Tensor pomeron amplitudes]" << rang::style::
e
options.add_options ("GENERALPARAM") std::cout << " @R[£0_980](g0:1.0, g1:0.2, set new production couplings (g0,gl} "

calar/pseudoscalar] (g0, ..., g6} [tensor]"

("0,00TRUT", "Output name corring, omepts:valuecsid: sotring: () << std:zendl;
"€, FORMAT", "Output format pmcS‘hapch‘hepavt)‘
cxxopta: (vALu<SEAs 1 string> ()] (", NEVENE, "Nedber of events <integer3z>",
xxopta: valuemmqne.s int>0) ( old << " PROCESS string examples:’ << rang::style::reset
o , cxxopts::value<std::string> () (
"Weighted events <true|false>', exxopts::value<std::string>()) (
Number of CPU threads <integer>", cxxopts:ivalue<unsigned int>()); YYICONI<C> -> mut mu=" << std:iendl;
Yy lHiggs]<F> &> 22 22" << std::endl
options.add_options ('FRGCESSEARAN') ('p PROCISS", “Frocess <string>", YY[CONI<C> —> 992 ~992 @BDG(992] (M:1500,W:0)" << std: zendl;
xopts: ivalue<std: :string> () ( YP[RESTENSOR] <C> -> pi+ pi- GRES(rho_770:1)" << std: :endl,
"e,ENERGY", "CMS energy <double>", cxxopts::value<double>()) ( FR(CONI<C> —> 7ho (7700 > (pi+ pi-] Tho(770)0 > (pi+ pi-]" << stdi:
"1/ POMLOOR", "Screening Pomeron loop <true|false>”, cxxopts::value<std:istring>())( IEiCaMI <ty —> piv pi- piv pi-r << staiencl;
“Excite protons <0[1]257, cxxopt: PRCON]<C> —> pi p- GFLATAMP:2' << std::endl;
q, LHAPDE", "Set LEAPDF <string>", PP [RES+CON] <F> —> ;u. Pi~ GRES(£0_300:0,xho_T70:1, £0_980:1, £2_1270:1) *
"h,HIST", "Histogramming <0|1[2>", cxxopt ( "@R[£0_980] (M:0.98, 5y
"z, RNDSEED", "Random seed <integer32>", cxxopts::value<unsigned int>()); << std:zendl;

<< stdi

auto r = options.parse(arge, argv); ndl;

if (r.count ("help") || NARGC == 0) ( << rang:istyle:ibold << rang::fg:igrees
gens>Getprocasstunbers () ; "A steering card example with no “Gitional imput:® << rangs:style::reset
std::icout << opt ST << std:zen
cout Cyrertbald << " nerow opevatore.t << tam cout << ' * << argv(0] €€ * -3 /input/test.json’ << stdisendl << st

—> between initial and final states” << std
& (instead of ->) for a decoupled central system phase space (use with "
<p> class, e.g. for s-channel resonances)”

<< std:iendl;

std::cout << rang::style::bold << rang::fg::red
S¢ 1A steering cara xample v vith cemnandline input override

"'<< argu(0] << " i ./input/test.json -p \"yy[QED]<F> —> e+ e-\""
> for recursive decaytree branchings with curly brackets { grand daughters )" ndl

:1bold aux: :CheckUpdate () ;
“on-the-flight’ parameters to concatenate with PROCESS string:"

<< std:zen

return EXIT_FAILURE;
)

cout << rang old << " [Generic]® << rang::style::reset << std::endl; V
77 this girst
cout << " GFLATAMP N £lat matrix element for ‘pure’ phase " 7/ Process re-set from commandline
./szc/Program/gr.cc 3/4 ./szc/Program/gr.cc 4/a
i€ (z.count ('p")) ( 250:  std::cout << "lgr: donel” << std::endl;
gen’>ReadInput (r["3"] .as<stdssatring> (), r('p").as<stdiistring ()7 251: s iCheckUpdate () ;
) else | 252
gen->ReadInput (r["4"].as<std: :string>()) 253:  return EXIT_SUCCESS;
) 2541

i
// Quick custom parameters

// General parameters (order is important)
if (r.count("n")) { (x("a"].. int>()); }
if (r.count("o") && r.count("f£")) {
gen->SetOutput (r["o"].as<std::string>());
qen >SetFormat (r["£"].as<std::string>());
£(7£) || (1r.count("o") && r.count(
Fvalid_argunent (Ereor: Use options o and £ together.

g val = r("g"].as<st
Gen->setTntegrator (val);
)

string>();

b trcount ()
const st ng val = r('w'].ascst
gen-)setwethted(val true”

string>();

if (r.count("c")) ( gen->SetCores(r['c"].as<unsigned int>()); )

// Process parameters (adding more might be involved due to initialization

// Mrocess.
if (r.count ("
const std: g val = r["1"].as<st
Gen_>proc.sastSereening (val == erue

i

if (r.count("e")) {
double E = r['e"].as<double>() / 2.0; // CMS-energy in symmetric collider
gen->proc->SetBeanEnergies (E, E);

(rr7s1. int>0); )
{ Semoproc sSectnaEbr x rar] ng>(0); )
{ gen->proc->SetHistograms (r['h'].as<unsigned int>()); }
if (r.count("=") P -SetSeed (r("z"]. int>0);

Va

// Initialize generator (always last!)
gen->Initialize();

// Generate events
gen->Generate () ;

// Print histograms
gen->PrintHistograms () ;

// Exception handling
) catch (const std::invalid_argument &e) {
gen->GetProcessNumbers () ;
zintGaneoves ();
ed << "Exception catched: "

) ios_base::failure &e) {
zintGameOver 0;
err << rang::fg:ired << [Exception catched: std::ios base::fatlure: *
< STt () << seasronal
return EXIT_FATLURE;
) caten (const cxxopts: :0ptionException e) {
ntGameOver () ;
ed << "Exception catched: Commandline options: " << rang::fg
endl;

xception se)

JSON imput: " << rang::fg::reset << e.what()

gen- >Ger.P:ocessNumbersU.

rintGameover ()

ticerr << rang::fg:ired << "Exception catched: Unspecified (...) (Probably JSON input)"
<< rang::fg:ireset << std:

return EXIT_FAILURE;




./src/MUserHistograms.cc 1/2

1: // Container class for different type of histograms
7

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

6: // Cre
#include <complex>

// own

#include "Graniitti/MAux.h"

#include "Graniitti/MForm.h"

#include "Graniitti/MKinematics.h"
b

namespace gra
23: void Misechistograns
// Level

unsigned Lot Nbins = 405

InitRistograms () (

h1["M"] = MHl<double>(Nbins, "Central System M (Gev)");
hi['Rap"] = MHl<double>(Nbins, "Central System Rap');
h1["Rap"].SetAutoSymmetry (true) ;

n1["et"] MHl<double>(Nbins, 0.0, 2.5, "Central System Pt (GeV)");
hl["dPhi_pp"] = MHl<double>(Nbins, 0.0, gra::math::PI, "Forward deltaphi (rad)"
h1["pPE"] = MHl<double> (Nbins, 0.0, Forward Pt (Gev)

h2["raplrap2"] = MH2(Nbins, Nbins, "Rapidityl vs Rapidity2");
h2["raplrapz”].SetAutoSymmetry ({true, truel);

hi[EN
h1['m0

= Mil<double> (Nbins, "Forward M (Gev)");
= Miil<double> (Nbins, "Intermediate daughter M (GeV)'

// Level 2
Nbins = 40;

h2["costhetaphi_CS"] =
MHZ (Nbins, -1.0, 1.0, Nbins, -PI, PI, *(cos theta, phi) [CS] [Collins-Soper frame]")

.0, Nbins, -PI, PI, "(cos theta, phi) [HX] [Helicity frame]");
.0, Nbins, -PI, PI, "(cos theta, phi) [AH] [Anti-Helicity framel");

.0, Nbins, -PI, PI, "(cos theta, phi) [PG] [Pseudo-GJ frame]");

.0, Nbins, -PI, PI, "(cos theta, phi) [GJ] [Gottfried-Jackson frame]

2 (Nbins, -1.0, 1.0, Nbins, -PI, PI, "(cos theta, phi) [CM] [Direct system rest frame]");

h2["costhetaphi_LA"] =
MHZ (Nbins, -1.0, 1.0, Nbins, -PI, PI, *(cos theta, phi) [LAB] [Laboratory frame]");

ble totalueight

slts) (

B1("47).Fill (gra::math:msqrt (lts.m2), totalweight);
RLURap] FLLLAES ¥, totalueight);

1("Pt"].Fill(lts.Pt, totalweight);
hi_pp"] .Fill(std::abs(lts.pfinal[l].DeltaPhi (lts.pfinal(2])), totalweight);
M {npbe T PLLL (1es peinaL (1] Pe ), sotalueights

// cascade decay
if (lts.decaytree[0].legs.size() > 0) { h1["m0"].Fill(lts.decaytree(0].pd.M(), totalweight); }

// Dissociated pr
if (lts.pfinall1]. o1 ¢ RI["EM"].Fill(lts.pfinal(1].M(), totalweight); )

// Level 2
if (HIST >= 2)
h2['raplrap2’].Fill (lts.decaytree[0].p4.Rap(), lts.decaytree(1].p4.Rap(), totalweight);
FillCosThetaPhi (totalweight, lts)

(

82:
83: // (costheta,phi) of daughter in different Lorentz frames, input as the total

./src/MSudakov.cc 1/8
1: // Shuvaev PDF and Sudakov suppression class
2

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ cre
#include <complex>
#include <fstream>

#include <memory>
#include <vector>

// C file processing
#include <sys/stat.h>
#include <sys/types.h>
#include <unistd.h

#include "Graniitti/MTimer.h"

241
25: // LHAPDF
26: #include "LHAPDF/LHAPDE.h"

/ Libraries
#include "rang.hpp"

namespace gra {

using indices;
34: using math::msqrt;
35: using math::pow?;
36: using math::zi;

// Constructor
ov: :MSudakov () [}

{ delete Pafetr; }

_sqrts, const std::string &PDFSET, bool init_arrays) (

Numerics.ReadParameters () ;

// Setup energy dependent boundaries
Numerics.sqres = _sqres;
Numerics.M_MAX = _sqrts;

// Collinear case: M'2 = x_lx_2s, let x_1 = 1.0 gives minimum x_2 = M°2/5
Numerics.x MIN = math::pow? (Numerics.M_MIN / Numerics.sqrts);

// InitLHAPDF ("CT10n1o0");
InitLHAPDF (PDFSET) ;

if (init_arrays) { InitArrays(); )

void MSudakov::InitArrays() {
// Init Sudakov variables

std::icout << "Initializing <Sudakov> array:" << st

/ qz.m
veto.sqrts = Numerics.sqrts; // FIRST THIS
veto.Set (0, "2, Numerics.q2_MIN, Numerics.q2_MAX, Numerics.SUDANLO],

Namerica. SUDA_log_ONTO1)
veto.Set (1, MIN, Numerics.M MAX, Numerics.SUDAN[1], Numerics.SUDA_log ON[1]);
vt Tseneray (7 7 Tasiiatire (eati TastT)

const unedgned long hash - gra::aux::djb2hash (veto.GetHashString () ;
cons teing | filenane - gra:iau:iGetbasePath(2) ‘eikonal/SUDA_"
SString (veto.sqrts, 0) & -« i POESETNAME + *_v +

gx:
el kg haany;

// Try to read pre-calculated
bool ok = veto.ReadArray(filename);

while (lok) ( // Problem, re-calculate
// Pointer to member function: ReturnType

./src/MUserHistograms.cc 2/2

// event weight
void MUserHist Fil
// Central final states
std::ivector<Mavec> pf;
Ppf.push_back (1ts.decaytree[0].pd) ;
pf.push_back (1ts.decaytree (1] .pd);

i (double totalweight LORENTZSCALAR &lts) {

// System 4-momentum
mavec x;
for (const auto &i : indices(lts.decaytree)) { X += lts.decaytreelil.pd; }

/
// choose Pseudo-Gottfried-Jackson beam direction (-1,1)
const int direction =

// ** PREPARE LORENTZ TRANSFORMATION COMMON VARIABLES **

Mavec pblboost; // beaml particle boosted
2boost; // beam? particle boosted

ector<MdVec> pfboost;  // central particles boosted
: (pE, X, 1ts.pbeaml, 1lts.pbe

Pblboost, pb2boost, prboost);

("CS", "HX", "AH", "BG", "CM"
for (const. auto bk ; tndlcesierametypa)) (

ransform and histogram
tvector<Mdvec> pfout;
kinematics::LorentzFrame (pfout, pblboost, pb2boost, pfboost, frametype(k), direction);
h2["costhetaphi " + frametype(k]].Fill(std::cos (pfout (0].Theta()), pfout(0].Phi(

totalweight);

msart (16s.m2), pfout [0].Phi(),

// h2("Mphi_ hn—ame:ypelnu
// totalweight)

Igra

// Gottfried-Jackson frame
vector<MaVec> pfGJ = pf;

£ :GJframe (p£GJ, 1ts.pfinall tion, lts.ql, lts.q2, false);
h2["costhetaphi_GJ"].Fill(std! costpiGJlO] hetatys PEGI[0].Phi(), totalueight);

// Laboratory frame
h2["costhetaphi_LA"
)

1.Fi11 (st

cos (pfL0].Theta()), pfI0].Phi(), totalweight);

// Print all histograms out

void MUserHistograms::PrintHistograms () (
if (HIST >= 1) {

for (auto const &x : h1) { hllx.first].Print(); }

)
if (HIST >= 2) {
for (auto const &x : h2) ( h2[x.first].Print(); }

) // namespace gra

/src/MSudakov.cc 2/8

// (Classtype:: ) (Fazanetertypes. -.)
pair<double, double> (MSudakov
Calcu]atel\xxay(ve(u, 95
veto.WriteArray (filename, true);

ok = veto.ReadArray (filename);

£) (double, double) = &MSudakov: :Sudakov_T;

)

// Init Shuvaev PDF variables
i

st rendl;

out << "Initializing <Shuvaev> array:" << std:

7/ azox

spdf.sarts = Numerics.sqrts; // FIRST THIS

spdf.Set (0, "g2", Numerics.q2_MIN, Numerics.q2_MAX, Numerics.SHOV_N(0],
Numerics.SHUV_log_ON[0])

spdf.Set (1, "x", N _MIN, N _MAX, N

spdf.InitArray(); // Initialize (call last!)

HOV_N[1], Numerics.SHUV_Log_ON[L]);

const unsigned long hash
const std::istring  filename

gra

ux: :djb2hash (spdf .GetHashString () ;
gra::aux: :GetBasePath(2) + */eikonal/SHOV." +
grariavx:iTostring (spdf.sqrts, 0) + PDFSETNAME + "
td::to_string (hash);

// Try to read pre-calculated
bool ok = spdf.Readarray (£ilename);

while (lok) { // Problem, re-calculate
// Pointer to member function: ReturnType
// (ClassType::*) (ParameterTypes. ..)
std::pair<double, double>
CalculateArray (spdf, f);
spdf.WriteArray (filename, true);
ok = spaf.ReadArray (filename);

)

£) (double, double) = &MSudakov: :Shuvaev_H;

)
V4
// Finally

initialized = true;
std:icout << std:iendl;

if (Numerics.DEBUG) { TestPDE(); }

{/ Return gluon xg(x,02) from LiALDF
double MSudakov: :xg_xg2 (double x, double q2) const {
const. int pid = 311 /) atson

try (

zy
return PAfPLr->xfxQ2(pid, x, a2);
cateh (...) {

tring str
"MSudakov: :xg_xQ2: Problem with x = "
throw std::invalid_argument (str);

to_string(x) + ', a2 o_string(a2);

// PDF access

a

[/ [Roremice: LaEoee, arciv.oxg/avs/1412.7420)

vo! InitLHAPDF (const std::string &pdfname) (
POPSETRANE. - pdfname;

// LEAPDF init

PAfPtr = LHAPDF.

KPDF (pdfname, 0);

)
++init_trials;

stdiistring str = "MSudakov::InitLEASDE: Trials = * + std:ito_string(init_trials) +

Problem with reading a pdfset /" + pdfname +

if (init_trials >= 2) { // Too many failures
throw std::invalid_argument (str);
)

out << str << st

endl;

ut.oDown10adLHAPDF (pdfname) ;
InitLHAPDF (pdfname); // try again

166: // PDF test routine



./src/MSudakov.cc 3/8 ./src/MSudakov.cc
void MSudakov::TestPDE () const (
const double MINLOGK = std::

10g10 (Numerics.x_MIN) ;

4/8
: double MSudakov::fg_xQ2M(double x, dou.ble a2, double M) const {
// Calculate Shuvaev transformati,

U7 atds ipatecdouni, doubler outl o Shuvacy_i(qz,

const double stepX Lok~ HINGSK) 7 NG

x);
std::pair<double, double> outl = spdf.Interpolatezd (g2, X);
const double Hg outl.first;
const double dfig = outl.second;
const double MINLOGO2 = std::logl0 (Numerics.g2_MIN);
const double MAXLOGQ2 = std::logl0 (Numerics.q2 MAX);
const int  NOZ

= 5; // Number of points -

(MAXLOGQ2 - MINLOGQ2) / NQZ;
const double MINLOGM = std::logl0 (Numerics.M MIN);
const double MAXLOGM = std::10gl0 (Numerics.M MAX);
const int

w 5; // Number of points - 1
const double stepM = (MAXLOGM - MINLOGM) / NM;

// calculate Sudakov vet
const double step02

77 std: patredouble dowbler out? = Sudakow T (52 )
pair<double, double> out2 = veto.Interpolate2d (a2, M);

onst doule Tg = out2.firs

const double dTg = out2.second;

1

// Chain rule’s: d/din(g°2) [ ..

double total = 0.0;

// Test loop

for (stdiisize_t i = 0; i < NM + 1; ++i) {
const double logloN - MINLOGH ¢ i * ste

if (Tg > le-15)
const double 1 Tpow (10, 1ogi6M 5

{
£otal = dig * math:imsqrt(Tg) + Hg * dTg /

(2.0 * math::msqrt (Tg));
7 print e ("usudakov: : £g_xq2t: Sudakov factor Tg

7/ 30.38

PrANtE("[M = %0.1£ GeV]

// Gevi2, M = $0.3f Gev] \n",
)

= $0.2F [x = $0.1E, g2 =

alpha_s(Q = M Gev) = %0.3f \n\n", M, PAfPtr->alphasQ2(M * M));

for (std:rsize t B s e
const double Jog]ﬂx L Amviook + ) - 3

£
const double std::pow (10, loqauxv i

79, %, a2, M);

// And because our functions return partial derivatives w.r.t. g"2 (not 1n q°2)

/ we transform:

// dln(q°2)/dg"2 = 1/q"2 <=> dln(q"2)
-1/din(q*2) = d[...]/dg"2 * q*2,

Printf("x = %0.58 \n", x);

for (std:rsizet k = 0; k < NO2 + 1; ++k) (
const double logl0q2 = MINLOGQZ + k * stepQ2;
const double q2 = std::pow(10, logloa2);

dqr2/qr2 =
applied below:

2
total *= q2;

// Truncate negative values to give proper zero
// Normal gluon pdf total = (total < 0.0) 2 0.0
const double xf = xg_xQ2 (x, q2);

return total;

// Durham flux )
const double hxf = £g_xQ2M(x, 2, M);

printe(
x = $0.3E, q2 = %0.2, M = 30.1f)
"Durham flux: £g(x,q2,M)]

%, G2, M, xf, hxf);

// Calculate Shuvaev integral transform
a

[gluon pdf: xg(x,q2), "
(20.2£,30.28) \n",

// Identity:
/

201: // H_g(x, \xi > 0) = xg(x)
) a
std::cout << std::endl; 7
Vi
/7 numerical integral transformed from standard pdf
// dHg = dHg/dq"2 (differentiated numerically)

'/ Access OCD coupling alpha_s(0*2) from LHAPDF
double MSudakov::AlphaS_Q2 (double q2) const {
ey (

return PAfPtr->alphasQ? (a2);
} cateh (...) {
std:istring str = "MSudakov: :AlphaS_Q2:
throw std::invalid_argument (str);

// [REFERENCE: Harland-Lang, arxiv.org/abs/1306.6661]
7

std: spaixcdouble, double Msudskov: :Shuvaey_f (double qZ,
const double y_M

const double mex
const double y_STEP =

double x) {

Problem with q2

(y_MAX - y_MIN)
o_string(q2);
)

/ Numerics.ShuvaevIntegrall;

double Hg = 0.0;
double dHg = 0.0;
// Check that we are within valid domain (take into account floating points)
// caleulat xg/d02 via " ‘s " const double EPS = le-5;
S e : 4f (x >= Numerics.x MIN * (1 - EPS) && x <= Numerics.x MAX * (1 + EPS)
Vi 1
// Requires 4 evaluations of densities
a

%
2 >= Numerics.q2 MIN * (1 - EPS) && a2 <=

Numerics.q2 MAX * (1 + EPS)) {
7/ N1t
sta:: A N+ 1, 0.0);
V4 : en o/wi. x sta:: N+ 1, 0.0);
double MSudakov: :diff xg_xQ2_) m_qz (Goubie x, doule 52) const (
/ Do not take h less than 1E-4 with 64-bit double

for (const auto &i :
const double h = 1E-4; const double
const double hX2 = 2 * h; const double argument

indices (£A))
= yMIN + i * y_sTER;
X/ (3.0 % y);

// Calculate central differenc
const double DO_A = (xg_x02 (x,
const double DO_B

// H_g(x/2,%/2,0°2) = 4x/\pi \int_{x/4)"1 dy
qz + h) - xg_xQ2(x, 92 - h)) / (2 * h); (L2 AT /219 e 3y), 902
(xg_x02(x, G2 + hX2) - xg_x0Q2(x, g2 - hX2)) / (2 * hX2);

return (4.0 * DO_A - DO_B) / 3.0;

7 = sake into account chat LEAPDE provides xg(), not gu, gives:
const double factor

e - -
D h Py (arqumant,
B11] factor * Qiff xg xQ2_wrt QZ(axqumE“(v az);

// burham flux (skewed gluon pdf)
~ Shuvaev transformed gluon pdf x Sudakov suppression 1;
SIntegral (fA, y STER);
7 g (x,x, qt*2, : a SIntegral (fB, y STEP);
Ty rae\paceia) (\partial \In 0_t%2) [H_g(x/2,x/20_t2) \sqet (T(0 72, \mn) ] ) else (
2/ // Fatal error
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Shuvaev_fi(q2,x) :

throw std: invalid_argunent ("NSudakoy
td:sto_string(a2) +

6/8

Input scguments out of domain
std::to_string(x));

7/ with sum over active quark flavors with mass threshold qt2
) 7/ \sum_g TR * \int (°2 + (1-2)"2) dz, z (1-dgelta)
return (Hg, dHg); a

double MSudakov::AP_qg (double delte, dosble qt2) const (
const double TR = 0.5; //

// Calculate Sudakov real radiation suppression (veto) factor via direct

/7 pumexical integral.

pow2 (delta) - delta + 2.0 / 3.0) *
NumFlavor (qt2) ;
)
S reen, mo - exp( -\int_{0 "2} {\mu"2} dk_t"2 \frac{1}(k_t"2}
/7 \frac(\alpha_s (€2) ) (2\pd

// Recurn che nunbes of quark flavors at scale q°2
0" (1-DELTA] dz[2P_gg(z) + \sum g P_gg(z)] ),
unte wsudaxov: NumPlavor (double 7) const (
7 where oELTA = k_t/ms const double m_charm = 1.275; cev, 506-2018 (default definition)
Vi const double m_bottom = 4.18; 7
= numerical integral value [range [0,1)]
= dTg/dq°2 (analytic derivative)

/19
i // dTg

s (@ < ne
return

Vi
// [REFERENCE: Coughlin,
7

tpow2 (n_charm)) {
Forshaw, arxiv.org/abs/0912.3280v2]

} else iy (q2 < math: :pow2 (m_bottom)) {
: return 4.0;

std::pair<double, double> MSudakov::Sudakov_T(double qt2, double mu)

/ scale functor

) else
7 zeturn 5.0;
auto Deltascale = [] (double kt2, double M) -> double { return math::msqrt(kt2) / M; }; )
)
// [OUTER INTEGRAL]: k_t*2 integral upper and lower bounds:
const double MAX = st oqmam..powz (mu)) ; // Constructs interpolation array values
const double MIN = std::log(qt2) void MSudakov: :CalculateArray (TArray2D &a
// biscretization
const double STEP = (MAX - MIN) / Numerics.SudakovIntegrall;

stdiipair<double, double> (MSudskov:s
MTimer timer;

for (const auto &i : indices(arr.F)) (
const double a = arr.MIN[0] + i * arr.STEP[0];
// [OVIER kt~2-integral):
7/ Change of a varial

£) (double, double)) {

In(ke~2) [du = (du/dkt2) dke2] // Transform input to linear if log stepping,
// this cancels 1/kt"2 from the integrand and numerical convergence is const double varl =
7/ mueh improved.

for the function
= (arr.islog[0]) ? std:iexp(a) : a;

7 (TNNER z-integral is analyti

/ static_ (arr.N(o] + 1));
for (comst auto &j : indices(arr.F(i])) {
sta: W+ 1, 0.0); const double b = arr.MIN(1] + j * arr.STEP[1];
for (conce st 61 ¢ indtess(B)) {
const double u + i+ STER; // Transform input to linear if log stepping, for the function
const double kt2 = std::exp(u);
const double delta = DeltaScale(kt2, mu);
£1i)

const double var2 = (arr.islogll]) ? std:
Alphas_02(kt2) * (AP_gg(delta) + AP_qg(delta, kt2));

rexp (b)

)
const double integral = mat!

// Call function being pointed to
const std::pair<double, double> output
CSIntegral(f, STER) / (2.0 * math::PD);
: arr.F[4]03]10] = a;
{/ Final exprossion and its cerivative arr.F4]03111] = b;
const double Tg = (-integral);
const double delta - Deitascale (atz, ma)s

: arr.Fli]13]12]
const double dTg

T 7 Mphas Qz(q(27 / (2.0 * math
return (Tg, dTg

sta.

ba (output £ixat) < 1e64 2 0 : output.firat;
arr.F(4](3)(3] = std
}

bs (output .second) < le-64 ? 0 : output.second;

// Underflow protection
BI ¥ qt2) * (AP_gg(delta) + AP_qg(delta, qt2));

// Progressbar clearing

learprogress ()
// Altarelli-parisi splitting function definite integral over z

)
// see standard literature, e.g.
: // [REFERENCE: B.R. Webber, CERN lectures

2: // irite the array to a file
: bool IArray2p:

// www.hep.phy.cam.ac.uk/theory/webber/QCDlect 3. pdf]

// [REFERENCE: R.K. Ellis, W.J.

rintt (-Moudakov: CaleulateArray: Time elapsed 30.1f sec \n', timer.ElapsedSec());

std::string afil bool ite) const {
4: // Do not write if file exists alr
Stirling, B.R. Webber, QCD and Collider Physics] £ (grassavipileBxist (€ilenane) “i Toverwrite)
// [REFERENCE: http://pdg.1bl.gov/2018/download/db2018.pdf] // std::cout << "~ Found pre-calculated” << std
2/ : return true;
// \int z P_gg(z) dz s
J/ \int z *{ 2 * CA % int [z/(1-z)_(+} + (1-2)/z + z%(1-2)] + 7"
/ 1/6%(11%CA - 4*NE*TR) *deltafunc(i-z) ) dz, z = 0 ... (I-delta) =
Vi (below) std::ofstream file;
/ £ile.open (filename);
// First part: ... if (ifile.is_open())
: // second part: \int 1/6%(11%C - 4*N*T)*Diracbelta[l-x] dx, x 1 - delta, istring str = "IArray2D::WriteArray: Fatal IO-error with: " + £ilename;
// this vanishes with positive delta throw std::invalid_argument (str);
)
7/ where + is the "plus-description”
s/ stdsicout << "IArray2d:iWritearray: "
double MSudakov: :AP_gg(double delta) const { 9:  unsigned int line_number = 0;
const double CA = 3.0; // Structure constant
return 2.0 * CA * try (
(stdi:log(l.0 / delta) - for (const auto &i : indices(F))
math::pow2 (1.0 - delta) * (3.0 * math::pow2(delta) - 2.0 * delta + 11.0) / 12.0);
y

(
for (const auto &j : indices(F[il)) {
// Altarelli-parisi splitting function definite integral over z,

ctpracision(19) << FIL)(3](0) << 7 << FU3(3101)
ar;
s 7/ \int \sum_q P_qz(z) dz

<< PTG << st

<< v << FLLI1I) (2] <<

++1line_number;
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// Get indices
£loor((a - MIN[0]) / STEP[0]);
f£loor ((b - MIN[1]) / STER[1]);

«
invalid_argument ("IArray2D:WiriteArzay: Error in £ile " + filemame + " at line " +
std::to_string(line_number));
// Lower boundary protection
i€ (1< 0) {i=0;} // Int needed for this (not unsigned int)
file.close(); £ (G0 (3=0i}
retuzn true;
// Upper boundary protection
if (1 >= (int)N(0)) (i =N0) - 1; } // We got N+l elements in F
// Read the array from a file i€ (3 >= GROND (3= NI - 3}
bool IArray2
ifstrean file;
file.open (£ilename) ;
if (ifile.is_open()
tring str = "IArray2D::ReadArray: Fatal IO-error with: " + filename;
return false;

std::string &fil ) 1

// Aux variables for readability
const unsigned int X
const unsigned int Y = 1;

const double x1 = F[1][3][X];
const double x2 = F[i + 1][j1(X];
const double y1 = F(i](3](¥];
const double y2 = F[i][j + 11[¥];

stdiistring line;
unsigned int fills
unsigned i

int line_number = 0; const double xstep = STEP[0];
cout << "IArray2D::ReadArray const double ystep = STEP(1];
const double xval
ey ( const double yval
for (const auto &i : indices(F)) (
for (comst auto &3 : indices(F[i])) { double values(2] = {0.0};

/ Read every line from the stream

getline(file, line); //2==32, 3-=az
for (std:isize_t C = 2; C <= 3; +0) {
seds:dstringstrean stream(line); const double 011 = F[i][31(C];
ector<std: :string> columns; const double 012 = F[i][5 + 1](Cl;
amring element; const double 021 = F(i + 1](31(C];

const double 022 = F[i + 11(3 + 11(Cl;
// Gt every line element (1 of them) separated by separator
int k = 0;
while (getline(stream, element, '’
19 ) = e aod(eramens); |1/ string to doubie

// Interpolated valued
values(C -

((v2 - yval) / ystep) * ((x2 - xval) / xstep * Q11 + (xval - x1) / xstep * Q21) +
+k; ((yval = y1) / ystep) * ((x2 - xval) / xstep * Q12 + (xval - x1) / xstep * 022);
++£ills;

)
++line_number;

)

return {values(0], values[l]};
)

) // namespace gra

)

ch )t
Cheow sca::mvamLaxgumenunuuayzu ReadArray: Error in file " + filename + " at line
=

_string (line_number));

)

file.close();

if (£ills 1= 4 * (N[0] + 1) * (N[1] + 1)) {

tring str = "Corrupted file: " + filename;
out << str << std::endl;

return false;

td:icout << rang
return true;

reen << "[DONE]" << rang

// Standard 2D-bilinear interpolation £(a,b) = Z, and derivative dZ
a

: en.wiki ro/wiki/Bilinear_
r<double, double> IArray2D::Interpolate2D (double a, double b) const
const double EPS = le-5

if (a < MIN[O])
if (b < MIN[1])

MIN[0]; ) // Truncate before (possible) logarithm

{
¢ MIN[1]; } // Truncate before (possible) logarithm

a

b=

{{ Logazithnic stepping or not
sta.

if (islogl0]) ( log(a); 1
if (islogll]) { Sariicam; )

i€ (a > MAX[0] * (1 + EPS) || b > MAX[1] * (1 + EPS)) (
printe(
"Interpolate2b(vs, ts) Input out of grid domain: "
"4s = $0.3f (30.3f, %0.3f], %s = %0.3f [30.3f, $0.3£] \n",
name (0] .c_str (), namell].c_str(), name(0].c_stz(), a, MIN(0], MAX(0], name(1].c_stz(), b,
MIN[L), MAXI1D)
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1: // Form factors, structure functions, Regge trajectories etc. parametrizations

: double fe2 = 0.0;
2 5

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

// Pion loop
: double fe3 = 0.0;

7/ cre
#include <complex>
#include <cstdlib>

// on/off
bool ODDERON_ON = false;

1
: bool initialized = false;
3

std.
st

tring GetHashString() {
istring str = std::to_string(PARAM_SOFT::

7/ own
#include "Graniitti/MForm.h"

#include "Graniitti/MGraniitti.h"
#include "Graniitti/MKinematics.h"

std::to_string (PARAM_SOFT
return str;

#include "Graniitti/MQED.h"
#include "Graniitti/MSpin.h’

void PrintParam() {
PEANEE (PARMLSOFT: : Soft model parameters: \n\n');
prince('- pELTA R s¢ ELTA,

{{ idbrartes
#include "json.hpp"
Finclude "7ang hpp"

printt (1~ £z
printe ('~ fe3 20.5¢ [Geva2] \n", £c3);
PrintE("- ODDERON_ON =

)i
{0DDERONON 7 "false") << std
st ;

PDG: tmp;
using gra::PDG:impi; // Read parameters from file
void ReadParameters (const std::string &modelfile) {
namespace gra { try (
38: const std::string data = gra::aux::GetInputData(modelfile);
39: // Structure functions and nuclear form factors nlohmann::json  j nlohmann:: json: :parse (data);

40: namespace PARAM_STRUCTURE
a1 const std

string XID = "PARAM_SOFT"

std::string F2 ncxMT";
std::string EM = “proLEt;
tring QED_alpha = "ZERO';

PARAM_SOFT: :DELTA_P = j.at (XID) .at ("DELTA_P
LPHA_P = 3.t (XID) .at ("ALPHA_)

N_P = j.at (XID).at ("gN_E');
N_O 3.at (XID) .at ("aN_0")

bool initialized = false;

// Read parameters from File

i void ReadParameters (const std::string &modelfile) | double triple3p = j.at(XID).at("g3e");
Ti:ig3P - triple3® + PARAM_SOFT

3.3t (XID) .at ("gamma”) ;

// Convention

tistring data = gr
nlohmann:: json

aux: :Get InputData (modelfile);
nlohmann: :json: :parse (data) ;

PARAM_SOFT::fcl = j.at (XID).at("£c1");
"PARAM_STRUCTURE"; PARAM_SOFT::fc2 = j.at (XID) .at ("£c2");
PARAM_ S €3 = j.at (XID) .at ("fe3t);

j.at (XID) .at ("F2");
= j.at(XID).at ("EM");
3.at (XID) .at ("QED_alpha");

PARAM_SOFT: :ODDERON_ON = j.at (XID) .at ("ODDERON_ON");

iniislized - true;
BARAM_SOFT: :PrintParan();

)caten () (
tring str

"PARAM_SOFT: :ReadParameters: Error parsing " + modelfile +
" (Check for extra/missing commas)";
throw std::invalid_argument (str);

PARAM_STRUCTURE: : ReadParameters: Error parsing " + modelfile +
Check for extra/missing commas)";
throw std::invalid_argument (str);

)} // namespace PARAM_STRUCTURE ) // namespace PARAM_SOFT

// Model parameters

namespace PARAM_SOFT {

// Pomeron trajectory
double DELTA_P

: double ALPHA_P

/7 Flat anplitude parameters
nemeapace PARMAELAT (
active
oup1e b
7

o

0.0;

£

bool initialized = false;
// Couplings

double gN_P
double gN_O
: double g32 .
: double gamma = 0.0;

// Read parameters from file
void delfile) |

string data
nlohmann::json  j

et InputData (modelfile) ;
nlohmann:: json: :parse (data) ;

// Proton form factor
double fcl = 0.0;

const std

string XID = "PARAM_FLAT";
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PARAM_FIAT::b = j.at (XID).at ("b");

initialized = true;
)saten () {
td:istring str

PARAM_FLAT: :ReadParameters: Error parsing " + modelfile +
(Check for extra/missing commas)";
throw std::invalid_argument (str);

)
} // namespace PARAM_FLAT

/7 Foruazd proton excitation
: namespace PARAM_NS'

std::string fraqment = "none”
:ivector<double> rc - (0.0, 0.0, 0.0};

: std
bool initialized = false;

: // Read parameters from file
: void ReadParameters (const std

tring smodelfile) {

GetInputbata (modelfile);
json: :parse (data) ;

tring data
on 3 =

const std::string XID = "PARAM_NSTAR'";
PARAM_NSTAR: :fragment = j.at (XID).at ("fragment’);
std:ivector<double> re = j.at (XID).at ("re");

PARAM_NSTAR: :rc rei

// Make sure they sum to one
const double sum_rc = std
for (std::size t i = 0; i < PARAM_NSTAI

ccumulate (rc.begin(), rc.end(), 0);
ro.size(); ++i) | PARAM_NSTAR::rc[i] /= sum_rc; }

initialized = true;
) caten (..
iistring str = "PARAM NSTAR: :ReadParameters: Error parsing ' + modelfile +
Check for extra/missing commas)";
throw std::invalid_argument (str);

)
)} // namespace PARAM_NSTAR
namespace form (

// Read resonance pa:
gra: PARRM_RES ReadRssemance (const stds:istring sresparam_str, MRandom srng) {

i
7/ Find global resonance parameters

// Read and parse
const std::string fullpath =
gra::aux @

s "+ gra: + "/GENERAL.json";

ux: :Get InputData (fullpath) ;

const std

tring data = gra
i

nlohmann::json
ery (
3 = nlohmann::json::parse (data);
}ocaten (..
tistring str =
ReadResonance: Error parsing " + fullpath + " (Check for extra/missing commas)";
throw std::invalid_argument (str);
J-acam_SEIN) ot (vopINGEN")§
"PARAM_SPIN') . NDEC") ;
at ("PARAM_SPIN") . 8
auax = 5. ot (PARANLBPIN) Lt (XK"Y}
)
V4
cout << "gra::form::ReadResonance: Reading " + resparam_str + " ';
249:  // Create a JSON object from file
5/11
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V4

// Validity of these is taken care of in the functions

res.BW = j.at ("PARAM_RES').at ("BW');
const bool P_conservation = true;
const i s.p.spinkz + 1; // =20 + 1

nt re:
It r x<otd: scomplex<doubler> tho (ny

// If we have spin
if (res.p.spink2 != 0)
{{ Draw randon density matrices (uncil the number set by user)
32 (3.2t CPRGMLRES") ot ("zandom_sho') > 0) {
k= 0; k< 3. at(”mxuwums .at ("random_rho"); ++k) {
Spin: /2.0, B , xng);

// Construct spin density matrix from the input
else (
for (std:isize_t a = 0; a < rho.size_row(); ++a) (
for (stazisizes b = 07 b < rho.sizecoll); b |
const double Re = 3.at ("PARAM_RES") .at (
Conet doubie Tn - 3a (“oARAM RS at (*ihe smas
hola] b] - Re +zi* Im

Lat (a) .at (b);
.at (a) .at (b);

V Check positivity conditions
it pin::Positivity (rho, res.p.spinX2 / 2.0) == false) {

atarsetring atr ra::form::ReadResonance: <" + resparam_str +
Input density matrix not positive definite
throw std::invalid argument (str);

‘n‘

)
res.rho = rho;

std:icout << ra fgiireset << std::endl;
) catch (nlohmann::jso
throw s\:dz:Anvalxmaxgumencl“fum ReadResonance
C 4 e.what());

Missing parameter in ‘" + resparam_str +

)
return res;

// Regge signature factor, alpha_t is alpha(t), and signature sigma = +-1
/

: // Remember that denominator hits pole at every integer PI * alpha(t)
V4
complex<double> ReggeRta (double alpha_t, double signa) {

const double denom = st T * alpha_t);
zeturn - (1.0 + sigma * std:iexp(-zi * PI * alpha_t)) / denom;

// Regge signature factor for linear trajectories at t —> 0

7 - Mandelstam ¢
i // alpha_t0 = alpha(0)
7 ap = alpha’
7/ sigma = +-1
7
td: scomplex<double> ReggeStaineas (double t, double alpha_t0, double ap, double signa) (
return ReggeEta (alpha_t0, sigma (-2i * BT / 2.0 % ap * ©);
)

Vi
// Non-linear Pomeron trajectory functional form:

: // [REFERENCE: Khoze, Martin, Ryskin, arxiv.org/abs/hep-ph/0007359]
double S3PomAlpha (double t) {
// Additive quark model Beta pi / Beta_p = 2/3 -
const double BETApL = (2.0 / 3.0) * PARAM_SOFT::gN_F
const double PIC = (pow2(BETAPi) * pow2(mpi)) / (32.0 * pow3(P1));

// pomeron trajectory valu

const double h P16 % SPL(4.0 * pow (mpi) / scd::abs(c),

©); // pion loop insert (apD vien ninus sign)
L

const double alpha_P = 1.0 + PARAM_SOFT::DELTA_P + PARAM_SO APt t -

return alpha_B;

414
415: // pion loop insert to the non-linear Pomeron trajectory
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std:istring inputfile =
gra:iaux::

+ resparan_str;

(2) + "/modeldata/" + gra: +

/ Read and parse
stdiistring  data;
son 37

hmann
try (

data = gra::aux::GetInputData (inputfile);

3 nlohmann::json: :parse (data) ;
} cateh (...) {

throw std::invalid_argument ("form: :ReadResonance: Error parsing '' + resparam_str + "'");

)

// Resonance parameters
gra: I_RES res;

=l

7 cottec global varisples

// complex coupling

double g_A = j.at ("PARAM_RES").at("g_A");
double g_phi = j.at ("PARAM_RES").at ("g_phi");
.9 QA * std::exp(std::complex<double>(0, 1) * g_phi);

// Form factor parameter
res.g_FF = j.at ("PARAM_RES").at ("g_FF");

// PDG code
res.p.pdg = j.at

PARAM_RES") . at ("PDG'

// Mass
res.p.mass = j.at ("PARAM RES").at ("M");

if (res.p.mass < 0)

string str = "MAux:ReadResonance:: <
::invalid_argument (str);

> Invalid M

+ resparam str +

// Wideh

> Invalid W< 0 1"

dResonance:: <" + resparam_str +

/7 spin
const double J ~ .3t ("PARNRES") .t (3"} ;
res.p.spinkz = J * 2;
if (res.p.spink2 < 0) (
stdiistring str =
throw std::invalid_argument (str);

ReadResonance:: <" + resparam_str + "> Invalid J < 0 1";

/ pasiey
U

3.at ("PARAM_RES") .
-1

<" + resparam_str + "> Invalid P (mot -1 or 1) !

Vi
/¢ Tensor Povezan coplings vactor

td::vector<double> g_Tensor = J.at ("PARAM_RES").at ("g_Tensor');
Tesig ensor a_Tensor;

if (7 == 0 &5 res.g_Tensor.size() != 2) {
throw std::invalid_argument ("MAux: :ReadResonance:: <' + resparam str +
"> Tensor Pomezon coupling array should be

of size 2 for J = 0");

if (7 == 1 45 res.g Tensor.size() != 2)
throw std: :invalid_argument ("MAux: :ReadResonance
"> Tensor Pomeron coupling array should be

< + resparam_str +
of size 2 for J = 1");

if (J == 2 && res.g_Temsor.size() != 7) {
throw std::invalid_argument ("MAux: :ReadResonance:: < + resparam_str +

"> Tensor Pomeron coupling array should be of size 7 for J = 2");
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416: double S3HPL(double tau, double t) {
i // fixed scale (GeV)

const double sqrtau - meqrt (L + tau);
[/ Fien-roneron fomm factor pacanetrization
const double F_pi = 1.0 / (1.0 - t / PARAM SOFT::fc3);
zetumn (4.0 / taw ¥ pon2(Fpl)
(2.0 * tau - std:ipow(1.0 + tau, 3.0/ 2.0) * stdislog((sartau + 1.0) / (sqrtau = 1.0)) +
std::log((m * m) / <m;u * mpi))

Y
// Elastic proton form factor parametrization

7/ <apply at amplitude level>
: // (REFERENCE: Khoze, Martin, Ryskin, arxiv.org/abs/hep-ph/0007359]
double S3F (double t) {

return (1.0 / (1 - € / PARAM_SOFT::fcl)) * (1.0 / (1 - t / PARAM_SOFT::fc2));
)

// Proton inelastic form factor / structure function
// parametrization for Pomeron processes [THIS FUNCTION IS ANSATZ - IMPROVE!]

// Motivated by arxiv.org/abs/hep-ph/9305319
7

// <apply at amplitude level>
double S3FINEL(double t, double }2) {
constexpr double DELTA_P
constexpr double a
uble £

// Sevni2)
bs(t) / (M2 * (std::abs(t) + a)), 0.5 * (1 + DELTA_P));

return £;

: // Proton inelastic structure function F2(x,0°2) parametrization
a

// The basic idea is that at low-Q2, a fully non-perturbative description

// (parametrization) is needed.
7/ At high 0°2, DGLAP evolution could be done in log(0*2)
// input description

starting from the

7
: // Now, some (very) classic ones have been implemented. Add new one here!

arxiv. /9305319)
Merino, Tran Tranh Van, arxiv.org/abs/hep-ph/9405338v1]

a :
// [REFERENCE: Capella, Kaidalov,
Va

double P22 (double b, douile 2 {
TUR : 0

constexpr double B = 0.098;

constexpr double DELTA_P = 0.0808;
constexpr double DELTAR = 0.5475;

0.561991692786383;
0.011133;

constexpr double a
constexpr double b

const double F2 = A * std::pow(xbj, -DELTA_P) * std::pow(02 / (02 + a), 1 + DELTAP) +
B * stdiipow(xbj, 1 - DELTA_R) * std::pow(Q2 / (02 + b), DELTAR);

return F2;

constexpr double alpha R
constexpr double DELTA_O

constexpr 0.2631;
constexpr double b = 0.6452;
constexpr 3.5489;

constexpr double d = 1.1170;

const double n_g2 = (3.0 /2.0) * (1402 / (@2 +c));
const double DELTA_Q2 = DELTA_O * (1 + (2 * az» e i

const double C1 = std::pow(Q2 / (92 + a), 1.0 + DELTA_Q2);
const double C2 = std::pow(Q2 / (92 + b), alpha_R);

const double ¥2 = A * std::pow(xbj, -DELTA_Q2) * std::pow(l - xbj, n_02 + 4.0) * C1 +
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std::pow(xbj, 1.0 - alphaR) * 582:
(B_u * std::ipow(l - xb3, n_02) + B_d * std::pow(l - xbj, n_02 + 1.0)) * 583
c2; 584
return F2;
) else {

2

throw std::invalid_argument ("gra::form: :F2x0;
BARAM,

Unknown PARAM_STRUCTURE:
_STRUCTURE: :F2) ;

/y meurely magnetie strusture funceion®

CallanGross relation for spin- 1/2: F_2(x)
For spin-0, F_1(

2xF_1(x) under Bjorken scaling

// Longitudinal
// F_L(xb],02)

structure function definition (e.g. QCD):
= (1 + 4*pow2 (xbj*mp)/Q2) * F2(xbj, 02) - 2xbj * F1(xbj,02)

Va
: double F1x02(double xbj, double Q2) | return F2x02 (xb3, 02) / (2.0 * xb3); )
// QED: Proton magnetic moment in magneton units (mu_p / mu_N)

: double mu_ratio() { return 2.792847337;

a
// Photon flux densities and form factors, input Q2 as positive

// KT unintegrated coherent EPA photon flux as i
a
// [REFERENCE: Luszczak, Schaefer, Szczurek, arxiv.org/abs/1802.03244]
7
// Form factor:
// [REFERENCE, Punjabi et al., arxiv.org/abs/1503.01452v4]
a

: // Proton electromagnetic form factors: Basic notions, present

return 1.0 / (tau + 1)
)

// Proton EM form factor F2 (Pauli)
double F2(double 02) {
= abs

o2 = std::abs(02);
const double tau = Q2 / pow2(2 * mp);

return -1.0 / (tau + 1) * G_E(Q2) + 1.0 / (tau + 1) * G_M(Q2);

// Rosenbluth separation

// low-g°2 dominated by G_E, high-0*2 dominated by G_M

// "Sachs Form Factor" goes as follows:

// G_E(0) = 1 for proton, 0 for neutron
// 6_M(0) = mu_p for proton, mu_n for neutrons
// <http://www.scholarpedia.org/article/Nucleon_Form_factors> Va
a
: double G_E(double 02) 7"
02 = stdi:abs(Q2); // For safety a
Va

if (PARAM_STRUCTURE: :EM == 'DIPOLE')
return G_E_DIPOLE(Q2);
) else if (PARAM_STRUCTURE::EM
return G_E_KELLY(02);
) else (
throw std::invalid_argument ("gra
PARAM_

0

"KELLY") {

form::G_E: Unknown proton EM-form factor chosen =
STRUCTURE: :EM) ;

s/
a

) Va
) 7
a
double G_M(double 02) 77
02 = std::abs(Q2); .

// For safety

./src/MForm.cc
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const double Q2

const double PARTI -
@ * pow2(G_E(Q2)) + Q2 * pow2(G_M(92))) / (4.0 * pow2imp) + Q2);

Pou2 (G_M(02));

P2 / (pt2 + xi2 * mp2);

const.
const double DELTA

double £ =

qed::alpha QED() / BI * ((1.0 - xi) * pow2 (DELTA) * PARTL + (xi2 / 4.0) * DELTA * PART2); )
// Factors Va
£ /= xi, a
£ /= pt2

£ ¥=16.0 * gra:imath::

215

./src/MForm.cc

// The simplest possible:
a

ouble G_M_DIPOLE (double 02)

Va
a

7
: double CohFlux(double xi,

./src/MForm.cc
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if (PARAM_STRUCTURE: :EM

return G_M_DIPOLE(Q2);
else if (PARAM_STRUCTURE::EM == "KELLY")
return G_M_KELLY(Q2);

"DIPOLE") (

[

else {
throw std

svaLid_ssgunent (1gre - fomn: (G Dnknown proton mi-form factor chosen

STRUCTURE: :EM) ;

Dipole parametrization of nucleon EM-form factors

Va
double G_E_DIPOLE (double 02)

return G_M(Q2) / mu_ratio(); // Scaling assumption

(

constexpr double lambda2 = 0.71; // Dipole parameter Gev~2

return mu_ratio() / pow2(1.0 + 02 / lambda2)
)

Simple parametrization of nucleon EM-form factors
10.110 .70.068202]
- 4
vectoridouien b - (10,58, 12162, 21.971;

const double tau

Q2 / powz (2 * mp);

// Numerator

um /0
7/ a_0 taur0
/7 a1 taul

// achievements and future perspectives, Physics Reports, 2015
7/ <www.sciencedirect.com/science/article/pzi/S0370157314003184>
a 7/ 1.0
// [REFERENCE: Budnev, Ginzburg, Meledin, Serbo, EPA paper, Physics Reports, 1976] // b1 taurl
// <www.sciencedirect.com/science/article/pzi/0370157375900095> den += b[1] * pou2(tau); // b 2 tau'2
Vi den += b[2] * powd(tau); // b 3 tau'd
a
// Proton EM form factor F1 (Dirac) return num / den;
doule Pl (doubie 02) !
oot double tau = 02 ) pew2 2 - me)s : double G_M_KELLY (double 02) {
static const std::vector<double> a = (1, 0.12};
* G_E(Q2) + tau / (tau + 1) * GM(Q2); static const std::vector<double> b = (10.97, 18.86, 6.55);

const double tau = Q2 / pow2(2 * mp);

// Numerator

=0.0; //0
num += a[0]; // a0 taur0
num += a[1] * taw; // a1 tau"l

// Denominator

double den = 1.0; // 1.0
den += b[0] * & 77 b.1 taw1
* powz(tau); // b 2 tawz
* powd(tau); // b3 tauw3

return mu_ratio() * num / den;

Coherent photon flux from proton
xi - longitudinal momentum loss (0,1]
£ - Mandelstam t

pt " proton transverse momentum

> p’ with xi = 1 - p**_z’/p_z

Factors applied here,

compatible with 2 -> N phase space sampling:

1/xi
1/pt2
I6pinz

[~ sub Moller flux]
[~ kt-factorization] (cancels with pt2 from numerator)
[~ kinematics volume factor]

double t,

double pt)
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return CBW_RW(lts.m2, resonance.p.mass, resonance.p.width);
case 3:
return CBLBF (ts.n2, width

[11.p4.M0);

[0].p4.M(), lts.d
case 4:
Tetuin CBW_JR(1ts.m2, width, nx2
default:
throw std::invalid_argument ("CEW: Unknown BW (Breit-Wigner) parameter: ' +
std::to_string (resonance.Bi));
)
see e.q.

(REFERENCE: TASI Lectures on propagators,
[REFERENCE: Cacciapaglia, Deandrea,
[REFERENCE:

Curtis, arxiv.org/abs/0906.3417v2]

spinxz / 2.0,

/2.0

users.ictp.it/"smr2244/tait-supplemental.pdf)

7/ www.t2.ucsd. edu/twiki 14 a 55.pdf]
return £; // Use at cross section level
) ”
7/ Delta function \delta(\hat(s] - M_0°2) replacement function:
/7 Incoherent photon flux fron a dissociated proton with nass H. 7/ \int d\hat{s) \delta(\hat{s) - M_0°2) -> \int d\hat({s}
// When M -> mp, this reproduces CohFlux () 7/ deltaBW(\hat (s}, M0, Ganma)
A 0 0°2) does reproduce. the elastic iimit (not all parametrizations do) 7
: // To be applied at cross section level
7 double deltaBWxsec(double shat, double M0, double Gamma) {
/7 b= -F2(x,0°2) - p* with xi =1 - p**z / p_z zeturn MO * Gamma / PT / (pow2(shat - pow2(MO)) + pow2 (MO * Gamma));
77 -
”
Vi 777: // To be applied at amplitude level
7 : double deltaBWamp(double shat, double MO, double Gamma) (
7 return msqrt (deltaBixsec(shat, MO, Gamma));
” )
7/ Factors applied as with CohFlux() above. ”
Va
double IncohFlux(double xi, double t, double pt, double M2) { s/
constexpr double mp2 = powZ (mp); 7/ Breit-Wigner propagator parametrizations
const double ptz = pow2(pt); // 1. Complex Fixed Width Relativistic Breit-Wigner
const double xi2 = pow2(xi); std: :complex<double> CBW_FW (double m2, double M0, double Gemma) {
const double Q2 = std::abs (t) zeturn -1.0 / (m2 - MO * MO + zi * MO * Gamma);
const double xbj = Q2 / (02 + M2 - mp2); // Bjorken-x
const double DELTA = Ptz / (pt2 + xi * (M2 - mp2) + xi2 * mp2);
// 2 Conplex Running Midth Relativistic breit igne
double f = qed::alpha QED() / BT * o “doubier CEN_Ri (double ma, double MO, double Gamma) (
(3,0 —"xi) « pova(omT) « £2102 (w3, Q2) / (02 4 M2 - mp b eatiy et M :sqrt (m2) * Gamma);
(xi2 / (4.0 * pow2(xb3))) * DELTA * 2.0 * xbj * leQZ(xbj. "o /@2 s - e )
// Factors // 3.0 =0,1,2 Complex Relativistic Breit-Wigne:
£ /= xi; 77 with angular bareier atfects type of Bleit-eiskopf
£ /= pt2; 7/ mA and mB are the masses of daughters (GeV)
£ %= 16.0 * gra::math::PIPI; st lex<double> CBW_BF (double m2, double M0, double Gamma, int J, double mA, double mB) (
= msqrt ((n2 - pow2(mA + mB)) * (M2 - pow2(mA - mB))) / (2 * msqrt(m2));
return f; // Use at cross section level = msqrt (MO * MO - pow2(mA + mB)) * (MO * MO - pow2(mA - mB))) / (2 * MO);
const double Bfactor = pow(u / d, 2 * J + 1);
zeturn -1.0 / (n2 - MO * MO + zi * Gamma * MO * MO / msqrt(m2) * Bfactor);
: // Drees-zeppenfeld proton coherent gamma flux (collinear) )
: double DZFlux(double x) {
nat double Qzmin - (ov2(p) * powI(0) / (1.0 = // 4. Spin dependent Relativistic Breit-Wigner (should not be used blindly!)
Const dousle 1.0+ 0.71 / @
// [REFERENCE: Alwall el al., arxiv.org/abs/1402.1178]

// \int dm"2 \frac{1}{(m"2 - M0°2)"2 + M0"2Gamma*2} \equiv \frac{\pi} (M0 Gamma}
Vi

// based on squaring the complex propagator

AL / (m°2 - M0*2 + iMO0*Gamma), and integrating.

- )

G :complex<double> CBW (const gra:
switeh (resonance.B)

Ceturn CBN_EW(1ts.m2,
2:

:LORENTZSCALAR &lts, const gra::PARAM_RES éresonance) (

resonance.p.mass, resonance.p.width);

)

double £ = qed::alpha QED() / (2.0 * BT * x) * (1.0 + pow2(1.0 - : std::complex<double> CBW_JR(double m2, double M0, double Gemma, double J) {
Tera 1o th = 11707 76,0 5 3.0 A L300 /S 150 pens A + 1.0/ (3 * pow3 @) const std: :complex<double> denom = (m2 - MO * MO + zi * MO * Gamma);
zeturn f; // Use at cross section level if (static_cast<int>(J) == 0) { // J =0
return -1.0 / denom;
) else if (static_cast<int>(J * 2) == 1) { // J = 1/2
// Breit-Wigner propagators / form factors return -2.0 * msqrt (m2) / denom;
o=
7 zeturn ~(1.0 - m2 / (MO * M0)) / denom;
77 ) else if (static_cast<int>(J * 2) == 3) { // J - 3/2
7/ Useful identity for normalization: zetusn (2.0 / 3.0) * magst(n2) ¢ (1.0 - m2 / (M0 MO)) / asnom;
/ ) 173 =

else if (static_cast<int>(J)
return - (7.0 / 1.0/ 3.0)
* * m2)

/

w27 o0 < vy
(graz

6.0 )
(2.0 / 3.0) imath: spowk (40)))

denon;

(m2 /
el

se |
return -1.0 / denom; // Too high spin

// namespace form
// namespace gra
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: // Coupling schemes:
a
: // birac: alpha_g = g°2/(4pi)
: // Beta-dirac alpha_g = (g*beta)”2 / (dpi)
”
: Rajantie,

// [REFERENCE: Dougall, Wick,
: // [REFERENCE: Rels,
a

org/doi/pdf/10.1063/PT. 3.3328]
arxiv.org/abs/0706.1042]
sauter, arxiv.org/abs/1707.04170v1]

: double MGamma::yyffbar(gra::LORENTZSCALAR lts) (
// 98> cowplings
ueL

16.0 * pow? (g

E 34
163 decayeres o] p4 M(), 7 epton,
pow? (mass) ;

(Lts.decaytree (0] .p.pdg

const bool  MONOPOLE_MODE

if (PARAM_MONOP!
throw
)

oL )t
std::invalid_argument ("MGamma: :yyffbar: Parameter Dirac n less than 1");

// Amplitude Squazed
double amp2 =

// Monopole-antimonopole coupling
if (MONOPOLE_MODE) {
static const double g = 2.0 * math::

if (PARAM_MONOPOLE: :coupling
// Calculate beta

"beta-dirac") {
(velocity)

= pfinal(3] + pfinal(d];

// Mavec p3 = pfinal(3];

7/ LorentzBoost (px, Px.MO, p3,
/7 frane of Mibaz(t) pa

save ( p3.Px()*p3.Bx0)

~1); // // Boost to the

// p3.Py () *p3. PyH + p3.P2()*p3.P2()) / p3.E();
// Faster wa
const double beta = msqrt (1.0 - 4.0 * pow? (PARAM_MONOPOLE::M0) / lts.s_hat);
UPL powd (g * beta);
} else if (PARAM_MONOPOLE::coupling == "dirac’) {
COUPL = powd (g) 5

::invalid_argument ("MGamma: :yy£fbar: Unknown PARAM_MONOPOLE
2

::coupling " +
ARAM_MONOPOLE: : coupling) ;
)

// QED tree level amplitude squared |M|~2, spin averaged and
7/ summed

amp2 = 2.0 * COUPL
({Its.uhat - mass2) / (ts.t_hat - mass2) +

PN(L.0 4 (2.0 ¢ mass2) / (ita.c_ha - mass2) ¢ (2.0 ¢

// FeynCalc result, less simplified, but exactly same result

amp2 = 2 * coupL *
( powi (mass) * (3*pow2 (ts.t_hat) +

14%1ts.t_hat*lts.u_hat + 3+pow2 (Its.u_|

“mass2* (pow3 (1ts.t_hat)
74pow2 (1ts.t_hat)*lts.u_hat + 7+pow2(lts.u_hat)*lts.t_hat +
pow3 (1ts.u_hat) )

—6*pows (mass) +
Its.e_hat*lts.u_hat (pow? (Lts. t_hat)

ppovelies uha)) )/
pow? (1ts.t_hat - mass2)
*/

* pow? (Its.u_hat - mass2)
// printf("$0.15f 30.15f \n", amp2, amp2_);

) else { // MADGRAPH/HELAS,

all helicity amplitudes individually -> for
// the screening loop

return AmpMGS_yy_ll.CalcAmp2 (lts, 0.0);
)

"
// quark pair (charge 1/3 or 2/3),
if (std::iabs

g apply charge and color factors
(lts.decaytree(0].p.pdg) <= 6) { // we have a quark
const double 0
const double NC

Lts.decaytree[0].p.chargeX3 / 3.0;
3.0 quarks come in three colors

qed::alpha QED()); // = ™4
quark (or monopole) mass

PDG: :PDG_monopole) ? true : false;

(lts.t_hat - mass2) / (lts.u_hat - mass2)

.

mass2) / (lts.u_hat - mass2)));
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: // Gamma-Gamma Amplitudes
7

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ crs

#include <complex>

: #include <random>
#include <vector>

// own

#include "Graniitti/MRegge.h"
: #include "Graniitti/MSpin.h"

gras: imat!
7: using gra
gra

: using namespace gra::form;
namespace gra {

// Constructor
MGamma

(gra::LORENTZSCALAR &lts, const std::string &modelfile)
// @6 MULTITHREADING LOCK NEEDED FOR THE INITIALIZATION @@
gra:ig_mutex.lock();

// Monopolium process
if (IPARAM MONOPOLE::initialized) {
ery (
BARAM_MONOPOLE: :MO = lts.PDG.FindByPDG (PDG
PARAM_MONOEOLE | :ReadParaneters (mode1£Lle) 1

} cateh (..
tig_mutex.unlock () ;

PDG_monopole) .mass;

// need to release here, otherwise get infinite lock

// (yy -> fermion-antifermion pair
7/ yy > ete-, mutma

// monopole)
// production
Vi

-, tauttau-, qgbar or Monopole-Antimonopole (spin-1/2

a
This is the same amplitude as yy -> ete- (two diagrams)
i // obtained by crossing ete- —> yy annihilation, se
2
// http://theory.sinp.msu.ru/comphep_old/tutorial/QED/noded. html
a

// beta = v/c of the monopole (or antimonopole) in their CM system
a

a

// birac quantization condition:
Va

= 2\pi \hbar n / (\m . wheren =1,2,3,...
{ ) inare alpha - 62/ (44P1) 15 the running 0ED coupling
a
Va
// Numerical values:
: // alphag = g2/ (4*PI) ~ 34 (when n = 1)
// alpha_em = e"2 / (4*PI) ~ 1/137
Va

// From lepton pair to monopole pai
7/ replace e —> grbet.
7

: // 16 * pow2 (PI * alpha_EM) —> pow(gbeta, 4)

./src/MGamma.cc 3/6
const double factor wi (@)

ey
Conet double sart factor - meqrt (factos); // sqrt to "amplitude level”

[/ amplicude squaxed

anp2 *= fa

// helicity amplitudes

for (const auto &i : aux::indices(lts.hamp))
)

{ lts.hamp[i] *= sqrt_factor; }

// For screening loop (approximation)
1ts.hamp = (msqrt (amp2) };
7

return amp2;

A Monopolium (monopole-antimonopole) bound state process

// See e.g.
Vi

// (REFERENCE: Preskill,
: // http://wew.theory.caltech. edu/ preskill/pubs/preskill-1984-monopoles.pdf]
// [REFERENCE: Epele, Franchiotti, Garcia, Canal, Vento,
https://arxiv.org/abs/hep-ph/0701133v2]
Sugamoto, Yamashita,
Canal, vento, htt,
sauter,

https://arxiv.org/abs/1607.03987v3]
ps://arxiv.org/pdf/1703.06649.pdf]

// [REFERENCE: Reis, https://arxiv.org/abs/1707.04170v1]

// birac quantization condition:
a

// g = 2\pi \hbar / (\mu_0 e) n,  where n = 1,2,3,..

: // where alpha = e"2/(4*PI) is the running QED coupling
7

// Numerical values:

// alpha_g = g2/ (4*PI) " 34

(when n = 1)
7/ alpha_em = e*2 / (4*PT) - 1/137
2/

double MGamma::yyMP (gra
// Lazy printing
gra:ig_mutex.lock();
PARAM_MONOPOLE: :PrintParameters (1ts.sqrt_s);
gra::g_mutex.unlock ();

LORENTZSCALAR &lts) const {

// Monopolium nominal mass and width parameter:
static const double M = 2.0

PARAM_MONOPOL]

mma0;
if (1< 0) (
throw std:

nvalid_argument (

Increase ladder level parameter En.

Monopolium "
"nominal mass " +

std::to_string(M) + * < 017);

)
L (PARAM_MONOPOLE: 190 <
ths

aLaxgumenumcama YYMP: Parameter Dirac n less than 1);
// Two coupling scenarios:

static const double g = 2.0 * mat
double beta = 0.0;

if (PARAM_MONOPOLE::coupling == "beta-dirac’)
beta = maqrt (1.0 ~ powz (M) / 1ts.s_hat)s

} else if (PARAM_MON coupling
beta = 1.0;

«

dirac") {

{

Theow std::invalid_argument ("MGamma nknown PARAM_MONOPOLE: :coupling " +
PABAM MOWSPOLE: : ot Ling) ;

)

// Magnetic coupling

const double alpha_g = pow2(beta * g) / (4.0 * math::PI);

// Running width

const double Gamma_E

BARAM_MONOPOLI

GammaMp (PARAM_MONOPOLE

n, alpha_g);
// printf("alpha_g = $0.38,

Gamma_E = $0.38, Gamma_M = $0.38, Psi_MP = $0.35

‘EARAM_MONOFOLE  :HO + PARAM_MONOBOLE: :EnaxayM (PARAM_HONOBOLE : :Bn) ;
static const double Gamma_M =
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7/ \n",
//  alpha_g, Gamma_E, Gamma_, PARAM_MONOPOLE:

// Normalization
double norm = 2.0 * math::PI * M * M;

// Sub process
double amp2 = norm * (Gamma_E * Gamma_l) / (pow2(lts.s_hat - M * M) + pow2(M * Gamma_M));

Vi
// For screening loop (approximation)
lts.hamp = (msqzt (amp2) );

7"

return amp2;

/
Gamma-Gamma to SM-Higgs 0++ helicity amplitudes

/

Generic narrow width yy -> X cross section in terms of partial decay widths:

1+ h1h2)

\sigma(yy —> X) = 8\pi"2/M_X (27+1)
a = (8 * \pi) (20+1)
((shat - M_x"

\Gamma (X > yy) \delta(shat - M_X"2) (
\Gamma (X > yy) \Gamma_X (1 + h1h2) /
2)°2 + M_X"2\Gamma_X"2)

/
where hl,h2 =

ganma helicities

[REFERENCE: Khoze, Martin, Ryskin, https://arxiv.org/abs/hep-ph/0111078]
Lopez-Val, Sola, https://arxiv.org/pdf/0903.4978.pdf]
: //A [REFERENCE: Enterria, Lansberg,

// https://www.slac.stanford. edu/pubs/slacpubs/13750/s1ac-pub-13786.pdf]

Va
: double MGamma: :yyHiggs (gra::LORENTZSCALAR §lts) const [

1ts.hamp.resize (4);

const double M
const double Ganma
const double Gamma_yy =

- 125.18;
= 0.00415;
2.276-3 *+ Gamna;

// Higgs mass measured (GeV)
/ Higgs total width calculated (GeV)
// Higgs to gamma-gamma calculated (Gev)

// Normalization

const double norm = 2.0 * math::PI * M * M;
// Effective helicity amplitudes
1ts.hamp (0]

meqrt (norm * Gamna_yy * Gamma ¥ (14 1) / (poZ(its.shat = M ¥ M) + pow2 (4 * Gamna)));
teenenell] = 0.0 7
1ts.hamp[2] = 0. 77 4=
168 hamp (3] 1es namp(01; s

// sum over helicity amplitudes squared
.03

ndices (lts.hamp)) ( amp2 += gra

aux ath::abs2 (lts.hamp(il); }
// Initial state polarization average

amp2 /= 4;

return amp2;

a
// simple matrix element ansatz for gamma-gamma resonances
/

77
// For Narrow-width approximations, see:

: // (REFERENCE: Uhlemann, Kauer, Narrow-width approximation accuracy,
// https://arxiv.org/pdf/0807.4112.pdf]
Va

double gra::LORENTZSCALAR &lts ARMLRES Gresonance) const: {
/¢ Factor e T Feom (identical) Initial state boson statisti

complex<double> A_prod =

370 gra::form: CaM (1ts, resonance)

PARAM_REGGE ts.m2, pow2 .mass), LFF);
// Production and Decay amplitude
const std: :complex<double> A_spin =

spin::Prodamp(lts, * spin: 1ts, i

6/6

Get InputData (modelfile);

gra::au
= nlohman: ::parse (data);

// JSON block identifier

const std::string XID = "PARAM_MONOPOLE';

{{ Mencpole production
PARAM_MON

coupling = 1.4t (KID) .at (courling™);
= j.at(XID).at("gn");
= 3.at (XID) .at ("En") ;
= j.at (XID) .at ("Gamma0") ;

initialized = true;
} cateh (...) {
std:istring str = "PARAM_MONOPOLE::ReadParameters: Error parsing " + modelfile +
. Xk for extra/missing commas)";
nvalid_argument (str);

throw std
)

// namespace PARAM_MONOPOLE

) // namespace gra
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// Total
const st

complex<double> A = A_prod * A_spin;

"
// For screening loop
lts.hamp = (A};

/"

return abs2 (A);
)

namespace PARAM_MONOPOLE {
6

int En
double Mo

doubl amma0
std::string coupling

=0

// Bound state energy level
// Monopole mass

// Monopolium width

// Coupling scenarios

// birac charge 1,2,3, ...

bool printed
bool initialized

false;
false;

: // Functions as a solution to radial Schroedinger equation with Coulomb type
// potential

7/ V() "= -g"2/(4pi)
a

*1/r

// Monopolium binding energy eigenvalues
/ > Monopolium system sits at lower energy than monopole + antimonopole

: // Monopolium running width
double GammaMP (double n, double alpha_g) {

return (8.0 * PI * pow2(alpha_g)) / pow2 (PARAM_MONOPOLE::MO0) * math
)

bs2 (PsiME (n)) ;

// Binding ener:

double Ene:
return -pow2 (1 jed: :alpha_QED())) * PARAM_MONOPOLE::MO / (n * n);

T et s vmosi 0 o Dot

// Monopolium wavefunction in the origin of the bound system
double PsiMP (doubl

return (1.0 / msqrt(PI)) * std::pow (PARAM_MONOPOLE::MO / (8.0 * ged
)

lpha_QED() * n),

void PrintParameters (double sqrts)
if (iprinted)
rintBar ("*);
tistyle::bold << "Monopolium process parameters
endl

<< rang:

printf ("~ En #d \n", PARAM_MONOPOLE::En);
const. double H = 2 * PARNN_HONOFOL

prin

MO + EnergyMP (PARAM_MONOPOLE

)i

Heacives monopolium mass: M = %0.3f GeV (Binding Energy = 50.3f "
"Gev) \n\n'
M, M - 2 * PARAM_MONOPOLE: :MO);

// Check we have enough energy
se o> sarte)

::PrintParam: FATAL error
cuS energy!";

ge = " << PARAM_MONOPOLE::gn << std;

ndl;
Ut << "Coupiing schome - » << PARAM MONOPOLE: :coupling << std

414: // Read parameters from file
415: void st

delfile) |

string
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// Regge amplitudes

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

¥include <complex>
#include <random>
#include <vector>

#include "Graniitti/MAux.h"
le "Graniitti/MEikonal.h"

19: #include "Graniitti/MSpin.h"
201

21: // Libraries
2: #include "json.hpp”
23: #include "rang.hpp"

30: using gra::aux::indices;
31: using namespace gra::form;
32t

34: namespace gra
35t

36: // Constructor

MRegge ge (gra: :LORENTZSCALAR &lts, const std:
/7 Initialization
gra:ig_mutex.lock ();
if (IPARAM_REGGE::initialized && lts.decaytree.size()

tstring smodelfile) {

(
const int PDG = std::abs (lts.decaytree(0].p.pdq);
PARAM_REGGE: :ReadParameters (DG, modelfile);

// Construct 4 and 6 body Regge Ladder leg combinatorial permutations
const int mode = 1; // charged permutations +- (FIXED FOR NOW)
tationsd p

- gra:imacn:: . mode) ;
tati gra:imat 1 mode) ;
) cateh (... {
gra::ig_mutex.unlock(); // need to release here, otherwise get infinite lock
throw;

g_mutex.unlock();

: // Triple-Regge (Pomeron) limits
a

// discontinuity line (cut line)
a

3.0 / 2.00;

tstyle::reset
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77
// [REFERENCE: Gribov, A Reggeon Diagram Technique, Soviet JETP, 1968,
etp.ac.ru/cgi-bin/dn/e_026_02_0414.pdf]

Strong coupling in the Pomeranchuk pole prob:

lem

// [REFERENCE: Gribov, Migdal, Sov. Phys. JETP 28(4), 784-795 (1968)]
// [REFERENCE: Muller, 1972]
a

// For different forms of triple Pomeron coupling (weak/strong, scalar/vector):
: // [REFERENCE: Luna, Khoze, Martin, Ryskin, arxiv.org/abs/1005.4864v1]
V4

std: :complex<double> MRegqs
const double 50 = 1.0;

ME2 (gra::LORENTZSCALAR &lts, int mode) const {
// Energy scale Gev~z

// Pomeron trajectory intercept +

const double alpha 0 = 1.0 mm_son :DELTA_P;
// triple legs

const double alpha_t i = S3Ponalpha (its.t);

const double alpha_t_j = alpha_t

std::complex<double> A(0, 0);
if (mode == 1) { // Elastic

// single Pomeron exchange
[/, (enis calls eikonal poneron uithout eikonalization,
al:

Jjust for test, use loop on)
return MEiko gleAmpElastic(lts.s, lts.t,

) else if (mode == 2) ( // $D triple Pomeron
// Which proton is excit

ot Goutne w2 = (iteas (11 (1] > 1.0) 7 lea.sa(11(1) : les.es(2] (205
const double amp2 = pow3 (PARAM_SOFT: :gN_P)
* pow2 (S3F (1ts.t) )

* PARAM_SOFT: :g3®

// Proton-Pomeron coupling * 3
// Proton form factor ~ 2
// Triple-Pomeron coupling

* std::pow(lts.s 7w
e axpna,c,jv // LEFT + RIGHT LEG

* std

ow(MX_2 / 0, alpha_0); // DISCONTINUITY PART

// recover amplitude, we had the expression at cross section level
A = gra::form::ReggeBta(alpha_t_i, 1) * msqrt (amp2);

) else if (mode == 3) { // DD triple Pomeron, note NO proton form
// factors (both proton dissociated)

const double MX_2 = lts.ss[1](1);
const double MY_2 = lts.ss[2](2];

const double amp2 = pewz  (PARAN_SOTT: 1gN_P)

// Proton-pomeron * 2
2 (PARAM_S0)

7/ Triple-Pomeron coupling * 2

ow((lts s % s0) / (MX_2 % MY_2)
i + alpha_t_i) // LEFT + RIGHT LEG

ow(MX_2 / 0, alpha_0) // DISCONTINUITY PART
ou(MY_2 / S0, alpha_0); // DISCONTINUITY PART

// recover amplitude, we had the expression at cross section level
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continue;

// Apply lower vertex helicity conservation
if (g_Vertex(lts.t2, lambda[i][1], lambdali][3])
std::pow(-1, lambdali][1] - lambda[i][3]) *

g_vertex(lts.t2, -lambdali] (1], -lambdali](3])) {
continue;

// Spin density matrix weight for this helicit
const int index = lambdali] (4] + resonance.p.spinX2; // Index the diagonal
const std: :complex<double> rhoweight =

inxz 1= 0 2

holindex] [index] : 1.0;
// Calculate amplitude
const std::complex<double> amp

rhoweight * g_Vertex(lts.tl, lambda[i][0], lambdalil[2]) *
gikVertex(its.tl, lts.t2, dphi, lambdali] (4] /2.0, P
resonance. JUAX)

g_Vertex(lts.t2, lambdalil (1], lambdalil[31);

1/ st

lts. halwp push_,hack(amp),
)

abs2(amp) << std::endl;

AR AN L

+ |aw)n2)

< lts.hamp.size(); ++i)
// Initial state average

{ amp2 += gra::
amp2 /= 4;

::abs2(lts.hamp(i]); )

return msqrt (amp2); // we expect amplitude

// This function is used for parity conservation check:
2/

// ( gamma_{m1,m2)"\lambda_h = (-1)*\lambda_h \xi_3 \gamma_{-m1-m2}"-\lambda ]
a

// Pomeron i (Parity P,
// Pomeron k (Parity P,
// Resonance (spin J,

Signature sigma)

Signature sigma)

Parity P)

// "Naturality" \def= Reggeon Parity x Reggeon Regge Signature
V4

int

gge:xid(int 3, int P, int 21, int signai, int Pk, int signak)
return B * std:ipow(-1, J) * .

const {
i % sigmai * P_k * sigma_k;
)

Vi

7/ Proton-Pomeron-Proton vertex with helicity transition lambda_i-> lambda_f
a

// initial > final

/0 -1/2 > -1/2

/o -1/2> 172

a 172> -1/2

77 2> 1/2

7

i 7/~ works for for small |t|
Vs

// g_{\lambda_1, \lambda_3} (t)

// _{-\lambda_1-\lambda_3)} (t)
77 VL = \otatNota 3 (-1)%(S1 - S.3) A \aigmat

(-1)"(\lambda_1 - \lambda_3) \xi_1

o Hmegge: igVertex (double ¢, double lanbda_t, dewble lambia_f) const. (
return st wi-t, std::

abs (lambda_i - lambda_f) / 2);

// central vertex subfunction: For small |t1],
2/

77 Selection rule:

77 1. ml - m2 = lambda_h (angular momentum)

77 2. parity conservation
2/

double e ambda (double t1, double t2,

// Fazity sign flip under (ni,n2) <> (nl-n2)

const int P = gn(nl - std::abs(nl)) * math

return P * st d" ow (—t1, sr.d abs(ml) / 2) * std::pow(-t2, st
)

le2]|

double ml, double m2) const (

d:zpow (-1,

tsign(mz - st
abs(m2) / 2);

// Central vertex g_ik(tl,t2,\phi)"{\lambda_h} (central resonance J, P)
a

// selection rule:
: // 1. lambda_h =

ml - m2 (angular momentum)
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A
} else

throw std::invalid_argument ("MRegg

3/15

* msart (amp2) ;

gra::form: :ReggeEta (alpha_t_i, 1)

ME2: Unknown mode parameter: " + std::to_string(mode));

/ For screening loop
lts.hamp = (
7"

return A;

Helicity matrix element for Pomeron-Pomeron resonances

// [THIS IS UNDER CONSTRUCTION!]
7

// lambdal  lambda3

// lambdaz  lambdad

[Check Witten-Sakai-Sugimoto model based holographic eta,eta’:
i // larxiv.org/abs/1406.7010]
7

7
std. MRegy AR slts, PARAM_RES &resonance) const {
const int J = resonance.p.spinXz / 2.0;
7
unsigned int number = 0;
const unsigned int N =16 *

[ER

// C#+11 quarantees a local static variable initialization thread safety!
static std:: : lambda (N, std: 55

for (double i // Proton 1

for (double m

n TV s em 77 Comiens "Boson
lambda [number] = {i - 0.5,

3- 0.5 k- 0.5,
++number;

1-0.5 m - static_cast<double>(J)};

"

// Proton / Dissociative system vertices
double EEA - 0.0;

Fonpombrotonversex (its, FEA, FE_B):

// Forward proton deltaphi

// const double dphi = lts.pfinal(1].DeltaPhi(lts.pfinal(2]);
// const double dphi = lts.pfinal(1].Phi();

// Boost propagator to the system rest frame
Mavec ql = lts.ql
gra:ik tics::
const double dphi = ql.Phi();

£inall0], lts.pfinall0].M0), al, -1);

// Now loop over all helicity amplitudes
// Common factor all amplitud
complex<double> common
FEA * Proponly(lts.sl, lts.t1)
GG

* CBW(lts, resonance)
(1ts.m2, pow2

* resonance.g *
PARAM_RE( ), LFF)
Proponly (lts.s2, lts.t2) * FF_B;

1lts.hamp.clear();
for (std:

dze_t i = 0; 1< N; ++i) (

// Apply upper vertex helicity conservation

if (g_Vertex(lts.tl, lambda(i][0], lambdali] (2]
pow (-1, lambdal[i] [0] - lambdalil(2])

)
* g_vertex(lts.tl, lambdalil(0], lambdalil(2])) {

5/15
// 2. parity conservation

7

// Naturality: intrinsic parity x (-1)°J (bosons)
a trinsic parity x (-1)*(J-1/2) (fermions)

omplex<double> MReggs

gik_Vertex (double t1, double t2, double dphi, int lambda_h,
int P, int JMAX) conmst (
no secondary Reggeons - trivial

int 3,
// (we handle only Pomerons here for now,
// extension)

const int poml_? -1
const int poml_sigma
const int pom2_P
const int pom2_sigma = 1;

// Pomeron 1 parity +

// Pomeron 2 signature +

const int xi3val = xi3(J, P, poml_P, poml_sigma, pom2_P, pom2_sigma);
std::complex<double> sum = 0.0;

for (int ml = -JMAX; ml <= JMAX; ++ml) { // -\inf < m 1 < inf
// Helicity relation lambda_h = ml - m2
const int m2 = ml - lambda_h;

// Parity conservation
const double gamma_L = gammaLambaam, 2, ml
const double gamma_R = (-1, lambda_h)

* xi3val * gammalambda(tl, t2, -ml, -m2);

if (math::sign(gamma_L) != math

ign(gamma_R)) continue;

// Analytical continuation

sum += std::exp(gra::math::zi * static_cast<double>(ml) * dphi) * gamma_L;
)

a

7/ Regge matrix element ansatz for 2->4 continuum spectru

// with sign, one can choose the relative sign between sub-t and sub-u

7/ amplitudes —> e.g. bar:

yons (fermions) (could) have different effective sign
// than mesons (bosons) .

> pi+/K+,p, rho0

> pi-/K-,pbar, rho0 ...

// For similar Regge constructions, see:
Va
// [REFERENCE: Azimov, Khoze, Levin, Ryskin, Sov.J.Nucl.Phys.21, 215 (1975)]
[REFERENCE: Pumplin, Henyey, Nucl.Phys. B117, 377 (1976)]
Lebiedowicz, Szezurek, arxiv.org/abs/0912.0190]
// [REFERENCE: Harland-Lang, Khoze, Ryskin, arxiv.org/abs/1312.4553]

: std::complex<double> MRegge::MEd (gra:
// Offshell propagator nominal
const double M2_ =

LORENTZSCALAR &lts, double sign) const {
ass"2 read from the outgoing particle PDG mass
powz (1ts.decaytree[0] .p.mass) ;

// Create function pointers

double (*ff) (double, double);

double (*prop) (double, double);

if (sign > 0) { // positive sign amplitudes

prop =

\_prop;
} else { // negative sign

(alternative model spin-statistics) amplitude

&PARAM_REGGE: :Baryon_FF;
Prop = &PARAM_REGGE::Baryon prop;
)

double FF_B = 0.
PomYumProtonVen:ex(lt:, FE_A, FE_B);
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Proponly(lts.ss(2] (4], lts.t2) * FE_B;

// sign applied here

const std: :complex<double> A_u =
sign * PropoOnly(lts.ss(1] (4],

lts.t1) * FFA *
prop(lts.u_hat, M2_) *

(*££) (1ts.u_hat,
££) (1ts.u_hat, M2)

// Total amplitude
const std::complex<double> A = At + A_u;

7 o screening loop
lts.hamp = (A};
7

return A;
)

a
// Regge matrix element ansatz for 2->6 continuum spectrum

7
// For many similar amplitudes, see the literature of the era
// "pre-superstring/generalized Veneziano amplitude". For example:

Journals

Vi
// [REFERENCE: Bardakei, Ruegg, s.aps.org/pr/pdf/10.1103/PhysRev. 181.1884]
77

Vi
: // Numerically, one may compare with:

Lebiedowicz,

// [REFERENCE: Kycia, Szezurek,
Vi

Turnau, arxiv.org/abs/1702.07572]

: std::complex<double> MRegg:
// Amplitude_
std::complex<double> A(0,

MES (gr

LORENTZSCALAR &lts) const {

0
// offshell propagator masses"2 [for mixed states,

const double 2 (1ts.decaytree (0] .p.mass) ;
Conet dodble M5B = Bowz (1te. decaytroe (2] p.nace)

such as pi+ pi- K+ K-]

// Create function pointers
double (*ff) (double, double);
double (*prop) (double, double);
const double sign = 1;

if (sign > 0) ( // positive sign amplitudes
££ = GPARAM_REGGE
Prop = &PARAM_REGGE
) el ¢

teson T

pro;
(alternative model spin-statistics) amplitude

£ &PARAM_REGGE: :Baryon_F¥;
Prop = &PARAM_REGGE: :Baryon prop;
)

[/ Eroton / bissociative systen vertices
double FF_A =
double FF_I ;
PomPomProtonvertex (1ts,

FE_A, FE_B);
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££ = 4PARAM_REGGE: :Baryon FF;
Prop = &PARAM_REGGE: :Baryon_prop;
i

// Proton / Dissociative system vertices
double FF_A = 0.
double

o.
PomPomeor,onVe!(ex(l(s, FE_A, FE_B);

// Particle-Particle-Pomeron coupl

Conet. double Gpp. b - PARAM REGGE::e(0] / PARAM_SOFT:

// Loop over different

permutations (max #288)

= permutations6[i] [2];
= permutations6(i](3];

const unsigned int f = permutations6[i][5];

7/ totype Lorencs scatare (no need hare,
// const double tt_ab =
Gouble tiThe =
double tt_cd =
double tt_de
double tt_ef =

already calculated]
(pbeaml_pfinall - pfinal(al) .M2();
(pbeaml_pfinall - pfinallal - pfinal(b]).M2();
(pbeaml_pfinall ~ pfinal(b] - pfinalic]).h2();
(pbeami_pfinall - pfinallc] - pfinalld]).M2();

7/ const (pbeam2_pfinal2 - pfinal[£]).M2();

// collect scalars

const double tt_ef = lts.tt_2[f];

const std: :complex<double> subam

Proponly (1ts.ss(1] (a),

lts. m * FE_A * (*£f) (tt_ab, M2_] P * prop(tt_ab, 12 A
(*£f) (tt_be, M2_A) * gpp_P * onpon)y(lts ss[bllc], tt. bcl - ("fﬂ (tt_bc, M2_B)
prop(te cd, I B) ¢ (€6)(tt_de M2B) + gpp | Propony(its.seidliel, trde)
(*£f) (tt_de, M2.C) * _P * prop(tt_ef, HZ,C) * (*ff) (tt_ef, M2.C) PP_P *
Proponly (1¢5.812] (£, 1%s.52) + FE_B;

A += subamp;
+
[ ——
lts hamp = (A};
return A;

// Proton-proton-Pomeron elastic / inelastic vertex

4

void MRegg gra:: §lts, double 4FF_A, double GFF_B)

rn o hes.exeiter

mSqrt (PARAM_SOFT: :g3P * PARAM_SOFT
form: sSIPINEL (L¢3 ¢1, les, pf)nal[l] m2())

PARAM_: 3 rm: :S3F (1t i

msqrt (PARAM_SOFT: 1g3P * earalSorT: n Lp) *
SSETNEL(Lee 12, 1ts péinal(2].H20))

GN_P * gra::form::S3F(lts.t2);

FEB = lts.excite2 ?

gra:: fo!
: PARAM_SOFT:
)

7
// Generic resonance
7,

(sub) -cross section:
\hat (\sigma} ~ \pi / \hat(s) [W_i(\hat{s) W_f(\hat(s])] /

hat(s) - M_0)"2 + W_f(\hat(s})"2 ]
7/ where W_{i,f} denotes effective initial (final)

// incorporating spin and color symmetry factors,
: // dynamics
Va

state factors
couplings and the rest of the

Vi
// In general, the behavior can be different in domains:
77

771,
/7 2.
e

\nat (s << w02,
\hat{s} ~
\hat (s} >> MO". :

where MO is the on-shell mass

7/ and isolated resonsnces might break unitarity when \hat{s) —> inf,
7/ but resonance + continuum amplitude does not

6/15
// Particle-Particle-Pomeron coupling
const double gpp_P = PARAM_REGGE::c(0] / PARAM_SOFT::gN_B;
const std::complex<double> A_t = PropOnly(lts.ss[1][3], lts.tl) * FF_A * (*ff) (lts.t | har,,
app_P * prop(lts.t_hat, M2_) * (*ff) (lts.t hat,

M2_)
* gpp_P * Proponly(lts. T, 1)

)
*gpp_ P *

const (

MZ}‘

* FF_B;

./src/MRegge.cc 7/15
499: // Particle-Particle-i Pomeron <Ouplul9
500 const double gpp_P = :c[0) / PARAM_SOFT::gN_P;
s01

502
503:

/ Loop over different final state permutations (max #16)
for (const auto &i : indices (permutationsd)) (
const unsigned int a = permutations4[i][0];
const unsigned int b = permutationsd (i][1];
const unsigned int c = permutationsd[i][2];
const unsigned int d = permutationsd(i][3];

// Calculate t-type Lorentz scalars here (no
// const double tt_ab =

need, done alzeady]
20);
// const double tt_bc =

(pbeaml_pfinall - pfinal(a]).M2();
(pbeaml_pfinall - pfinalfa] - pf;nal‘h])AMZU,
// symmetry, same as (pbeam? - pfinall2] - pfinalld] - pfinallc]).M2()
// const double tt_cd = (pbeam?_pfinal2 - pfinal(d]).MZ();

7/ by

// Get Lorentz scalars
1ts.ct_1lal;

les.te_xyla) (b];
const double tt_cd = lts.tt_2(d]

const std: :complex<double> subany

Proponly (1ts.ss(1][al, lts 1) * FEA + (+£6) (tt_ab, MZ_A)

A += subanp;
)

"

// For screening loop
1ts.hamp P
’

return A;
)

Regge matrix

element ansatz for 2->8 continuum spectrum (generalization of
2-6)

std: :complex<double> MRegqs
7/ amplitude
complex<double> A(0,

LORENTZSCALAR &lts) const {

0

// Offshell propagator masses"2 [for mixed states, such as pi+ pi- K+ K- pi+
// pi-]

const double M2_A = pow2 (lts.decaytree(0].p.mass);

const double M2_B = powZ(lts.decaytree[2].p.mass);

const double M2_C = pow2(lts.decaytree[4].p.mass);

// Create function pointers
double (*£f) (double, double);
double (*prop) (double, double);

const double sign = 1;

if (sign > 0) ( // positive sign amplitudes

£f = GPARAM_REGGE::Meson FF;

prop = &PARAM_REGGE: :Meson_prop;
) else { // negative sign (alternative model spin-statistics) amplitude
src/MRegge.cc

9/15

Simple matrix element ansatz for Pomeron-Pomeron resonances

std: :complex<double> MRegge:

$ME3 (gra:
// Proton / Diss

$LORENTZSCALAR 41ts,
ociative system verti

gra::PARAM_RES Gresonance) const {

PomPomProtonVertex (1ts, FF_A, FF_B);

// s-channel

// Factor 2 x from initial state

(identical boson) statistics
const std::complex<double> A_pr
2

0 * Proponly(lts.sl, 1ts. 1)+ Era * canQits, resonance) *
PARAM_REGGE (1ts.m2, pow2 ), L FF)
Proponly(lts.s2, lts.t2) * FE_B;

x<double> A_spin
spin

posepived

* spin: 1es,
// Flux

const double V = std::pow(1.0 / lts.m2, PARAM_REGGE::omega);
/ Pull amplitu

/. de
const std::complex<double> A = A_prod * A_spin * V;

// For screening loop
lts.hamp = (A);
7"

return A;

Simple matrix element ansatz for Odderon-Pomeron resonances
7z

a:
a

+:PARAM_RES &resonance) const

MRegge:
Proton / Dissociative system vertices

double FF_A = lts.excitel ? msart (P SOFT::g3P * PARAM_SOFT::gN_P)
gra: fuxm::sSFINEL(lts £, les. pfmaun M20))
PARAM_S(

Uts o

double FF_B = lts.excite2 ?

meart m\w SOFT::g3P * Eara 50
: :SIFINEL (Lts. t2,
1gN_O * gra::

Tea: pnnauz] w2())
: YmM_soFI form::S3F (lts.t2);
const std: :complex<doubl

&> a1
81, lts.tl)

Proponly (1te + FF_A * CBH(Lts, resonance) *
PARAM_REGGE (lts.m2, pow2 ), L FF) *
OdderaanupUts 52, 1ts.t2) * FF_B;

// Proton / Dissociative system vertices
FF_A = lts.excitel ? msqrt (PARAM_SOFT::g3P * PARAM_SOFT::gN_0) *
Gra:tforms (SSFINEL (Lte. 1, 1te.péinel(11.42())
: PARAM_SOF" fomm: 83 (ks k1)
FEB = lts.excite2 ? 3P * PARAM_SOFT::gN_P) *
gra: SIFINEL (1ts.t2, us.pfmauzj.mm
- earaSoPT GNP+ gras:form: S3E (its.e2):

const std::complex<double> A2 =
OdderonProp (1ts.sl, lts.tl)

PARAM_REGGE:

Proponly (1ts.s2,

* FF_A * CBW(lts, resonance) *
(1ts.n2, pow2 .
* FE_B;

LFE)
1ts.t2)

* gpp_P * prop(tt_ab, M2_A) *
(*£6) (Se_be, M2 ) * gpp_P * PropOnly(its.ss(b](c), tebe) * (*Ef) (tt_be, W2 B) * gpp P *
prop (it ca, M2.B) * (151 (tt_cd, M2 E) * Gpp.F * Proponly(lts.sa(2] (], ita.c2) + FFB;
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7"

// Pomeron propagator x coupling to proton in photoproduction
// Production and Decay amplitude
const std::complex<double> A_spin =

spin::Prodamp (lts, * spin: 1ts, i

// Essentially, parametrized Regge scaling of
: // quasielastic photon + proton -> vectormeson + proton
Va

// Flux // dsigma(vector meson)/dt ~ (W_yp"2/W0°2)~{(2(alpha(t) - 1)} x exp(B_0 t),
const double V = std::pow(1.0 / 1ts.m2, PARAM_REGGE::omega); a
: // where the trajectory follows

[/ should sum here with negative sign i€ proton-antiproton initial state (ant{symmetric) // = soft pomeron for rho (deltad ~ 0.08)

complex<double> A_prod = (lts.beaml.pdg == lts.bean2.pdg) ? (Al + A2) : (AL - A2); 7/ - hard pomeron for j/psi (delta - 0.2) ... upsilon (delta ~ 0.3)
complex<double> A = Aprod * A_spin * V; ”
i // HERA notation uses usually 0°2 for the lepton side momentum transfer
7 // and t for the proton (pomeron) side.
// For screening loop Vi
lts.hamp = (2}; ”
7 7715 ‘D hie, Dosch, Pomeron Physics and 0CD, 2002]
zeturn A; std: MRegge: double t, double m2, bool excite,

doubie ws_torvard) const (

// Different vector meson slopes (HERA data),

// dsigma/dt ~ exp(8t),

// where B = BO + dalpha’log (W/WO) = BO + 2alpha’log (i"2/W0"2)

// WO reference scale usually 90...95 GeV at which BO is fitted from
// data

// B0 " 11 for rho and 4.8 for J/psi, Upsilon

Vi

Va
i // Simple matrix element ansatz for Photoproduction of resonances
a

7/ & running slope fit to vector meson / photoproduction slope data
const double m_freeze = 0.7; // GeV, Minimum mass freezing of running
const double BO

std: :pow (stds smax (pow? (n_freeze), m2) / 2.0, -gra::math::PI / 2.0) + 3 * gra::math::PI / 2.0;

// Normalization scale G
// const double W02 pcw2(9l7 0); // Typical HERA data normalization
const double W02 = pow2(1.0); // We normalize to 1

: std::complex<double> MRegg:

// Check spin

s (resonance.p.spink
sta

PhotoME3 (gra::LORENTZSCALAR &lts, gra::PARAM RES &resonance) const {

)
ehr nval)d_axgument{ 1MRegge: ;ERotGHE): Resonance spi + // W.B. The pomeron slope (a’) also affects, so all parameters need
ot ring (resonance.p_apink2) + " (should be J = 1)1%); 7/ to be fittad in a proper vay (full HO)
) ~ PARAM_REGGE::a0[0] + PARAM_REGGE::ap[0] * t;
215ha_t0 - EARMM REGGE: o

// Resonance part ap ~ PARAM_REGGE::ap(0];
const_std: :complex<double> common = eta - , alpha_t0, ap, PARAM_REGGE::sgn(0]);

ceM(les, resonance)

PARAM (ts.m2, powz .mass), _FF) 5 // Proton form factor simply exponential here

// Division by 2, because we are at amplitude level
double gammatluxd - les.excitel 7 Incohflux(lie.xl, les 1, lus.qtl, les.pfinal().420)
CohFlux (lts.x1, lts.tl, lts
double gammaflux2 = lts.excite? ? IncohFlux(lts.x2, 1ts.t2, lts. qr,Z, lts.pfinal(2] .tz ()
: CohFlux(lts.x2, lts.t2, lts.qt2);

// Proton / Dissociative system vertex
const double FF =
excite ? msqrt (PARAM_SOFT::g3P * PARAM_SOFT::gN_P) * gra::
: PARAM_SOFT: qn_y *std:: expLBD YR

orm: :SIFINEL (¢, M2_forward)

// "To amplitude leve.
gammafluxl = msgrt (gammafluxl / 1ts.xl);
gammaflux2 = msqrt (gammaflux2 / 1ts.x2);

return eta * std::pow(s / W02, alpha) * FF;

// Pomeron up (t1) x Photon down (£2) ”
77 Regge propagators in the form (s/s0)"alpha (t)
7/

omplex<double> MRegge: :PropOnly (double s, double t) const
complex<double> M(0, 0);

PhotoProp (lts.sl, lts.tl, pow2(resonance.p.mass), lts.excitel, lts.pfinal(1].M2());

// Photon up (t1) x Pomeron down (t2)
const std:sconplex<double> A2 =
gammafluxl * comm
PhotoProp (lts.s2, lts.t2, Ppow2 (resonance.p.mass), lts.excite, lts.pfinal(2].M20);

{{ oop over Pomeron, Reggeon, Reggeon... exchanges
for (std:isize_t k = 0; PARAM_REGGE: :a0.size(); ++k) {
e ToaRAv REGGE in(k] om true) T o) Trajoctony active

// Should sum here with negative sign if proton-antiproton initial state (anti-symmetric)

// Trajectory signature
const std::complex<double> A_prod = (lts.beaml.pdg == lts.beam2.pdg) ? (Al + A_2) : (Al - A_2); uble

const doy ha PARAM_REGG
const double a)pha £0 = PARAM_REGGI
const double = PARAM_REGGE:
const std: &

aplkl * €

a0[K] + PARAM_REGG!
a0(k];
taplkl;

// Production and Decay amplitude i
(t, alpha_to0, ap, PARAM_REGGE::sgn[kl);

const std::complex<double> A_spin
spin::Prodamp (lts, * spin: 1ts, i

(/ add to che aun
M 4= eta * std::pow(s / PARAM_REGGE

// Full amplitude :s0, alpha);

const std::complex<double> A = A_prod * A_spin; }

7 return 1t;
7/ For screening loop
1ts.namp = (A);
Vz s
7/ Odderon propagators in the form (s/s0)"alpha(t)
return A; /7
: std::complex<double> MRegge: :OdderonProp (double s, double t) const {
/ Use Pomeron trajectory with odd signature
const double alpha = PARAM_REGGE::a0[0] + PARAM_REGGE::ap[0] * t;
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const double alpha_t0 = PARAM_REGGE::a0[0]; = ap;
const double ap ~ PARAM_REGGE: :2p(0]; - san;
const std: eta - (t, alpha_t0, ap, (-1) * PARAM_REGGE::sqn[0]); = Jiat (XID).at("s0");

return eta * std::pow(s / PARAM_REGGE::s0, alpha); = Jeat(KID) at(Costeheline);
y

Y

// Regge amplitude paraneters
namespace cE
Doot nitiatized = false;

g
2 3IaXID) Lt (romagarts

paraneter string

:ivector<double> al;
vector<double> ap;
vector<double> sgn;

).f (PDG == 211 H \PDG == 111) { // Charged or Neutral Pions
ARAM_E

311) { // Charged or Neutral Kaons

double 50 = 0.0; PARAM
} else i (206 == 2212 || POG == 2112) { // Protons or Neutrons
fane otoneiier - 0; Str - veARa P
double b_EX - 0.0 } else if (DG == 113 || BDG == 213) { // Neutral or charged rho(770)
Gounie aZonEAR 0.0; Str = "PARAM_RHO";
double b_OREAR = 0.0; )} else if (DG == 331) ( // phi(1020)
double b_pON - olo; PARAN_P

Lem
- 9000221) « /7 £0(500)
o5

bool reggeize = false;

str = "B

}

str
else { // The rest will use PARAM X setup
double omega = 0.0; ARAM_X"

std::vector<double> c; // coupling
: std::ivector<bool> n; // on/off 7/ Reggeon couplings
redouble> ¢ = j.at(str).at(
n = j.at(str).at("
i

: void PrintParam() {
std::cout << "PARAM REGGE:: Sub-amplitude parameters:" << std::endl << std::endl;
for (unsigned int i = 0; i < a0.size(); ++i) {
printf(
1~ Reggeon(sd): trajectory alpha(t) = 30.3¢ + 30.3¢ "
"[GevA({-2}] t, sgn = 0.0f \n",
52 2001, aplil, santiliy

PARAM_REGGE: :initialized = true;

// PARAM_REGGE::PrintParam();

Printf ("~ offshellFF = %d \n", offshellFF);
if (offshellFF == 0) { printf(" —- b_EXP - 30.3f [GeVA(-2}] (exponential) \n", b_EXP); ]
if (offshellfF == 1) (

printf(

nvalid_argument ("REGGE_PARAM: :ReadParameters: Parse error in " + modelfile);

-- a_OREAR = %0.3f [GeVA{-1)], b_OREAR = 30.3f "
"[GevA{-1}] (Orear)\n",
a_OREAR, b_OREAR);

// Non-Conserved Vector Current Pomeron [UNTESTED FUNCTION]

: // [REFERENCE: Close, Schuler, https://arxiv.org/pdf/hep-ph/9902243.pdf]

) // [REFERENCE: Close, Schuler, https://arxiv.org/pdf/hep-ph/9905305.pdf]
if (offshellFF == 2) { printf(" -- b_POW = %0.3f [GeV*(-2}] (powerlaw) \n", b_POW); } K
Pprintf("- reggeize = td \n", reggeize); // see also:

: // [REFERENCE: Kaidalov, Khoze, Martin, Ryskin,

Printf("- s0 = %0.3f [GevA2]", s0);
: endl;

// https://arxiv. arg/Pd[/hep ph/0307064. pdf]
V4

std.

LORENTZSCALAR &lts,
PARAM RES &  resonance) {

cout << "Couplings:" << std::endl;
for (unsigned int i = 0; i < c.size(); ++i)
Printf('~ Reggeon[td]: c = %0.3f [GeVA(-2}]", i, c[il);

: :complex<double> JPC_CS_coupling (const gr:
const. gr.

const unsigned int PP

if () const unsigned int PM
std:icout << rang:ifg:igreen << ' [on]" << rang::fg:ireset << std::endl; const unsigned int LL = 2; // 0 0
} else {
td::cout << rang::fg:ired << ' [off]" << rang::fg:ireset << std::endl; const unsigned int PL

const unsigned int LP

cout << std::endl; std:ivector<double> A(S, 0.0);
)
V4
// Read generic Regge amplitude parameters from files
// PDG is the pion/kaon/proton comst int  J = resonance. > spmxz 7 2.0;
10D0: we read couplings based on the first particle, const int P resonance .

: // generalize to pairs such as pitpi-K+K- (4-body) (easy extension) const double phi = lts. pﬂnall‘l] "beltaphi (Lts.pfinal(2]);
V4
void ReadParameters (int PDG, const std::string &modelfile) {

// bynamic structure (spprox)
// Read and parse 3 td.

bs (1ts.tl);

try ( Const double 077 - otd:iaba(lts.t2)]
const std::string data = gra::aux::GetInputData(modelfile); const double D (01_2 - 02_2) m2;
nlohmann:ijsen 3 = nlohmann::json::parse(data); const double delta = msqrt(Q1_2) * msqrt(2.2) / lts.m2;
const std::string XID = "PARAM_REGGE"; // Naturality
const double etal = 1; // Pomeron 1 naturality (parity x signature)
7/ Regge amplitude parancters const double eta2 = 1; // Pomeron 2 naturality (parity x signature)

<double> a0 = j.at (XID).at ("a0");
3.at (XID).at ("ap") ;
3.at (XID) .at ("sgn’);
= a0;

pow(-1, 3); // Central boson naturality
etal ¥ etaz * etaM;

const double eta

V4
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1163:

case 1t
// Coupling structure (capture local variables with return st
o 0 = T 0 { retern Tea.ts + ita.ts  pows (MFFI) * po2 (st
auto W &1 0
const double xil = gra::mat! ©sgn(A[PP]) * gra::math
zeturn pow? (msqrt (Les.t1 + lts.t2) * A[LL] -
il * msqrt(lts.tl * lts.t2) * A[PP] * std::cos(phi));

REAR * msqrt (std::abs (tprime) + pow2 (PARAM_REGGE

>_o1 _OREAR)) +
2 OREAR * PARAM_REGGE::b_OREAR|

exp (~PARAM_REGGE
PARAM_REGGE

sin(phi)); b
7/ Fonexian

case 2:
Teturn 1.0 / (1.0 - tprine / PARNM_REGGE: tb_FOR);

sgn (AILL])

default:
throw std

nvalid_argument ("Meson FF: Unknown parameter
sta

.
o_string (PARAM_REGGE: :of fshellFF));

thi:csgn (A[PL]) * gra
Yreiatz » ALl

- eta * xi2 * lts.qtl * A[LB];
return (lts.ql * alpha - lts.q2 * beta) .Pt2();

csgn (A[LP]);

)

// Off-shell baryon form fact.

auto R = [&] () { return lts.tl * lts.t2 * 0.5 * pow2 (A[EM]); }; double Baryon FF (double t_} haty “aoubte m2) |
const double tprime = t_hat - M2;
V4
Swieh (PRRAM_SEGGE: soffahellfs) (
const double nabla = // Exponentia
case 0:
// selection rules return std::exp(-PARAM_REGGE tabs (tprime)) ;
if (3 == 0 65 B « // orear
A[LL] = 0; case 1
A[pR] = 1; return std::exp(-PARAM REGGE::b_OREAR * msqrt (std::abs(tprime) + pow2 (PARAM_REGGE::a OREAR)) +
AleM] = 0; PARAM_REGGE::a_OREAR * PARAM_REGGE::b_OREAR);

/1 pows

return msart (Q0)); case 2:
Tetorn 1.0 / (1.0 - tprime / PARAM_REGGE: :b_POW);
if (3 == 0 &8 P == 1)
A[LL] = nabla * delta; default:
AlPP] = 1; ehrow atd: sinvalid_argunent ('Baryon FE: vnknown pecenctes

AlpM] = 0; d::to_string (PARAM_REGGE: :0ffshellFF));
return msqrt (W()); )
)
if (3 &6 P == 1) (
A[LL] = nabla * D * delta; // Off-shell meson M* propagator
A[pR] = D; : double Meson_prop (double t_hat, double 42) {
AreM] = 0; double val = 1.0 / (t_hat - M2);
s (ARAN_REGGE: s reggetze)
return meqrt (@0 + WO); //"Reggeization® ~ s"J(t) (NOT IMPLEMENTED, return without)
return val;
ir (1 i } else

A[LL] = 0; return val;
A[PP] = D;
AlpM] = 0; 1207: )
1208
return msqrt (00 + W0); 1209: // Off-shell baryon B* propagator
1210: double Baryon_prop(double t_hat, double 42) {
if (@ ¢ 1211:  double val = 1.0 / (t_hat - M2);
A[LL] = 0; 1212:  if (PARAM_REGGE::reggeize) (
A[PR] = 1; //"Reggeization” - s"J(t) (NOT IMPLEMENTED, return without)
AlPM] = D; return val;
A[PL] = msqrt (Q2_2 / lts.m2); else

A[Le)

meqrt (012 / lts.m2); return val;

zeturn msqrt (00 + EO + RO);
)

if (3 == 2 68 P == 1) { Final State Interaction (FSI) kt"2 loop integral
A[LL] = nabla * delta; NOT IMPLEMENTE
A[BR] = 1; lex<double> FSI_prop(double t_hat, double M2) (
ApM] double> value(l,

1;
A[PL] = msqrt (2.2 / lts.m2);
A[LP] = msgrt (01 2 / lts.m2);

return msqrt (W() + E() + RO); 1227: // Resonance form factor
(in addition to Breit-Wigner propagator)

return 1.0;

: 7/ In general, withont any intecering continum provess
1zst: /7 (uhich would provide the same effect), this may be needed?

For data, see: | e ResonanceFormFactor (double s_hat, double M2, double S0) (
/ m owd (50)) ;

return std::exp(-pow2 (s_hat - 12)

[REFERENCE: Kirk for WA102,

0ff-Shell meson form factor // namespace PARAM_REGGE
: double Meson_FF (double t_hat, double M2) { 1238: } // namespace g:
hat

const double tprime = t_hat - M2; 1239:

switch (PARAM_REGGE
/ Bxponential

:i0ffshellFF) {

case 0:
return std::exp(-PARAM_REGGE::b_EXP * std::abs(tprime));
// orear
/src/MH2.cc 1/6 . cc 2/6

sizet i - 07 i < staticcastcunsigned int> (XBINS); 1) (
const double w = (maxw > 0) ? weignts (i) (3] / maxw :

const int  ind = std::round(w * 9

std:icout << rang::fg:iyellow << ascziartlind] << rang:ifg::reset;

// 2D histogram class
/

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ cre
#include <complex>
#include <iostream>
#include <vector>

i // Empty bottom left corner
i i < static_cast<unsigned int>(XBINS); ++i) { st
tiend

#include "Graniitti/MAux.h"

gonst double binuidth = (WAX — XHIN) / XBINS;
#include "Graniitti/MMath.h’ < 50; ++k)

#include "Graniitti/MMatrix.h

// Libraries
#include "rang.hpp"

(std::size t 1 = 0; i < static_cast<unsigned int>(XBINS); ++i) (
binvalue = binwidth * (i + 1) - binwidth / 2.0 + XMIN;

tring let ux: :ToString (std: :abs (binvalue) , 2)
namespace gra ( tring son - (binvalue N

7/ constructor {7/ prins vaiue sign (~

Wi2: a2 (int xbins, double xnin, double wnax, int yoins, double ynin, double ymas. out << sgn.

sta.
continue;

tring namestr)
I
ResetBounds (xbins, ¥min, xmax, ybins, ynin, ynax);
FILLBUFF = false;

if (k < static_cast<int>(let.length())) (
std::cout << let[k

// Constructor with only number of bins
: MH2::MH2(int xbins, int ybins, std::string namestr) (
estr;

) // the end

{/ prine stacistics
t << "<binned statistics> " << stds

ipair<double, doubier valers = WeightMeamAndbrror ()

Printf(" <> = 80.38 +- $0.3E [F = §11d | X: U/0 = $114/511d, ¥: 0/0 = $11d/511d I\n
valerr.first, valerr.second, fills, underflow[0], overflﬂw[ﬂ], underflow(1], uverf]ow[l”r

// Default

FILLBUFF = true;
const double X_mean GetMeanx (1) ;
const double X_sqmean = GetMeanX (2) ;
{f Destruetor

a2 () ()

const double Y_mean = GetMeanY(1);
const double Y_sqmean = GetMean¥ (2) ;

void MH2::ResetBounds (int xbins, double xmin, double xmax, int ybins, double ymin, double ymax) (

XMIN = xmin; Print(" <> = §0.3f, <XA2> = $0.3f, <X*2> - <X>"2 = $0.3f \n", X_mean, X_sqmean,
XMRX = xmax; samean - std::pow (X_mean, 2));
XBINS = xbins; PrintE(" <Y> = $0.3f, <¥A2> = 20.3f, <Y 2> - <¥>2 = 30.3f \n", Y_mean, Y_sqmean,
(_sqmean - std:ipow(Y_mean, 2));
YMIN = ymin;
YAX axi std:icout << std:iendl;
YBINS = ybins;
// Init std::pair<double, double> MH2::WeightMeanAndError() const {
weights = MMatrix<double> (XBINS, YBINS, 0.0); const double N £ills; // Need to use number of total fills here, not counts in bins
weights2 = weights; const double val = SumWeights() / N;
counts = MMatrix<long long int>(XBINS, YBINS, 0); const double err? = Sumdeights2() / N pow2 (val);
const double e Gra: inath: smart (eres 7 M7
clear(); // call also this!

FILLBUFF = false; // No autorange, explicit bounds provided return {val, err};

void MH2 t() const (
if 1’4f1]]5 0 1/ o £l
sta MH2::Print: <" << name << "> Fills
etuimg

: bool ME2: Validsin(int sbin, ine ybin) const (
if (xbin xbin < XBINS && ybin >= 0 && ybin < YBINS) { return true; }
return fa]se,

void M2: :FALL (double xvalue, double yvalue) (

// Call weighted £ill weight 1
it Trvatue, yeatues 1001

)

// Histogram name
< "ME2::Print: <" << name << ">

std: svestorsatd: atring> aseziart =
const double Z Getmaxieioht 05 void MH2::Fill (double xvalue, double yvalue, double weight) {
tisnan (weight))
<< "MH2:Fill: Warning: NaN weight

sta:zcout << - [ // Enpt
for (std::size_t i 0; i < static_cast<unsigned xnt>{xBIN$). ++i)
stdiicout << '] © << stdisendl;

<< std:rendl;

isint (weight))
<< "MH2:Fill: Warning: Inf weight" << std

for (int 3 = YBINS - 1; j > ~1; —=3) ( // Must be int, we index down to negative
const double binwidth = (YMAX - YMIN) / YBINS,
Brintf("+5.25 |*, binwidth * (3 + 1) - binwidth / 2.0 + YMIN);

endl;
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2501 double xmax = mu + 2.5 * std;
if (IFILLBUFF) { // Normal filling 251
252 // A numerical failure may happen with variance calculation, then use thi.
td: :isnan (xmax))

253 snan Ganin) ||
inval;

++£ills;
xmax = maxval;

// Find out bins
const int xbin = GetIdx(xvalue, XMIN, XMAX, XBINS, LOGX);

= GetIdx(yvalue, YMIN, YMAX, YBINS, LOGY);

const int ybin =
If symmetric s

abs (xmax)) / 2.0;

if (xbin -3 || ybin -3) { nanflow += 1; }
double
if (xbin == -1) { underflow(0] += 1; xmin
if (ybin == -1) { underflow(1] += 1; } xmax
if (xbin == -2) { overflow[0] += 1; }
if (ybin == -2) { overflow(l] += 1; } // We have only positive values, such as invariant mass
if (minval > 0.0) { xmin = std::max(0.0, xmin); }
if (ValidBin(xbin, ybin))
min(din] = xmin;
max(din] = xmax;

weights [xbin] [vbin eight
weights2[xbin] [ybin] += weight * weight;
counts [xbin] [ybin] += 1

) else { // Autorange initialization // New histogram bounds
ResetBounds (XBINS, min(0], max(0], YBINS, min(1], max(1]);
{/ Fial bussereq evens
for (std - 0; i < buff_values.size();

buff_values.push_back ({xvalue, yvalue));
)i
i)
F41 (bu e values (11 (0], muft vatoes (1] {11, butt welqhts[l])r

buff_weights.push_back (weight

if (buff_values.size() > static_ int> E)) (F i
// Clear buffers

buff_values.clear ();
buff_weights.clear();

i < static_cast<unsigned int> (XBINS); ++i) {
3§ < static_cast<unsigned int>(YBINS); ++3) (

_t 0;
weights[i][3] = 0;
weights2[i]13] = 0;
counts(i] (3] = 0; 2861 // Histogran nean (vazed on binned values)
etMeanx (int power) const {
o

0.0; // Normalization
- XMIN) / XBINS;
0; i < static_cast<unsigned int>(XBINS); ++i)
std::pow(binwidth * (1 + 1) - binwidth / 2.0 + XMIN, power);
.t § = 0; j < static_cast<unsigned int>(YBINS); ++j)
const double weight = GetBinWeight (i,
sum += weight * value;
norm += weight;

// Automatic histogram range algorithm
void MH2::FlushBuffer () (
if (FILLBUFF && buff_values.size() > 0)
FILLBUFF = false; // no more filling buffer

if (norm > 0)
return sum / norm;
ector<double> min

tvector<double> max return 0.0;

(0.0, 0.0};
0.0, 0.0};

304 )
305: double MH2::GetMean¥ (int power) const (
double sum 0.0;
double norm 0.0; // Normalization
const double binwidth = (YMAX - YMIN) / YBINS;
for (std::size t j = 0; J < static_cast<unsigned int>(YBINS); ++j) (
const double value = std::pow(binwidth * ) - binwidth / 2.0 + YMIN, power);
for (std:isize t i = 0; i < static_cast<unsigned int>(XBINS); ++i) (
const double weight = GetBinWeight (i,
eight * value;
norm 4= welght

// Loop over dimensions
for (std::size_t dim = 0; dim < 2; ++dim) (
// Find out mean

&
for (stdiisize t i = 0; i < buff_values.size(); ++i) {

mu += buff_values[i][dim] * buff_weights[il;
buff_weights[il;

Af (sumd > 0) { mu /= sum; }

// variance
< buff_values.size(); ++i) if (norm > 0)
return sum / norm;

* std::pow(buff_values(i] [dim] - mu, 2);

butt weignts(i]
return 0.0;

)
if (sumW > 0) { var /= sumd; }

// Find minimum and maximum

325: double ME2 Sunnl.xgh:.{) const {

double sum =

for (atasratzo t §
for (std:isize_t j = 0;

buff_values.size(); ++i)
if (buff_values(i][dim] < minval) { minval - buff_values(i] [dim]; }
if (buff_values[i][dim] > maxval) { maxval = buff_values(i][dim]; }

0; i < static_cast<unsigned int>(XBINS); ++i) (
j < static_cast<unsigned int>(YBINS); ++1) { sum += weights(i][3]; }

return sum;

// Set new histogram bounds
stds:sqrt (std: iabs (var) )
- * std;
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333: double MH2: sumwetht.zn const {

(maxval - minval) / nbi

} else
const double BINWIDTH
sta:t£loor ((vatue - minval) / BINWIDTH);

idx

i < static_cast<unsigned int> (XBINS); ++i)

0; 3 < static_cast<unsigned int>(YBINS); H;y

( sum += weights2(i](31; }

for Ls(d::siZe,\: 3
return ids;
r

n bits (base-2 log)

return sum;
)
for example)

/ Return Shannon entropy of the histogram
// (useful for validating statistical properties,
double MA2 h.nnanlntxapy() const.
double sum = 0.
for (atasratzo t &
for (std:isize_t j = 0;

tong long int MiZ::Sumbincounts() const. (

i < static_cast<unsigned int>(XBINS); ++i)
0; 3 < static_cast<unsigned int> (YBINS); ij

0; i < static_cast<unsigned int>(XBINS); ++i) (
i )

{ sum 4= counts[i](3); |
j < static_cast<unsigned int>(YBINS); ++3) { sum += weights(i][3];

return sum;

if (sum > 0)
double $ = 0.0;
£ oL T statiecast<unsigned dnt> (XBINS); ++1)

dosble WiZ: Getiaxteignt () const
double maxval = for (std::si i
for ( i < static_cast<unsigned int> (XBINS); ++1) for (std atic_cast<unsigned int>(YBINS); ++3)
for static_cast<unsigned int>(YBINS); ++3) ( P TEAN % weights(i] (3] / sum * std::log2 (weights(il(3] / sum); }
)

et 3 =0; 3 <
if (weights(i][j] > maxval) { maxval = weights[i](jl;
)

)
return maxval;

double MiZ::GetMinkeight ) const (
double minval = le
for (std:rsizet i i < static_cast<unsigned int>(XBINS); ++i) { ) // namespace gra
< static_cast<unsigned int>(YBINS); ++3) (

for (std:isize_t

0
if (weights(i)[j] < minval) { minval = weights[il[jl; }
)

)
return minval;
)

GetBinCount (int xbin, int ybin) const {

: long long
if (ValidBin(xbin, ybin))
return counts[xbin] [ybinl;
} else ¢
return 0;

)
7 Get weight of the b
: double €BinWeight (int xbin, int ybin) const {
L (varidbin (abim, ybin))
return weights[xbin] [ybinl;
} else
return 0;

// Get bin indices (i,]) corresponding to value (xvalue,yvalu
&xbin, int Gybin) const (

void MH2::GetBinTdx(double xvalue, double yvalue, int
// Find out bins
xbin = GetIdx(xvalue, XMIN, XMAX, XBINS, LOGX);
ybin = Getldx(yvalue, YMIN, YMAX, YBINS, LOGY);

base-10 logarithmically spaced

// Get table/histogram index for linearly o
: // bins
ves exact uniform f£illing within bin boundaries.

In the logarithmic case, MINVAL and MAXVAL > 0, naturally.

Underflow returns -1

overflow
// nan/inf
V4

Getldx(double value, double minval, double maxval, int nbins, bool logbins) const {
if (std::isnan(value) || std::isinf(value)) ( return -3; }

if (value < minval) ( zeturn -1; } // Underflow

{ return -2; ) // Overflow

¢ int mH2

// Logarithmic

if (logbins)

// Check do we have a non-negative input

value > 0 ? std::floor(nbins * (std::logl0(value) - std::loglO(minval)) /
(std::1ogl0 (maxval) - st qukmmvalYH
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Lt // *Continuun’ 1

/) crr
#include <algorithm>

)

// Update kinematics (screen:
// Exact 4-momentum conserva
// does not assume vanishing

.e. directly constructed phase space class // Initialize phase space
ProcPtr.LIPSDIM = 3 * (lts.

70 (€ 2017-2020 ikael isskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>. if (EXCITATION == 1) ( Pro
if (EXCITATION == 2) { Pro

2/8

dimension (3*Nf - 4)

decaytree.size() + 2)

cPtr.LIPSDIM
CPEr.LIPSDIM

ing KT loop calls this)
tion at loop vertices, that is, by using this one
external momenta in the screening loop calculation

: bool (const std: &plp, const std::vector<double> &p2p)
static const MiVec beamsum = lts.pbeaml + lts.pbeam?
7/ o const unsigned int Kf lts.decaytree.size(); // Number of central particles
#include "Graniitti/MAux.h" const unsigned int Nf = KE o+ 2; 7/ Number of final states
#include "Graniitti/MContinuum.h"
#include "Graniitti/MForm.h" // SET new proton pT degrees of freedom
#include "Graniitti/MFragment.h" 1lts.pfinalll].SetPxby (plp[0], plp[ll);
#include "Graniitti/MKinematics.h" 1ts.pfinal(2].5etPxPy (p20101, P2BI11);
#include "Graniitti/MMath.h
Finclude "Graniitti/MMatrix.h! // Get central final states pT degrees of freedom
#include "Graniitti/MProcess.h" foas vectorauivecy pxe, mives (0, 0, 0
#include "Graniitti/MSpin.h" BLL 101, lts.pfinalizl);
#include "Graniitti/MUserCuts.h"
// Set central particles px,py,pz/e
// Libraries const unsigned int offset = 3; // indexing
#include "rang.hpp" 1vec une (0, 0, 0, 0);
for (std:rsize_t i = 0; i < Kf; ++i)
using const double y - lts.pfinal_origli + offset].Rap();
: using const double m = lts.pfinal_origli + offset].M();
: using
using // px,py
: using lts.pfinal(i + offset].SetPxPy(p(il.Px(), PIil.PY());
using
using 1/ p:
using Conit doubile mt = meqre (ponz m) + 1ts.pEinalli + ofezet] P20
using e TReinaTs § oFaet) Sochin tne  sedsiaimn(n, me s osh(y)) s
namespace gra { sump 4= lts.pfinal(i + offset];
// This is needed by c )
07 MContinuum: MContimuum() { Tnitialize(); )
// pz and E of forward protons/N*
// Constructor const double ptl = lts.pfinal(1].Pt();
MCont i MContinuum(std::string process, const std::vector<aux::OneCMD> &syntax) { const double pt2 = lts.pfinal(2].Pt();
Initialize(); const double ml = lts.pfinal_orig(ll.M0);
InitHistograns (); const double m2 = lts.pfinal_orig(2].M();
SetProcess (process, syntax);
double plz = gra::kinematics::SolvePz(ml, m2, ptl, pt2, sumb.Pz(), sum®.E(), lts.s);
// Init final states double p2z = - (sumP.Pz() + plz); // by momentum conservation
Mavec zerovec(0, 0, 0, 0);
for (stdiisizes L= 0; i< 10; 4+1) ( lts-prinal.push hack (zerovec) ) // Enforce scattering direction +p -> +p, ~p ~> -p (VERY RARE POLYNOMIAL
std::cout << "MContinuum:: [Constructor done]" << // BRANCH FLIP)

) if (plz < 0

void MContinuum

nitialize () lts.pfinal(l].SetPzE (plz,

Sonst. std::vectorcatds :string> supported = ("FE", 'yE', "OF', "yy, 9g"); lts.pfinal(2]
D ; 1ts.pfinall0] = sump;
Procptr WSukproc (supported, CID);

msqrt (pow? (ml) + pow2 (ptl)
.SetPzE(p2z, msgrt (pow2 (m2) + pow2 (pt2)

| b2z > 0) { return false; )

+ pow2 (p12)));
+ pouz (p22))) ;

Vi
// Now boost if asymmetric

beans
// Destructor 1f (std::abs (beamsun.Pz()) > le-6) (
MCont inuum: : “MContinuum() () constexpr int sign positive —> boost to the lab
Kinematics: :LorentzBoost (beamsum, lts.sqrt_s, lts.pfinal(l], sign);
// Initialize cut and process spesific postsetup Kinematics::LorentzBoost (beamsum, lts.sqrt_s, lts.pfinal(2], sign);
: void MContin ost_Constructor () | Kinematics::LorentzBoost (beamsum, 1ts.sqrt_s, 1ts.pfinal[0], sign);
stdiicout << ' post_ e << std:rendl;
size_t i = < xe;
// Set sampling boundaries LorentzBoost (beamsun, lts.sqrt_s, lts.pfinal(i + offset], sign);
SetTechnicalBoundaries (geuts, EXCITATION);
)
// Technical cuts here 7
if (gouts.kt_max < 0.0) { // not set by user
// Check Energy-omentum
geuts.kt_min = 0.0; i€ (lgra::imath::CheckEMC (beamsum - (Lts.pfinalll] + lts.pfinall2] + lts.pfinall0]))) (
return false;
// Pomeron-pomeron continuum (low-pt guaranteed by form factors) )
geuts.kt_max = 10.0 / lts.decaytree.size();
return GetlorentzScalars (Nf);
// QED/EW/Durham-gcD processes (high pt) )
if (ProcPtr.ISTATE != "PP" 4% ProcPtr.ISTATE != "yP" && ProcPtr.ISTATE 1= '0p") (
geuts.ke_max = lts.sqrt_s / 2.0; // kinematic maximum [/ gt weisht
doub! (const std:: srandvec, AuxIntData saux) {
, dounie ¥ = 0.07
src/MContinuum.cc 3/8 4/8
// Kinematics cout << std::endl;
aux.kinematics ok = BNRandomKin (lts.decaytree.size() + 2, randvec); style::bold << "Generation cuts:" << rang:
aux.fideuts ok FiducialCuts (); endl;
aux.vetocuts_ok = VetoCuts();
Final state rapidity [min, max] = [$0.2f, 0.2f] "
i€ (aux.valid() ( \n
// Matrix element squa Ke : Intermediate [min, max] = [$0.2f, %0.2£] Gev "
Conat oo WatESo = Gernp2 )5 ”\t(ELxed/usezy
Torvard leg [min, max] = [$0.2f, 30.2f] Gev "

e (Fixed/amar
e

Vi
// Cascade resonances phase-space ,

const double C_space = CascadePS(); geuts.rap_min, geuts.
" geuts. forward_pt_max)
// ** EVENT WEIGHT ** if (BXCITATION != 0) {
W = C_space * (1.0 / S_factor) * BNPhaseSpaceWeight () * BNIntegralVolume() * MatESQ * GeVZbarn / printe(

MollerFlux(); - xi

)

\t (fixed/user)
geuts.XI_min,

aux.amplitude ok = CheckInfNan (W) ; )

// As the last step: Histograms
const double totalweight = W * aux.vegasweight;
Fillistograms (totalweight, 1ts);

PrintFiducialCuts();
)

Fiducial cuts
: bool

) const ( return 01 / log-change of variables

const double ul =
.

// Record event
bool MContinuum

:ventRecord (HepHC3

enBvent sevt) { return CommonRecord(evt); }

Toca
const double 12 -
: void MContinuum: :PrintInit (bool silent) const (
if (isilent)

Printsetup();

const double ptl
const double pt2

// Construct prettyprint diagram
std::string proton
std:istring proton2 =

const double
const double
const unsigned int offset

phil

if (EXCITATION
if (EXCITATION
protonl = "

1) { protonl
2) ¢

s
B P—

// Decay product masses
V4

Forward leg

return W; // (3*NE-4)-dimensional phase space vector
: bool MContinuum: :BNRandomKin (unsigned int NE,
const unsigned int Kf = NE -
a

1og (gcuts. forward_pt_min + ZERO_EPS)
1og(geuts. forward_pt_max)

d::log(geuts. forward_pt_min + ZERO_EPS)
og(geuts. forward_pt_max) - st

rap_max, geuts.kt_min, geuts.kt max, geuts.forward_pt_min,

(4°2/s) [min, max] = [%0.2E, %0.2E] "

\n",
geuts.XI_max) ;

nitialization
const std::vector<double> &randvec) |

/ Central system multiplicity

for pt

- std::log(geuts.forward pt_min + ZERO_EPS))

* randvec(0];

1og(geuts. forward_pt_min + ZERO_EPS))

* randvec(1];

exp (ul);
exp (u2);

2 1+ randvec(2];
2.0 * gr: thi:iPI * randvec(3];
T e

proton2
)

for (const auto &i :

tring pomeronloop = (SCREENING

true)

V4

indices (1ts.decaytree))
GetoffshellMass (lts.decaytree(il,

1ts.decaytree[i].m offshell);

tvector<std::string> legs;
(const auto &1

st ng leg = buff;
legs. push back (Leg) ;

// Intermediate

feynmangraph. push_back (legs[i1); )

if (i < lts.decaycree.size() - 1) feynmangraph.push_back ("| )i

) // Final state rapidity

feynmangraph.push_back (" | | i std: :vector<double> y (K,
for (const auto &i : indice

/{ print diagzan geuts.rap_min + (g
s s cout

£ << protond << st

for (e

xnd)ces(isynmanqxaphn i
e ocRmeNING) (/) Poe red
std::icout << rang::fg:ired << pomeronloop << rang::style::reset; // Forward N* system masses
} else std: :vector<double> mvec;
std:icout << rang::fg:ired << pomeronloop << rang::style:ireset; std:ivector<double> rvec;

0.

for indices (lts.decaytree)) { // Intermediate kt
char buff[250]; std::vector<double> ke (KE - 1, 0.0); // Kf-1
snprintf (buff, sizeof (buff), s, J=ts]", lts.decaytree(i].p.pdg, size_t ind = offset;
1ts.decaytree[i].p.name.c_str(), for (const auto &i : indices (kt))
gra::aux: (its ).c_str(), Ke[i] = geuts.ke_min + (gouts.kt_max - geuts.kt_min) * randveclind];
o= pinoxeost ring (1ts.decayree (i) i p spinX2) .e_str()); +rind;

0.0);  // KE-1

std: :vector<double> phi(KE - 1,
std:ivector<std n9> feyomangraph; for (const auto i : indices (phi))
fevnmangraph . posh_pack || Phili] = 2.0 * PI * randvec(ind];
for (const auto &i : xnd)ces(l(s.decay(reeﬂ { ++ind;

0 // KL
s(y)) {

cuts.rap_max - gouts.rap_min) * randvec(ind];

i
if (EXCITATION
SampleForwardMasses (nvec,

cout << feynmangraph(i]

out << proton2 << std:
out << std::endl;

return BNBuildKin(Nf, ptl,

// Generation cuts

lrandveclxnd],  candvectind + 1117 )

pt2, phil, phi2, kt, phi, y, mvec[0], mvec[1]);

[
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[/ Busld kinematics of 2
bool MContinuum: :

mmmunuqua int NE, double ptl, double pr2, doud

le phil,

&kt, comst std::
ivector<double> &y, double ml,
// Central system multiplicity
lts.pbeaml + lts.pbeam2;

Conet ot
const unsigned int Kf =nf - 2;
static const MiVec beamsum =

12 (its decayeres.aize()
= ring str =
Cont inuum: : BNBuildKin

1= k6 (

Decaytree first level topology "

std::to_string(lts.decaytree.size()) + "
" for this process)!";

throw std::invalid_argument (str);
)

(should be " + st

// Forward protons px,py
MavVec pl(ptl * std::cos(phil),

ptl * std
Mdvec p2(pt2 * std::cos(phi2),

sin(phil), 0, 0);
ptz * std

sin(phi2), 0, 0);

// Auxialary "difference momentum® g0 = p0 - Pl ...
Ppkt_.resize (Kf - 1);
for (const auto

&i : indices (pkt_))
pke_(i]

(
= Mavec(kt[i] * std::cos(phili]), keli]

* st

sin(philil), 0,

7/ aeply Linear systen to go

Sestordivecs p(KE, Miveci0, 0, 0, 0))
BL)neaxSystem{p, pkt_, pl, p2);
// Set pz and E for central final states

Mivec sumP (0, 0, 0, 0);

indices (p))
ts.decaytree[i].m_offshell;
= msqrt (pow2 (m) + p[i].Pt20);

.SetPzE(mt * std::sinh(y[il), mt * std::cosh(y[il));
sump += p(il;

)

// Note offshell!

plil

// Check crude energy overflow
if (sum®.E() > lts.sqrt_s) { return false; }
double plz

gra::kinematics:
double p2z

= (sumP.Pz ()

:SolvePz (nl, m2, ptl,

. pt2, sump.Pz(),
+ plz);

sune.E
// by momentum conservation

// Enforce scattering direction
// BRANCH FLIP)
if (plz < 0

#p -> +p, -p > -p (VERY RARE POLYNOMIAL

|| p2z > 0) { return false; )

/ pz and E of protons/N*
Pl.SetPzE (plz, msqrt (pow2(ml) + pow2 (ptl) + pow2 (plz)))
P2.5etPzE (p2z, msqrt (pow2 (m2) + pow2 (pt2) + powz (p22)))
Vi
// Now boost if asymmetric beams
se_(staz:obs (oeansun.p2()) > le-6)

sign = 1; // positive -> boost
LorentzBoost lbeamsulvy
LorentzBoost (beamsum,
LorentzBoost (beamsum,

to the lab
lts.sart_s, pl,
les.sqrt_s, p2,
lts.sqrt_s, sump,

sign);

=0

const. unaigned int e
inaicas b)) €

sumM += p(i].M0);
)

// Kinematic checks

// Check we are above mass threshold
if (sumP.M() < sumt) ( return false; }

./src/MContinuum. cc

// Construct vector b

const unsigned int Kf = p.size();
std::vector<Mavec> b (Kf);

const MaVec plp2sum = pLf + p2f;

// Number of central system particles

for (const auto &i : indices(b)) {
if (1==0

bIi]
} else {

bi] = qli - 1] *
)

)
qlo0] - plp2sum;

(-1.0) - plpzsum;

)

[/ apply Linear system p - Ab to get pxpy components for cach plil
const unsigned int index = Kf - 2; // -2 because of
for (const auto &i : indices(p)) {
for (const auto &3 : indices (b)) {
Pli] += b(])
}

&
* Alindex] [i](3); // notice plus

v
// MATLAB symbolic code to print out the system

e

$ Number of particles in the central system
KEMAX

:vector<st.

fprintf(‘static const std:: :vector<double>>> A =
for KF = 2:KFMAX

\nl 7);

% Create system matrix A
A = ones (KF);
A(1:2,1:2) = (2 0; 0 2]; § Starting corner

% Lower triangle
Ke

inv(sym(a));

§ Plot Ct+ style
fprintf(*\n’);
fprinte( (%)
ize(a, 1)
fprintf (" (")

for (const auto &i : indices(p)) { kinematics::lorentzBoost (beamsum, lts.
77

// First branch kinematics

les.pfinal(l] = pl; // Forward systems

lts.pfinal(2] = p2;

1lts.pfinal[0] = sump; // Central system

double =

double phi2,
&phi,

double m2)

to_string(KE) +

0

0, 1ts.s);

sart_s, plil, sign);

7/8
5.0 / 6.0, 1.0 / 1.0, 2.0 / 3.0, -1.0 / 2.0, -1.0 / 3.0, RSPAAL
(110 7310, 110 / 200, 1.0 /3.0, 1.0 / 2.0, ~1.0 /3.0, 1.0 / 6.0},
§-1.0 / 6.0, 0.0, 1.0/ 3.0, 1.0 / 2.0, -1.0 / 3.0, -1.0 / 6.0},
(-2.0 / 3.0, 1.0 / 2.0, 1.0 / 3.0, 1.0 / 2.0, 2.0 / 3.0, -1.0 / 6.0},
(=7.0 / 6.0, =1.0 / 1.0, 1.0 / 3.0, 1.0 / 2.0, 2.0 / 3.0, 5.0 / 6.0}},
(110 / 7.0, 5.0 / 7.0, 5.0 / 7.0, 4.0 / 7.0, -3.0 / 7.0, -2.0 / 7.0, 1.0 / 7.0},
(15.0 / 14.0, 17.0 / 14.0, -5.0 / 7.0, -4.0 / 7.0, 3.0 / 7.0, 2.0 / 7.0, -1.0 / 7.0},
4.0 /7.0, 5.0 / 7.0, 2.0 / 7.0, -4.0 / 7.0, =3.0 / 7.0, 2.0 / 7.0, -1.0 / 7.0},
1.0 / 14.0, 3.0 / 14.0, 2.0 / 7.0, 3.0 / 7.0, =3.0 / 7.0, -2.0 / 7.0, 1.0 / 7.0},
(530 /7.0 2.0 / 1.0, 2.0/ 7.0, 3.0/ 1.0, 4.0/ 1.0, -2.0./ 1.0, 1.0 / 7.0},
§-13.0 / 14.0, -11.0 / 14.0, 2.0 / 7.0, 3.0 / 7.0, 4.0 / 7.0, 5.0 / 7.0, -1.0 / 7.0},
(000 7 7000 507 700 200 7 70 30 1 a0, 40 7 70, 50 ) T, 60 £ 7.001,
£(29.0 / 16.0, 15.0 / 16.0, =3.0 / 4.0, =5.0 / 8.0, 1.0 / 2.0, -3.0 / 8.0, -1.0 / 4.0,
-1.0 / 8.0},
(21.0 / 16.0, 23.0 / 16.0, -3.0 / 4.0, =5.0 / 8.0, -1.0 / 2.0, -3.0 / 8.0, -1.0 / 4.0,
-1.0 / 8.0},
13.0 / 16.0, 15.0 / 16.0, 1.0 / 4.0, -5.0 / 8.0, 1.0 / 2.0, -3.0 / 8.0, -1.0 / 4.0,
-1.0 / 8.0},
(5.0 / 16.0, 7.0 / 16.0, 1.0 / 4.0, 3.0 / 8.0, -1.0 / 2.0, -3.0 / 8.0, -1.0 / 4.0,
-1.0 / 8.0},
£-3.0 / 16.0, -1.0 / 16.0, 1.0 / 4.0, 3.0 / 8.0, 1.0 / 2.0, -3.0 / 8.0, -1.0 / 4.0,
-1.0 /
{-11.0 / 16.0, -9.0 / 16.0, 1.0 / 4.0, 3.0 / 8.0, 1.0 / 2.0, 5.0 / 8.0, -1.0 / 4.0,
-1.0 /
(-19.0 / 16.0, -17.0 / 16.0, 1.0 / 4.0, 3.0 / 8.0, 1.0 / 2.0, 5.0 / 8.0, 3.0 / 4.0,
-1.0 / 8.0},
§-27.0 / 16.0, -25.0 / 16.0, 1.0 / 4.0, 3.0 / 8.0, 1.0 / 2.0, 5.0 / 8.0, 3.0 / 4.0,
7.0/ 8.001);

./src/MContinuum. cc 6/8

// Total 4-momentum conservation
if (lgra::math::CheckBMC (beamsum -
return false;

)

V4

// Treat decaytree recursivel
for (const auto &i : indices(lts.decaytree)) (
if ( i [axs

s. 1)) { return false; }
)

// Forward system fragmentation
if (vetocuts.active) { // N.B.

if (ICEPForwardFragment ())
)

need to fragment already now!,
{ return false;

return GetLorentzScalars (Nf);
)

// Construct the linear system
void i i

&p, const std:
const {

const MdVec &p2f)

plf + p2f

static const std
(1.0 / 2.0,

T0%oT, Tocos 10 /a0,

(2.0 / 3.0,
(1.0 / 6.0,
(-1.0 / 3.0,

0.0, -1.0 / 3.0},
1.0 / 2.0, -1.0 / 3.0},
0.0, 2.0/ 3.01},

5.0,
(-5.0 / 8.0, -3.0 / 8.0,
£{11.0 / 10.0, 3.0 / 10.0, -3.0 / -1.0 / 5.0},

0/5.0, 4.0 / 5.0, -3.0 / 5.0, -1.0 / 5.0,
/s

5.0, -
-2.0 /
-2.0

4.0/ 5.0,

(4.0 / 3.0,

1.0 / 2.0,

-2.0 / 3.0, ~1.0 / 2.0, 1.0 / 3.0, -1.0 / 6.0},

./src/MContinuum. cc 8/8

for j = 1:size(a,2)

(5 < size(3,2))
mark = 1,

else
mark =

end
D) = mumden (103, 3);

'pr nee (0,088, marky;
els
fpzzntfz' 0.1£/%0.1f3s", N, D, mark);

end
if (i < size(A,2))
mark = '},

else
LE (KF < KPMAX)

else
emark = /7;
end

mark = sprintf(’})8s’, emark);

end

fprintf('$s\n’, mark);
end

fprintf('};\n’);

7

// (3*Nf-4)-Dim Integral Volume [phil] x [phi2] x [phi_k1] x [phi_k2] x
Al

[pt1] x (pt2] x (k1] x
7

(kt2] x ... x [ke(KE-1]]
XA [y3] x [y4] xA Ny

: // For reference, Nf = 4 special case in:

// [REFERENCE: Lebiedowicz, Szczurek, arxiv.org/abs/0912.0190]
double MContinuum: :BNIntegralVolume() const (
// Number of central states
const unsigned int Kf = lts.decaytree.size();
// Forward leg integration
const double forward_volume = Forwardvolume ();

// Intermediate kt volu

Gouble KT vol = std: pow(geuts.kt_max - geuts.kt_nin, KE - 1);
// phi angle volume

KT_vol »= std::pow(2.0 * PI, Kf - 1);

// rapidity volume

KT_vol *= std::pow(gcuts.rap_max - gcuts.rap_min, KE)j

return KI_vol * forward_volume;

: double MContinuum: :BNPhaseSpacel
// Jacobian, close to constant
const double J = 1.0 / std::abs(lts.pfinal(1].Pz() / lts.pfinal(l].E()
1ts.pfinall2]

const {

Pz() / lts.pfinall2].E0);
// Mumber of final states

const unsigned int Nf = lts.decaytree.size() + 2;

// Intermediate "a

// kt factors from \))roa Ta2 ki = \prod_i dphi

kt_i dkt_i

double PROD = 1.0;

for (const auto &i : indices(pkt_)) { PROD *= pkt_[i].Pt(); }

const double factor = (1.0 / std:ipow(2, 2 * (Nf - 2))) * (1.0 / std::pow(2.0 * PI,

(1ts.pfinal[1].Bt() / (2.0 * lts.pfinal[1].E()) *

(1ts.pfinal[2].Pt() / (2.0 * 1ts.pfinal[2].EQ)) * J * PROD;
return factor;
)

) // namespace gra

(lts.pfinal(l) + lts.pfinal(2] + lts.pfinal(0]))) (

if cuts active

30 nE - 4))

ector<Mivec> §q, const MiVec &plf,



1/23 ./src/MProces:

84:
85
// (c) 2017-2020 Mikael Mieskolainen

cc 2/23
L8 (EKCITATION == 2) (
ut << rang::f

// Abstract process class

green << ' <double>” << ran

86 }
// Licensed under the MIT License <http://opensource.org/licenses/MIT>. 87: )
88: if (FLATAMP != 0) ( std:icout << '~ Flat amplitude mode " << FLATAMP << std::endl; )
7/ ces 89:
#include <algorithm> 90 cout << std::endl << std::endl;
#include <cmath> 91: )
#include <complex> 92:
#include <future> :
#include <iostream> 941 // Cascaded phase-space factor [VOLUNE] x (MC INTEGRAL] / (221)
#include <iterator> 95: double MPro: cadeps () const {
#include <map> V) Cascade rosonances phase-space
nclude <random> double product = 1.
#include <regex> double product2pi = 1. o,
: #include <stdexcept> double volume
#include <vector> int  N_final 0;
for (const auto &i : indices(lts.decaytree)) (
// own Leul [ , product, , volume, N_final);
#include "Graniitti/MAux.h"

#include "Graniitti/MFactorized.h" return volume * product / product2pi;
.

// Recursive function to calculate phasespace weights
¢ void MProce:

gra: &branch, double &product,
double sproduct2pi, double &volume, int &N_final) const {
// There is decay information and this is activated by the amplitude
if (branch.PS_active == true && branch.W.Integral() > 0)
product *= branch.W.Integral();
product2pi *= (2 * math::PI);

#include "Graniitti/MSpin.h"
#include "Graniitti/MTimer.h"
#include "Graniitti/MUserCuts.h"

// Flat mass"2 interval
ouble M_sum = 0;

for (const auto &i : indices(branch.legs)) {
M_sum += branch.legs[i].p.mass

} // Daughters give lower limit

// HepiC3
#include "HepMC3/FourVector.h"

const double MIN = std::max (pow2 (M_sum), pow2(branch.p.m: branch.p.width * OFFSHELL));
Conet. double NAX — pows (branch.pomace + branch.b.widih + OFFSHELL)
volume *= (MAX - MIN);

#include "HepMC3/GenVertex.h"
#include "HepMC3/Print.h"

// Libraries
#include "json.hpp"
: #include "rang.hpp"

for (comst auto &i : indices (branch.legs))
[i], product, volume, N_final);

)

if (branch.legs.size() == 0) ( +4N_final; } // Final state particle
using )
using
: using 320/ Amplitude squared
: using 1227 doule wproc Get 01
using Gouble anps o (FLNTANE 4= 0) ? S3Screencdimp2() : GetFlatAmp2(lts);
namespace gra { a

// ** Custom sampling control initiated by amplitudes **
if (lts.FORCE_FLATMASS? & !FLATMASS2 user) ( FLATMASS2 = true;

i void MProcess: :PrintSetup() const | ;
i if (lts.FORCE_OFFSHELL >= 0 & !OFFSHELL user) { OFFSHELL = lts.FORCE_OFFSHELL; ]

std::icout << std::endl,
t: old << "Process setup:” << rang.

endl
" << random.GetSeed() << std: return amp2;

std::cout << "~ Initial state " << lts.beaml < << )

Seem energies:  [10.1€ 10 16] Gev \a', ts.pbeani.£(), lts.pbeanz.E0);

cMS energy 501 Gev\n', lts.sqrt_s); // Pomeron Loop Screened Amplitude

cout << "~ Process: L phocEss 4t rang:ifg:igreen << ¢ (% /.
for (const auto &str : ProcPtr.GetProcessDescriptor (PROCESS)) ( stdi:cout << str << ' | "; }
sta 1 rifg: i < std::endl; = qt1
// subprocess
std::icout << rang::style::bold << "Subprocess parameters:’ << rang:istyle::reset << st
endl; = qt2

std:icout << "~ Pomeron loop screening: << std::boolalpha << SCREENING << std::endl;

{{ M1 other chan inclusive processes
se_ (erocer.1sTaTE x)
ut

dousle MProcess: :sIscreenednmp2 () |
// Eikonal Loop Screening n
(€ SCRERNING om fatee) | ratuc Procper. GetBareamplitude2 (lts); |

i ieour «

Final state ! << DECATMODE << st
Proton N* " << std::boolalph

s (EXCITATION
ut << rang

reen << " <elastic>" << ran:

// Elastic scattering, return directly eikonalized amplitude squared itself
if (ProcPtr.CHANNEL == "EL') ( return abs2 (Eikonal.MSA.InterpolatelD(-lts.t)); )

)
if (EXCITATION == 1) {

7
stdiicout << rang:ifg:igreen << © <singles’ << rang::fg:ireset << std:iendl; // First evaluate bare amplitudes to lts.hamp
) ProcPtr.GetBareAmplitude2 (1ts);
3/23 ./sTc/MProcess.cc 4/23
} // inner-loop
if (lts.hamp.size() == 0) ) // outer-loop
const std::string str =
"MProcess: : S35 Amplitude does not support screening, lts hamp.size == 0"; // Normalization
throw sta::invalid argument (stx); const std: :complex<double> norm = zi / (8.0 * gra i
)
// Loop over amplitudes
// Save born amplitudes sta:: hamp_1oop (1ts.h 0, 0.00;
const std: :vector<std: : complex<double>> hamp_0 = 1ts.hamp;
7 for (conat auto ch : indices (lta-hamp)) {
hamp_loop(h] = norm * gra Simpson38Integral2D (f_hamp(h], WSimpson, StepPhi, StepKT);
// Proton pt vectors
const std:: PIT = {1ts.pfinal(1].Px(), lts.pfinal(11.Py());
const std::vector<double> p2T = {lts.pfinall2].Px(), lts.pfinall2].py(0}; // Update back to tree level kinematics
LoopKinematics (p1T, p2T);
// Save old kinematics
lts.pfinal orig = lts.pfinal; 7
// Final amplitude (squared)
/788 Cr111 handles multithreaded static initislization 6@
7/ Discretization step: // Wot Durham-ocD
Const static double Step if (ProcPtr.ISTATE 1= "gg") (
(Eikonal.Numerics. HaxLooka - Eikonal.Numerics.MinLoopKT) / Eikonal.Numeri 3 // separate (incoherent) sum
const. double i .0; double amp2 = 0.0;
const. do

- gra::math: :2T; for (const auto &h : indices(lts.hamp)) { amp2 += abs2(hamp_O(h] + hamp_loop(hl); }
Comet Seatic double SeapPni - (MaxPhi - MinEni) / Eikonal.Numerics.NumberiocpPH;

// Initial state helicity aerage, if we have all helicity amplitudes
// Init 2D-Simpson weight matrix (will be calculated only once, being [ 4 )

if (lts. hamp size() !
7/ static) return amp2
const static MMatrix<double> WSimpson
gra:imath: D (Eikonal.Numeri , Eikonal.Numeri 1) ; // Durham-gcp
} else {

// NOTE N + 1, init with zero! // Coherent sun
st i £_hamp ( st x<double> A = 0

h, 0, MMatrix<std: (Eixonal for :

: indices(lts.hamp)) { A += hamp_O[h] + hamp_loop(nl; }

T+,
Eikonal.Numerics.NumberLoopKT + 1, 0.0)); // Helicity average already taken care of

// 2p-integral return abs2 (a);
i

// \int A2kt A_eik (kt"2) A(ktl,ke2)

/ = \int d\phi \int dkt * kt * A_el(ke"2) * A(ktl,kt2)

[/ Sec cus enexay and bean particle 4-vectors

: void Mpxe di: sstring> sbeam,

a Conat atd: ivector<doubles & eneray) (
Vi i beam.size() 1= 2) (

a throw st

i

invalid_argument ("MProcess: :SetInitialState: Input BEAM vector not dim 21");

i fenergy.sizeq) |- 2)
d::invalid_argument ("MProcess: :SetInitialState: Input ENERGY vector not dim 2!");

for (std:isizet i
const double phi

0; i < Eikonal.Numerics.NumberLoopPHI + 1; ++i) (
MinPhi + i * StepPh

1ts.beaml = lts.PDG.FindByPDGName (beam[0]);
lts.beam2 = lts.PDG.FindByPDGName (beam(1]);

for (std:isize t j = 0; 3 < Eikonal.Numerics.NumberLoopKT + 1; ++3) (

const double kt = Eikonal.Numerics.MinLoopkT + j * StepKT; / Beam particle 4-momenta re-setup with safety threshold if fixed target
const double kt2 = gra::math::pow2(kt); 7/ setup

const double E1 = std::max(energy[0], 1.001 * lts.beaml.mass);

const double E2 = std::max(energy(1], 1.001 * lts.beam2.mass);

V4

// Get screening amplitude

SetBeamEnergies (E1, B2);
// {compiler will cptinize this ouside the loop) )

const std: Aeik - Ei Laceln (ke2);

// Bean needs to be st before this!
// 0. construct 1oop 20 KT-vector 313: void MProcess::SetBeamEnergies (double El, double 2) (
const std: ivector<double> ki_(Kt * std::cos(phi), kt * std::sin(phi)); i (lts.beanl.pd IT 3¢ beanz.pas == 0

throw std::invalid_argument

// 1. New proton pt vectors
const std::vector<double> plp = (plT[0] - kt_[0], piT[1] - kt_[1]}
const std::vector<double> p2p = (p2T[0] + kt_[0], p2T[1] + ke_[1]}

rocess: :SetBeamEnergies: Beam PDG particles not set yet!");

// Beam 4-momentum (px,py, bz, E)
lts.pbeaml = Mdvec(0, 0, msqrt (pow2(El) - pow2(lts.beaml.mass)), EL);

// 2. Update kinematics lts.pbeam2 = MVec(0, 0, -msqrt (pow2 (E2) - pow? (lts.beam2.mass)), E2);

if (ILoopKinematics (plp, p2p))
continue; // not valid kinematically

// positive z-axis
// negative z-axis
// Mandelstam s

lts.s = (lts.pbeaml + lts.pbeam2) .M2();

lts.sqrt_s = msqrt (lts.s);
// 3. Get new amplitudes to lts.hamp

ProcPtr.GetBareAmplitude (1ts); s (ts.sarts < (tabeantmass ¢ its.beand mass)) (
7 str = "MProcess::SetBeamEnergies

Error with input CMS energ:
diito_string(lts.sqrt_s) + ' GeV < initial state masses!

// Toop over all helicity amplitudes invalid_ argument (st5) 5

for (const auto &h : indices(lts.hamp)) (
£_hamp(h] [i]1[§] = A_eik * lts.hamp[h] * kt; // note x kt (jacobian)

throw std

Pprintf ("MProcess: :SetBeamEnergies: beam: [bs, s], energy = [%0.1f, 30.1f] \n",



5/23
1lts.bean2.name.c_str(), E1, E2);

1lts.beanl.name.c_str (),

// Return "flat/special” matrix element squared |a|*2

[ ansaca: 1412

" exp(bt1) exp(bt2)
if (FLATAM )

(= pouz (1ea.2) * std::exp(PARAMFIAT: tb ¢ 1ta.t1) * std:sexp(PARAM_PLAT: tb * les.£2);
¥
J/ ansatz: |a|*2 * exp(btl) exp(btz) / sart (shat)
else if (FLATAMP == 2) (
W = pow (1ts.s) * std:sexp (PARMM_FLAT::b * lts.tl) * stdiiexp (PARAM_FLAT::b * lts.t2)
meqrt (1655 hat) ;
¥
/) ansatz: |a|"2 < exp(btl) exp(bt2) / shat
olse if (FLATRMP == 3) {
W = pow(1ts.s) * std::exp (PARMM_FLAT::b * 1ts.tl) * std::exp (PARAM_FLAT::b * 1ts.t2)

lts.s_hat;

// Constant
else if (FLATAMP
W= 1.0;
) else {
// Throw an error,

N

unknown mode

GetrFlatamp2: Unknown FLATAMP ([A[~2 is 0 = off, 1 = "
2 = explb(t14t2) }/shat™(1/2}, 3 = exp(b(tl+t2))/shat, 4 = 1.0) "

tring str)

/"
77 0. check if contains only spaces

(or is empty)

an

iterator end_pos = std
heck: rase (end pos, check.end ()5

remove (check.begin(), check.end(), ' ');

7/ Can be enpty anly for <(>-class (2->2/inclusive) processes or <>

! (pRocess. £ind('<e> )

!= std::string::npos) &6
pos)) 1

"MProcess: :SetDecayMode: DECAY string input is "
"empty (can be only for <g> or "
"<F> class) 1"

Syntax check, we m
vector<std::string> words = gr

st have same amount of left { and right ) brackets
Extract (str);

snrigned snt aros
unsigned ot L

ned it i
for (std::string:isize type L = 0; i < str.aize(); ++i) {
Af (strli] == (1) #L;
A (strlil — 1)7) #4R;

if (strli] == '>') ++rarrows;

"MProces
£ brackets

1 (and " + sta
invalid_argument (strerr);

o_string(R) + " right brackets

iz gamzows 1= 1) |
std::string strerr
MProces: : SetDecayMode
"arrows > not equal t
") brackets!";
throw std::invalid_argument (strerr);

ERROR: Decay tree syntax with "

7/23

// Recursively over the decaytree
for (const auto &i : indices(lts.decaytree)) (
if (lts.decaytree[i].legs.size() != 0) { // Has any daughters?
ProcessHelicityTree (1ts.decaytree(il);

// Recursive function
Va

void MProce: rocessHelicityTre
// Process decay information
std::vector<Mparticle> daughter;
for (const auto &i : indices (branch.legs)) { daughter.push_back (branch.legs(il.p); }
branch.hel = ProcessHelicityDecay (branch.p, daughter);

(MpecayBranch sbranch) {

// Recursion

for (ooast auto cl + indices (branch.lagal) |
if (branch.legs[i].legs.size() ( // Has any daughters?
ProcesshelicityTree (branch.legs m )i

// Process decay helicity amplitude by
// reading alpha_ls and (tensor pomeron model) couplings from BRANCHING.json
Va

HELMatrix MProc:

Processhielicityecay (const Marticle &
fa vector<Hparticle> saaughter)

const {
HELMatzix he;

7/ Get decay daugnter PG ids
vector<int> refdecay;
for (conet st 64 s indices (daughter))

{ refdecay.push_back (daughter[i].pdg); }

[/ Setup branching fractions for resonances
using json = nlo

const std:istring inpuccile =

. o+ gra: + Sson”;

o
etInputData (inputfile);

"MProcess
(Check for extra/missing commas)"
invalid_argument (str);

SetupBranching: Error parsing " + inputfile +

throw std:
)

V4

const int pdg = p.pdg;
// Find out if we have this resonance in tables
stdi:istring PDG_STR = std::to_string(pdg);

// Did we find that resonance written down it in the Branching Tables
bool found = j.count (PDG_STR) ;

if (found
¢/ Do we find it from DG database
tring resonance_n: "not-found-Erom-PDG";

by
Mearticle part

) caten (... {
/7 continue;

)

sta

1ts.PDG.FindBYPDG (pdg) ;
part.name;

Resonance PDG = " + std;

o_string (pdg)

out << "MProcess::ProcessHelicityDecay
ndl;

std::icout << "Decay t.
for (const auto &i
std st

8

indices (daughter)) { std::cout << daughter(il.pdg << " "; |
1

// Try to find the decaymode
bool found_decay_mode
const unsigned int MAXDECAYS

£ 1= 0; i<MAXDECAYS; +41) (
g SID = std::to_string(i);

’

/

Setbecasiode ERROH Becay ree s ¢ staiitostring() o

/

/sxc/MProces 6/23
/"
// ** Read decay by recursion **
1ts.PDG (str, 0, 1ts i
/7
// Save decaymode string
DECAYMODE = str,

// calculate symmetry factor
CalculateSymmetryFactor ();

// Remind the user
if (lts.decaytree.size() > 2) {
ux::PrintWarning();
out << "Reminder: Resonance decay |natrix element 1|2 is "
"non-factorizable from the phase space for K = "
to_string(lts.decaytree.size()) + > 2

<< st

td
Use &> arrow for fully separating 2->3
st

[+] 1->K" endl;

// Count QFT statistical (combinatorial) factor for identical final states
a

/7 BASED here counting the first level final states
// Example: yyyy a1
a

pitpi-pitpi- > 212! (CHECK THIS!)
i pitpi-pitpi-pitpi- —> 31313!

7/ v - 21

7 Pitpi-KiK- -1

a
void MProce:
s_factor

:CalculateSymmetryFactor () {
1.0; // Init with 1

std::vector<bool> marked(lts.decaytree.size(), false);

// collect here multiplicities
td::vector<int> multiplicities;

for (const auto &i : indices(lts.decaytree)) {

1;
marked[i] = true;
for (const auto &j : indices(lts.decaytree))
if 1 & lts.decaytree[i].p.pdg == lts.decaytree(3].p.pdg && marked(j] == false

&
marked(3] = truer

}

}
S_factor *= gra factorial(n);

)
// Read resonance branching fractions

void MProcess: :SetupBranching ()
PrintBar (".");

// Empty one is not treated

s (les.mEsoMNCES size() == 0) (
£ SetupBranching: lts.RESONANCES.size ()
1;

g::red << "MProcess
fg::ireset << std

rang:
return;

if_(ts-decayeres.size() = o)
st << rang::fg::red <<
<< rang::fg:ireset << std:

"MProcess: :SetupBranching: decaytree.size ()

return;

// Loop over resonances

for (auto const &xpoint
// Take the resonance
gra::PARAM_RES res

1ts.RESONANCES) {

xpoint . second;

// Process helicity decay information
di:vector<MParticle> daughter;

(const auto &i : indices(lts.decaytree)) { daughter.push_back(lts.decaytree[i].p);

.hel = ProcesskelicityDecay (res.p, daughter)

// Set the updated resonance
1ts.RESONANCES [xpoint . first] = res;

8/23
std::vector<int> vec = j[PDG_STR] [SID] ["PDG"];
decay vec;

} cateh (...) {
continue; // Did not found anything with this

// index ["i"]
b

if (sta::is_permutation (refdecay.begin(),
{/ Found matching decay
= J[PDG_STR] [SID] ["BR"];
ne. P conservation - 3[PDG_STR] [SID] ["P_conservation”];
found_decay_mode = &

refdecay.end(), decay.begin())) {

ery (
std::vector<double> temp = ][PDG STR] [SID]
he.g_decay_tensor

) cateh (...) (
// Did not found uset set Tensor Pomeron decay coupling array, do nothing

_decay_tensor"];

a
// Construct helicity ls-coupling matrix (put default 1.0)
ctly by ls values
omplex<double>> alpha(20, 20, 1.0)
alpha_set (20, 20,

false);

Matrix<bool>

// Allow 50 coupling parameter (1,s) pairs (more than

size_t a = 0; a < 50; ++a) (

3[PDG_STR] (STD] ["alpha_is

3[PDG_STR] [STD] [ "alpha_is

3[PDG_STR] [SID] [ "alpha.
SLPDG_STR] [510) ["aibhato] (a1 1315

// set value
alpha(l](s] = Re + zi * Im;
// Mark it set
alpha_set[1](s] = true;

sta.

out << "Found ls-coupling from BRANCHING.json
<M1= << 1 << 7,8 "] = v << alphalll(s] <<

<< st d1;

) { continue; }

(Re, Tm) "

} catch

he.alpha
he.alpha_set =
break;

alpha;
alpha_set;

)

iE {1 £ound_decay_node) {
intWarning () ;
cout << rang:ifg:ired
< "WARNING: BRANCHING.json contains no information on this decay: " +
std::to_string(pdg) + ' >

4

for (const auto &i : indices(daughter))

1 i std
std::cout << std::endl;

cout << daughter[i].pdg << " "

sedsicout << 7 (setting up BR = 1.0, alphals == 1.0, P_conservation = true)”
<< rang reset << std::endl;

he.BR

he.P_conservation q

he.alph: MMatrix<std: :complex<double>> (20, 20, 1.0);

he.alpha_set = MMatrix<bool> (20, 20,

i

// Init T-matrix

if (daughter.size()
ery {

2) (

gresioping InitTMatrix(be, p, daughter(0], daughter(1));
} cateh (std::invalid argument &e) {
throw sm..mvaud,arqumentupmmm with resonance PDG = " + std::to_string(pdg)

e.what ());

/
// Calculate equivalent decay coupling for 2-body cases

)

+

)

[
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// In 2-body case,

the decay phase space and decay amplitude squared
// factorize

bool Tp_computed = false;
if (daughter.size() == 2)
/7 Calcutate phase space pax
77 Ganma = 55+ [ 2_desayl <2 ther

with |a_decay|~

1 <=> Gamma
const double amp2
const double sym

double PS = gra::kinematics::PDWZbody (pow2 (p.mass), pow2 (daughter[0].mass),
pow? (daughter [1] .mass) ,

amp2, sym) ;

// Tensor Pomeron Model decay couplings for 2-body decays directly calculable from width and
7/ BR

if (hc.g_decay tensor.size()

0) { // Not set yet

he.g_decay_tensor =

‘ensorPomeron: :GDecay (p.SpinX2 / 2, p.mass, p.width,

daughter[0].mass, hc.BR));

if (std::abs(PS) < ZERO_EPS) {
// Try again with higher mother mass as a crude approximation, we might
/ be trying puzely ofe-shell decay (Such a5 £0(560)

> KtK-)
const unaigned ot it

for (st £1=1; i <= N_width; ++3) {
S = qx Kkinematics: PDWZbcdykpawZ (p.mass + i * p.width), pow?(daughter(0].mass),
pow2 (daughter[1].mass), amp2, sym);
Vi

// Tensor Pomeron Model decay couplings

he.g_decay_tensor = (MIensorPomero:

GDecay (p.spinX2 / 2, p.

mass + i * p.wideh,
daughter [0] .mass,

he.BR)
{ bre

if (eS > ZERO_EPS) ;)
)

)
Te_computed =

true;

// BR \equiv Gamma/Gamma_tot = (PS * |A_decay|~2) / Gamma_tot
77 <

77 1al"2 = a

R * Gamma_tot / Gamma_PS and sqrt to get
7/ pevert

‘amplitude

7 ++ et unit can be optained by inspecting PDWZbody function
he.g_decay = msart (hc.BR * p.width / PS);

if

(std::isnan (hc.g_decay)

Il sta:
stdi:string str

isinf (he.g_decay)) {
"MProcess
e %
DECAYMODE + "/ with resonance PDG "
(daughters too heavy?)
nd BRANCHING tables)

ProcessHelicityDecay: Kinematic coupling problem "

+ pon. ek

st
(check RESONANCE, DECAYMODE "

to_string(p.pdg) + ")" +

throw std::invalid_argument (str);
}
V4
// 3,4,... body cases (NOT TREATED YET, phase space and matrix
// element do not factorize there]
} else
he.g_decay = 1.0; // For the rest, put 1.0
)

printf (" (Mass, Full width)

(%0.3E, %0.3E GeV) \n", p.mass, p.wid
printt ("Sranching ratio || Partial width: 10.32'|] $0.38 Gev \n’, hc.BR, he. B+ bouiden);
printf ( omputed decay coupling #0.3E \n", hc.g_decay);
Printf("=> Tensor Pomeron decay couplings it
for (const auto i : indices (hc.g_decay_tensor)) { printf("50.3% ", he.g_decay_tensor(i]); }
printf("] %s \n", TP computed ? " (computed from J, width and BR)" : "");
) else {
std:istring str -
"MProcess: :ProcessHelicityDecay: Did not find any branching ratio data for resonance with "
"eDG: "

std::to_string (p.pda);
throw std::invalid_argument (str);

)
awx: :PrintBar(".");

cc 11/23

const double a0 0.0;
b0 -2.0;

double avon 20 + b0 * (1 / QProb) * std::log(@2_scale);
outertrials = 0;

const double M = nstar.M();

while (true) { // OUTER

{{ praw fluctusting nunber of particles
int N

while (trueY
N = random.PoissonRandom (avaN) ;

// if (M < 10) { // low-mass smearing treatment

sizet r = 0; r < 3; ++r) {
PoissOnRND (N) ;

z

if (nstar.M() > N * 0.14) break;

// Minimal mass threshold

{/ Boundazy

™ < 1)

- e st
N

conditions
1N // At least 1

// Baryon number

// charge conservation

zzz

tiabs(5);
abs (0) ;

Vi
// Pick particles

std::vector<double> mass;
pdgcode:
pickbarticles (4, N, B, 0, O,

mass, pdgcode, 1ts.PDG, random)) {

i

// Now decay >>

std: tvector<MiVec> pd;

double g = std:povl, 0.11 7 3); // Powerlaw high-pt slope
uble T // Temperature

if (etree. suen >0 ¢ For ND soft-cuts, "Temperature” rises - 1/impact parameter squared
T *= std::p (l/(bt'ht) 1

)
const double maxpt = 15.0;
const double lambda = 2.0;
const double W

gment :

// Maximum Pt per particle
// Gev{-2], for exponential pt"2

:TubeFragment (nstar, M, mass, pd, q, T, lambda, maxpt, random, pt_distribution);
if (W <=0) (

++outertrials;
if (outertrials > OUTERTRIAL) {
// std:icout << "MP.
/ std:zendl;
return false;

ExciteContinuum: Outer loop failure!™ <<

// too many failures

// try again!

s (outertrials > QUIGRIRIAL) (
// std::cout
// 1oop ettumeln <k o
return false;

77 oo many failvres

fail = true;
break;

)
if (fail) { continue; }

// Get corresponding PDG particles
std::vector<gra::MParticle> p(pd.size());
for (const auto &1 : indices(p)) ( pli]

1ts.PDG.FindByPDG (pdgcode (i]); }

p.width,

./src/MProces:

cc 10/23
748:  return he;
749
750
751
7523 // Get intemediste off-snell mass
753: void M gra: sbranch, double &mass) {
30 " TF serecviden particle (elociron, gamma, proton)
if (branch.p.width < le-40) {
branch.p.mass;
zreturn;
const unsigned int OUTERMAXTRIAL = led;
const unsigned int INNERMAXTRIAL = led;

unsigned int outertrials = 0;
while (true) (
have decay daughters
double daughter_masses = 0;
(branch.legs.s

ize() != 0) {
/ Find randon daughter offshell masses fron 2

for (const auto dices (branch.legs)) {
Sughear_masses +

daughter_masses

safe_margin;

// Pick mother offshell mass
unsigned int innertrials = 0;
)

branch.p.mass;
branch.p.width;

(innertrials > INNERMAXTRIAL)
break; // try again with different daughter masses
++outertrials;

// Impossible
if (outertrials > OUTERMAXTRIAL) (

std::string str;

for (comst auto &i : indices(branch.legs)) { str += branch.legs(i].p.name + " "; }

str = "MProcess 1y K ticall ble decay: " + branch +
er;

throw std

nvalid_argument (str);

S16: /7 Proton continum excitation
817
$16: /) Return true if o
Sro / mecumn faloe Lt arse
820
521 baol KProcess Excitecontinuun (sonst WiVec énstar, gra:iMDecayBranch iforuard, double Q2_scale,
2 B, int O, const std::string &pt_distribution)
// Sanity check

(2 x pion mass)
if (msqrt(Q2_scale) < 0.3)

/ return false; // not valid

)
const double QProb

= 2.0 / 3.0; // Probability for a charged particle (isospin)
const int  OUTERTRIAL = 100;
830 // Average multiplicity
./src/MProcess.cc 12/23
914:
915 // Create decaytree
916 BranchForwardSystem(pd, p, nstar, forward);

break;

)

return true;

(N* like) 2-body and 3-body excitation

// Proton low mass
a
Y4
bool MProcess: :ExciteNstar (const MéVec &nstar,
// Find random decaymode
std:ivector<int> pdgcodes;

gra::MDecayBranch sforward, const MParticle &pbeam)

s h /3, nstar.M(), pdgeodes, random);

7/ Get corrosponding PG pasticle

asticle> p(pdgeodes.size ()
< (pdgcades. size (), 0.0);
indices (pageodes) )

pIil = 1ts.PDG.FindBYPDG (pdgcodes(il);

mass(i] = pli].mass;
// Products 4-momenta
std:ivector<Mavec> pd;
// Do the 2 or 3-body isotropic decay
if ize() == 2) ( gra:ik tics:: (nstar, nstar.M(), mass, p4, random); |
if (mass.size() == 3) {

const bool UNWEIGHT = t.

Tnemat ias: : ThracbodyphaseSpace (nstaz, nstar.M(), mass, pd, UNWEIGHT, random;

// Create decaytree

BranchForwardSystem(pd, p, nstar, forward);

return true;

std:: &pd, const vector<Mparticle> &p,
Conet Mivee enovar, gea: MbecayBranch aformard)

std: :vector<bool> isstable (N,

fals
MFragment
f/

T Getpecaystatus (pascode, isstable);
// construct decaytree

forvard DecayBranch () ;
forward.pd

// Initialize!!

nstar;

// Daughters

forward.legs.resize (p.size ()
forvard.depth = 0;

for (const auto &
// Decay parti.

indices (p)) {

gra HDecayExanch branch;
branch.p = pli];
branch.pd = palil;

{{ Treat pi0 > vy (2%

- 100%)
if (branch.p.pdg DG::PDG_pil)
ector<double> md 0.0, 0.0};
std: :vector<idvec>

IquodehaseSpace (branch.pd, branch.pd.M(), md,

pd, random);

// Add gamma leg
branch.legs.resize(2);

for (std:
gra.

isize_t k k< 2; ++k)
MDecayBranch decaybranch;
1ts.PDG.Fi

+BDG_ganma) ;
decaybranch.pd

pdlkl;

branch.legs (k]

= decaybranch;
branch.legs k] . ;

depth = 2;

2t ima(
RelativisticBWRandon (branch.legs[i].p.mass, branch.legs[il.p.width, OFFSHELL));
const double safe_margin = le-5; // GeV

if (IFLATMASS2) {
s
std: max (daughter_masses, random.RelativisticBWRandon (M, W, OFFSHELL, daughter masses));
}oelse {
mass = maqrt (random.U(sta: max (pou2 (daughter_masses) . pow2(M - OFESHELL * W),
tmin(1ts.s, pow2(M + OFFSHELL * ))));
)
++innertrials;
if (mass >= daughter_masses) [
return; // all done
if

PN

{
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ce 13/23 ./src/MProcess.cc
// Treat rho0 —> pi+ pi- (BR ~ 1008)
else if (branch.p.pdg == PD

14/23
1080

return ok;

(BDG: :PDG_pip,

// common cuts for

bool MProcess
TwﬂBodyPhaseSpace (branch.pd,

MResonance and MContinuum classes
+ :CommonCuts () const

branch.pd.M(), nd, pd, random);

// Add pion legs

branch.legs.resize(2);

for (std:isize t k

bool ok = true;

ko< 2; ik (

true)
tom user cuts (do not substitute to kinematics_ok = UserCut.
gra::MDecayBranch decaybranch; s (tUsexcut (USEROUTS, 1ts))
1ts.PDG [N
decaybranch.pd = pd[kl;

return false; // not fine
branch. legs (k] = decaybranch; // Check forward syster
branch.legs k] .depth = 2;
)
}

variables

if (CID != "e") { // Collinear class does not support these
if (std::abs(lts.tl) >= fouts.forward t min && std:
cd
// Here, we could add other MAJOR resonant decays
Va

tabs(lts.tl) <= fcuts.forward t_max &&
std::abs(lts.t2) >= fouts.forward t min && bs (lts.t2) <= fouts.forward t_max) (
// fine

)

else {
return false;

// Add leg
forward.legs(i]
forward.legs[i].depth

branch;
1

if (lts.excitel

if (lts. pfma][ll M() >= feuts.forward Mmin && lts.pfinalll].M()
// fine

) else
return false;

// Fragment forward systems
72

<= fouts. forward_M_max)
in central production

o1 MProcess: :CERForwardFragment ()
bool o

if (lts.excite2)
const std::string pt // Soft exponential pt if (lts. pf;na][z] M() >= feuts.forward M_min &5 lts.pfinall2].M()
// fine
) else
return false;

if (Lts.excitel) {

const int Q = math::sign(lts.beaml.pdg); // Charge and baryon number
const int B = Q;

<= feuts. forward_t

I_max)

if (PARAM NSTAR.

ragment

}, lts.pfinal(l], 1t
+fragment

[
} else if (PARAM_NSTAR:

// Check system variables

4f (1ExciteNstar (Ite peinal(l], Lts.decayforvardl, lts.bean)) { ok = false; ) if (msqrt(lts.m2) >= fouts.M_min && msqrt (lts.m2) <= fcuts.M_max & lts.Y >= fouts.¥_min &&
} else if (pal :fragment == "cylinder’) { lts.Y <= fouts.Ymax && lts.Pt >= fouts.Pt_min &6 lts.Pt <= fcuts.Pt_max)

1€ Exciratontinuum (1ta. pfxna][]], lts.decayforwardl, lts.pfinal(1].M20), B, O, pt)) { // fine, do not touch

ok = false; } els

)
} else |

// none

return false; // n

)

& fine

)

if (lts.excite2) {
const int Q = math:
const int B = Q;

{¢ check tiducial cuts of the central finsl stste particles
for (const auto &i : indices(lts )

:sign(lts.beam2.pdg) ;

(s 11, ok); )
// Charge and baryon number

return ok;

if (PARAM_NSTAR: :fragment == "none") {
({}, (}, les.pfinal(2], lt

} alae if (PARMANSTAR: i raguant
8

// Recursive find out final daughters and check if they pass fiducial c
void
"fewbody") {

MProce &branch, bool &ok) const {
// e are at the end -> must be a final state
21, e 1ts.beam2)) | false; ) if (branch.legs.size() == 0) (
| Slse it (PaRAn NATRRL £1n cylinder") // Check cuts
$E T Excitetontinum(1ts pinal (2], 1es.decayforvardz, lts.pfinal(2].M20, B, Q, ptl) { if (branch.pd.Pt() >= fcuts.pt_min && branch.pd.Pt() <= fouts.pt_max &&
ok = false; branch.pa.Et ()
)
} else {
// none

branch.pd.Eta()

uts.eta_max &6
branch.pd.Rap() >= fouts.rap_min && branch.pd.Rap() <= fcuts.rap_max) (
// Event passes cuts

} {
) ok = false; // does not pass
return ok;

bool MProces:
bool ok

VetoCuts () const (
true;

// ** RECURSION here **

for (const auto &i : indices(branch.legs)) {
)

// veto cuts

Fi (branch.1

i1, ok)i )
FindvetoCuts (1ts.decayforwardl,

// Recursive find out final daughters and check if they trigget veto cuts
oia Wrocess: FindvatoCuts (const 9ra: MDecaypranch thranch, ool fok) const
ok // We are at the end -> must be a final state
FindVetoCuts (1ts.decayforward2, ok ; if (branch.legs.size() == 0) (
// Loop over veto domai
// Central system for (const auto i : indices(vetocuts.cuts)) {
for (const auto &i : indices (lts. ) (ats. 11, ok} // check cuts
/src/MProcess.cc 15/23 ./src/Mproces: 16/23
i (branch.pd.Pt() >= vetocuts.cuts[i].pt_min && branch.pd.Pt() <= vetocuts.cuts[il.pt_max &&
branch.pd.Eta() >= vetocuts.cuts(i].etamin

branch.pa.Eta()
ok = false; // VEIO,
} else {
// does not trigger veto,

)

vetocuts.cuts[i].eta_max) {
does not pass, // For now,

keep always unweighted
do nothing

const bool UNWEIGHT = true;
std: svector<MdVec> p;
) 1/ 2-boay
) gra::ikinematics: :MCH wj
it (branch. loge. size )
// ** RECURSION here :
for (const auto &i : indices (branch.legs)) { Fi branch

)4
kxnematu:s. :TwoBodyPhaseSpace (branch.pd,
legsii], ok); |

branch.pd.M(), m, p,
Recursive function to plot out
1d MProce:

gra
stdristring spaces (branch-depth * 2,
s

random) ;
the decay tree

3

.p4, branch.pd.M(),
&branch) const {

m, p, UNWEIGHT, random);
/ Give empty space w = gra::kinematics::NBodyPhaseSpace (branch.pd, branch.p4.M(), m, p, UNWEIGHT, random);
std::string lines = spa \2zeka2asns2el 2008\ s aR000 )
if (w.GetW() < 0) {
i ((oxanch.depth + 1) ¢ 3 0 string str -
out << rang::fg::blue << lines << rang::fg::reset;
) else £ (branch-depen + 1) 0 ¢

out << ran

"MProcess: :ConstructDecayKinematics: Fatal error: Weight < 0
std::icout << str << std::es
yellow << lines << rang

return false;

eset;

(Check your decay tree)';
tcout << rang:ifgi:

green << lines << rang::fg::reset;

printf(
e

// collect weight
branch.w += u
%0.2E, W = %0.2E (GeV) [<tau> = %0.1E s] PDG = [3s%d | %s] " // Collect decay product 4-mom
"lo=ts, a=ts] \n', for (const auto i : indices(branch.legs)) ( branch.legs[i].pd = p(il; )
branch.p.mass, branch.p.width, branch.p.t h.p. pd " , branch.p.pdg,
branch.p.name.c_s: ux: :Charge XtoString (branch.p.chargeX3) .c_str (), // ** Now the INNER recursion **
ra a1 SPARIROSEE ng (branch. b SpAK) -cStE ()7 for (const auto &i : indices (branch.legs
if (IConstructDecayKinematics (branch.legs[i])) ( return false; }
// ** RECURSTON here ** '
for (const auto &i : indices (branch.legs)) ( Segs(il; )
return true;
)
1201: // Recursive function to plot out the decay tree
1202: void MProce: s ra: sbranch, double &product, double &product2pi,
int GN_final) const { nal states to the event structure
std::string spaces(branch.depth * 2, ' '); // Give empty space € gra: ch,
std:istring lines = spaces + '|8\224\200812241200"; const HepMCB"GenPaz\:xclePLz another, HepMC3::GenEvent &evt) {
// This particle has daughters
s (ranchw-Integral() > 0) ( // Theze iz decay information if (branch.legs.size()
Printe("is> \t (1->ilu LIPS): $0.3E +- 50 ines.c_str(), branch.legs.size(),
3 10, Branch.W. IntegratErtor ()

/ Create new vertex with decay 4-position
ex
if (branch.Ps_active) {

Hepcs : sGenvertexpts ver

make_ (gra:saux:: branch.decay_position));
eve. adLvertexwertexh
=h n << "ACTIVE " << rang::
<< "part of integral / (2P1)]" << std::iendl; // The decaying particle
) etee | vertex->add_particle_in (mother) ;
td:icout << << rang::fg:ired << "INACTIVE " << rang::fg:
<< "part of integral <=> apply manual BR]" << std // Add daughters
) for (const auto &i : indices(branch.legs))
product *= branch.W. InEEQralHr
product2pi *= (2 * math:

const int STATE = (branch.legs[i].legs.size() > 0) ? PDG::PDG_DECAY : PDG:
// ADD HERE THE ctau > 1.0 cm definition for the status

// code (TBED]

for

(const auto &i : indices (branch.legs)
PrintPhasespace (branch.legs(il,

+PDG_STABLE;

product, product2pi, N_final);

if (branch.legs.size()

0) ( +N_final; ) // Final

Hepkc3' Genparticlertr particle iake_shared<HepiC3: :GenParticle>
4Vec2iiephc3 (branch. legs 1] .pd), branch.legs(i).p.pdg, STATE);
vertex sadd pareicle ot (particle;

state particle
Recursive decay tree kinematics (called event by event from inhereting
classes) )
o1 Mprocess: sbranch) { t)
// This leg has any daughters
if (branch.legs.size() != 0) {

// Generate decay product masses
std: :vector<double> m(branch.legs.size(), 0.0);
while (true) {

for (comst auto &i :

1Mass (b

// ** RECUR!

I
WriteDecayKinematics (branch.legs(i], particle, evt);

// Forward excitation mass sampling
void MProce:

mvec = {1ts.beaml.mass,
indices (oranch. lega)) (

.1 1
branch.legs[i].m_ StEemeils

sta smvec, const std::vector<double> &randvec)
1ts.beam2.mass);

mii]

lts.excitel = false;
[i].m_offshell); lts.excite2 = false;

// Check decay products masses are not over mother ma
if (branch.pd.M()

if (EXCITATION != 0) (
£min = pow2(1.09); // neutron + pi+ threshold
< std::accumulate (m.rbegin(), m.rend(), 0.0)) { M2_f_max = geuts.XI_max * lts.s;
continue;
} else (
break;

log_M2_£_min =
Llog_12_f_max

std::log (M2_£_min);
std::log (M2 £ max);
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)

else {
throw std::invalid_argument ("MProcess::ForwardVolume: EXCITATION variable in invalid state");

if (M2_fmax <= M2_£min)
nvalid_argument (

"MProcess: :SampleForwardMasses: Forward leg Xi : [max = " + std

"] gives mass = " + std::to_string(msqrt (M2_f max)) +

"'GeV, below the inelastic threshold. Increase the upper (max) bound.");

o_string(gouts.XI_max) +

W17: /) prine fiducial cuts set by user

if (EXCITATION == 1) { // Single

// log-change of variable std:zendl;
le u = log M2 £ min + (log M2_£ max - log_M2_: cout << rang

stdszexp(u);

-_min) * randvec(0];

if (feuts.active == true) {
t << "Central final states’ << std::endl;
[%0.2£, %0.2£] \n", fouts.eta_min, fcuts.eta_max);

if (random.U(0, 1) < 0.5) { // 50-50

nvec (0] = msqrt (r); [min, max]

1ts.excitel = true; %0.2£, 20.2£] Gev \n", fcuts.pt_min, fouts.pt_max);
} else ( [%0.2£, %0.2£] Gev \n", feuts.Et_min, fcuts.Bt_max);

nvec(1] - m:qxtkr). [40.2£, %0.2£] \n", fouts.rap_min, fcuts.rap_max);

lts.excite2 = tr

<< std:rendl;
[%0.2f, %0.2£] Gev \n", fcuts.M_min, fouts.M_max);
[%0.2f, %0.2f] Gev \n", fouts.PE_min, fouts.Pt_max);
[%0.2f, %0.2£] \n", fouts.¥_min, fcuts.¥_max);

}
} else if (EXCITATION == 2) { // Double

// log-change of variable
const double ul = log M2_f min + (log_M2_f max - log M2_f min) * randvec(0];

nst double rl std:zexp(ul);
const double u2 log_M2_f_min + (log_M2_f max - log_M2_f min) * randvec(l]; " << std::endl;
const double r2 = std:iexp(u2); M [min, max) = [%0.2f, 20.2f] GeV \n", fouts.forward M_min, fouts.forward M_max);
6t [min: maxl = (3022, %021 Gevea \a", fouts.orusra t nin.

mvec[0] msqrt (r1);
mvec (1] = msqrt (r2);
lts.excitel = true;
lts.excite2 = true;

- Not active" << std:

out <<

// This is called last by the initialization routines
// as the last step before event generation.
void MProcess: :SetTechnicalBoundar: GENCUT &gcuts, unsigned int EXCITATION) {
if (geuts.forward_pt_min < 0.0) { // Not set yet by the USER
geuts. forward_pt_min = 0.0;

d (see MUserCuts.cc) \n", USERCUTS);

out << " Not active' << std::endl;

reset;

if (gouts.forward pt_max < 0.0) { // Not set yet by the USER

if (EXCITATION == 0) { // Elastic forward protons, default values
geuts. forward_pt_max

std::icout << rang::style::reset;

else if (EXCITATION == 1) ( // Single excitation
geute. forvard_pt_nax = 50.0;
2

// Double excitation if (vetocuts.active == true) {
for (st 20t 0; i < vetocuts.cuts.size(); ++i) {
std::icout << "DOMAIN: ' << i << std::endl;
Printf('- Eta  [min, max] = [80.2£, %0.2¢] \n', vetocuts.cuts[i].eta_min,

-eta_max);

0.2¢,
vetocuts.cuts[i].pt_max);

std::cout << std

0.2£] GeV \n", vetocuts.cuts(i].pt_min,

// Forward leg integration volume

double MProcess: :Forwardvolume () const (
// Forward leg phil phi2 volunes gives (2p4)°2
const double PHI_vol = pow2(2.0 * math::PI)

out << "~ Not active’ << std

// Forward leg pt volume with log-change of variables
const double J_pt = lts.pfinal(1].Pt() * lts.pfinal(2].Bt();
const double PT_vol =

J_pt * powz(std::log(geuts. forward_pt_max)

- std::log(gcuts. forward pt_min + ZERO_EPS)); stdsicout << rang::style::bold;
cout << "Central system decay tree:" << st

tcout << rang.

if (EXCITATION == 0) (
return PHI_vel * PT_vol; // Print out decaytree recursively
for (std::size_t i = 0; i < lts.decaytree.size(); ++i) { PrintDecayTree(lts.decaytree(il); }
) else if (EXCITATION
// log-change of variable jacobian std:icout << std:iendl;
// \int_a*b £(42) duz = \int_{ln(a)}*{1n(b)} f(exp(u)) * exp(u) du, where u = ln(M2) printf(
"Final state symmetry factor (1/S = 1/30.0f) applied at cross section

const double J_M2 = (lts.excitel) ? lts.pfinalll].M2() : lts.pfinal(2].M2();

return PHI_vol * PT_vol * J_M2 * (log_M2_f max - log_M2_f min); "level \n",

s_factor);

} else if (EXCITATION == 2)
// log-change of variable jacobian
const double J_M2 = lts.pfinal(1].M2() * lts.pfinal(2].M20;
return PHI_vol * PT_vol * J_M2 * pow2(log_M2_f max - log_M2_f min); B

gra::iaux::PrintBar("-");
std::icout << std::endl;
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1ts.m2 Les-ptinal (01020
lts.s_hat = lts
// Build and check Lorentz scalars lts.y Lteptinal(0].Rap();
7/ T £ final states lts.pt = lts.pfinall0].Pt();
bool GetLorentzScalars (unsigned int Nf) {

zo
7 Ewample NE o & gives 8 Loents scalacs return true;
a

lts.pfinal(l] // Event output recording (to HepMC containers)
7’

> lts.pfinall bool MProcess: :CommonRecord (HepMC3: :GenBvent evt) {
ial states (4-momentum, pdg-id, status code)

shat (s34)  lts.pfinal(0] GenParticlePtr gen pl = std::make_shared<HepMC3::GenParticle>(

%3 M4Vec2HepMC3 (1ts. pbeanl) , 1ts.beaml.pdg, PDG::PDG_BEAM);

> lts.pfinal(4] GenParticlePtr gen_p2 d: rmake_shared<HepMC3: :GenParticle> (

(lts.pbeam2), 1ts.b dg, BDG _BEAM) ;

ts.pfinal(2]
// Final states (protons/excited system)

int PDG_ID1 = lts.beanml.pdg;
int PDG_ID2 = lts.beam2.pdg;

// s-type Lorentz scalars -->
const int offset = 3; // central system indexing starts

PDG_STABLE;
PDG_STABLE;

int PDG_statusl = PDG
int PDG_status2 = PDG

[/ vper right criangle
(std: 508 e N ) // atase a0

{

std::abs (PDG: :PDG_NSTAR) * math::sign(lts.beaml.pdq);

PDG: :PDG_INTERMEDIATE;

if (lts.excitel
) PDG_;
PDG_statusl

i)t
LI lcs.sslx]ljl (lts.pfinal(i] + lts.pfinal(3]).M20;
if (lts.ss[i][3] < 0) { return false;

if (lts.excitez
PDG_IDZ2 = std::abs (PDG::PDG_NSTAR) * math::sign(lts.beam2.pdq);
PDG_status? = PDG::PDG_INTERMEDIATE;

)
// copy the i<->j permutated to the left bottom triangle
// (faster than calculating twice)

0; i <= NE; ) ( // start at 0
-t 3 = 4; 3 <= NE +4) |
{ 1ts.ss(3114] = 1ts.ss[i10315 ) HepMC3::GenParticlePtr gen plf = std::make_shared<HepMC3::GenParticle>(
2 gre: taux: (MdVec2HephC3 (1ts.peinal (11), PDG_IDL, PDG_statusi);
) Hep! enParticlePtr gen_p2f = std::make_shared<HepMC3::GenParticle> (
Grat st (MIVecoHepHCS (128 pEinal (2)), PDG T2, PDG_starues) ;
// Sub invariants w.r.t central system
1ts.sl = lts.ss(1][01; 4

lts.s2 = lts.ss(2] (017
if (lts.s1 <0 || les.s2 < 0) ( return false; ) // Propagator 1 and 2
77 it is ill-posed to try classify pomeron/gamma/gluon etc. here, thus,
// we tag oniy a generic propagator I in the record
g3 sGentarticleptr sen gl
2 MdVec2epHc3 (Lts. al)
HophC3: iGenpart ieiapts » 3%:GenParticle>
ras o, MAVeCTHoENS (1eo.42) s FDG: P0G ropagator, P0G :PDG. INTERMEDIATE)

V4

enparticle> (
PDG: :PDG_INTERMEDIATE) ;

// t-type Lorentz scalars --> gra

// Propagator vectors
lts.ql = lts.pbeanl - lts.pfinalll]; :
lts.q2 = lts.pbeam2 - lts.pfinal(2]; V4
{7 contzal systen / sesonance
enparticlets geng ke_shared<HepMC3: :GenParticle>
+:MAVec2HepMC3 (1ts.pfinal (0]), PDG::PDG_system, PDG::PDG_INTERMEDIATE);

lts.cl
1ts.t2

1ts.ql.M20);
1ts.q2.M20;

if (es.t1> 0 || les.t2 > 0) ( return false; )

"
// For 2-body central processes // construct vertices
if (lts.decaytree.size() == 2) {

lts.t_hat = (lts.ql - lts.decaytree(0].pd).M2(); // note gl on both

[/ Tpper procon-propagator proton

lts.u_hat = (lts.ql - lts.decaytree[l].pd).M2(); // in ¢ an HepMC3::GenVertexPtr vl = make_shared<HephC3
A Saad partietesin (gen_p)) 5
vi->add_particle_out (gen_plf);
NE; ++1) { lts.tt 1(i) = (lts.ql - les.pfinallil).M20); ) vi->add particle_out (gen_ql);

// Lower proton-propagator-

GenVertexPtr v2 = st:

} v2->add_particle_in(gen_p2) ;
v2->add_particle_out (gen_p2f) ;

)
for (stdiisize_t i = offset; i <= Nf; ++1) [ lts.tt_2[i] = (lts.q2 - lts.pfinalli]).M2(); ] v2->add_particle_out (gen_q2) ;

make_shared<HepMC3: :GenVertex> ()}

ns.:uxy[iﬁ:] Srear e ptho 1 e peinattsn a2 05

// Fropagator Propagator systen verte
HepNCS  CanVertenPir v3 - 4ed: imake. shared<HepHC3::
V3 vadn partiste in(gen_ q]y,
v3->add_particle_in(gen_q2) ;
v3->add_particle_out (gen_a)

// Fractional longitudinal momentum loss [0,
lts.xl = (1 - lts.pfinal(1].Pz() / lts.pbeaml. sz,
lts.x2 = (1 - lts.pfinal(2].Pz() / lts.pbeam2.Pz());

// Bjorken-x [0,1] (this Lorentz invariant expression
// gives 1 always for elastic central production forward leg)
lts.xbjl = lts.tl / (2 * (lts.pbeaml * lts.ql));
lts.xbjz = 1ts.t2 / (2 * (lts.pbeam2 * lts.q2));

evt.add_vertex(vl);
evt.add_vertex (v2);
evt.add_vertex (v3);

// Propagator pt
lts.qel = lts.ql.Pe();
lts.qr2 = 1ts.q2.Pt0);

/
/7 System->Decay products vertex

make_shared<HepMC3: :GenVertex> () ;

// Often used system variables
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evt.add_vertex (vd);
// Add resonance in

vi->add_particle_in(gen_q);

// Add direct daughters
for (const auto &i : indices(lts.decaytree))
const int STATE = (lts.decaytree[i].legs.size() > 0) ? PD(

BDG_DECAY : PDG::PDG_STABLE;

// TED: ADD HERE THE

au > 1.0 cm definition for the sta

eD

if (STATE PDG_DECAY) {
i

// Pick exponential lifetime in the rest fra
Conet doubie tau - randon-EpRandon (1.0 / 118 decaytree(i] .p.tau);

// Get decay vertex coordinates in the lab

const double MM 1E3; // meters to millimeters
Lts.decaytree[i] .decay_position = lts.decaytree[i].pd.PropagatePosition (tau, MH);
"

)

Hepue3: iGenPart icleptr particle - std:imake_shared<hephC3:iGenparticle> (
1e i].pd), lts.decaytree(i].p.pdg, STATE);

g
vi->add pariete out (particie) ]

WriteDecayKinematics (1ts.decaytree[i], particle, evt);

/"
// crucial, check do we need to fragment

// with vetocuts INactive, fragmentation done at last step here (for efficiency)
if (ICEPForwardFragment()) { return false;

// Upper proton excitatio
if (Lts.excitel & lts.decayforwardl.legs.size()
SaveBranch (evt, lts.decayforwardl, gen plf);

// Lower proton excitation
if (Lts.excite2 & lts.decayforward2.legs.size()
SaveBranch (evt, lts.decayforward2, gen_p2f);

return true;

// Save branch to event with mother pX
: void MProcess: :SaveBranch (HepMC3::GenEvent &evt, const gra::MDecayBranch &branch,
0: const HeplC3::GenParticlePtr &pX)

// create vertex
HepMC3: :GenVertexPtr vX = std
evt.add_vertex (vX);

ake_shared<HepMC3: :GenVertex> () ;

// Add mother in
vX->add_particle_in(pX);

// Add direct daughters
for (const auto &i : indices (branch.legs)) {
Gonst int STATE = (brench.legs[i]legs aize() > 0) 7 P0G PDGDECAY : PDG::EDG_STABLE;
// TBD: ADD HERE THE ctau > 1.0 cm definition for the status co

sepuc3: sGenparticleptr particle = std: make _shared<HepHC3: :GenPart icle>
eplC3 legs(il.pd), b feaeih) opas, StaTE)s
ko>addparicle out (part 1c1e) 5

WriteDecayKinematics (branch.legs[i], particle, evt);
)

[ ot process

void MPro SetProcess (std::string &str, comst std::vector<aux::OneCMD> &syntax) {
V) SET 17 HERe!
PROCESS = str;

{/ call this aluays first
Data(gra

ux: @ +

deld _width_2018.med");

// @SYNTAX Read and set new PDG input
indices (syntax)) (
"2DG")

./sxrc/MProce:
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1827:  for (const auto &i: indices (str) (
if (strli] != ‘[’ && !found) {

if (found & strlil]
if (found && str(il

)

indices (stx)) {
«

if (strli]
markz = i;
break; // First >, then break
}

third = str.substr(markl + 1, mark2 - markl - 1);

85!
1856: ) // namespace gra
857:
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17443 if (syntax[i].target.size()

1

1745 pdg_ = syntax[i].target(0];

1746 } else if (syntax[i].target.size() == 0

1747 td::invalid_arqument ("@Syntax error: invalid PDG[] without any target []
1748 } else if (syntax[i].target.size() > 1)

1749: throw std::invalid_argument ("@Syntax error: invalid PDG[] with multiple targets inside
1750 '

1751 // conversion to integer

1752: int pdg = 0;

1753

17541 try

17551 pdg stoi (pdg_) ;

1757: throw std::invalid_argument (

1758 "@Syntax error: invalid PDG[] target number, string to int conversion fails");
1759 )

1760

1761 // Try to find the particle from PDG table, will throw exception if fails

1762 MParticle p = lts.PDG.FindByPDG (pdg);

1763

1764 // Check if it has an anti-particle

MParticle p_anti;
bool found_anti = false;

122 E05-FLa2yTD0 (-pe)

syntax(i].arg) {
)1

p.mass = std::stod(x.second);
if (found anti) { p_anti.mass = p.mass; }
)
if (x.first
p.width
p.tau
if (found_anti) {
p_anti.width = p.width;
p_anti.tau = p.tau;
)

")
stod (x.second) ;
bbar / p.width; // mean lifetime in the rest frame

)

)

// Set new modified to Lll& PDG table
1ts.PDG.PDG_table (pdg] =

ie (foundantl) { 1ts.PDG.PDG_table(-pdg] = p_anti; )

std::cout << rang::fg::red

"MProcess::SetProcess: New particle properties set
"with @PDG[number] (key:val) syntax
<< rang::fg:ireset << std:iendl;

p.print 0

1799:  // Remove whitespa
string::iterator end_pos = std
1801:  str.erase(end_pos, str.end());

emove (str.begin(), str.end(), ' ')

// Parse commandline seing
std::string istate
stran channel

std: =y
ParaeoMd (stx, istate, channel, me);

// Setup_subproc
Procptr.Initialize(istate, channel);

// Check do we find th cess
if (Procrtr.Processes.count (str)) (
// fine
} else
throw std::invalid_argument ("MProcess::SetProcess: Unknown PROCESS: " + str)

1820: // "PP(RES]<C>" is an example of valid string to be parsed

1821: //

1822: void MProcess::ParseCMD (const std::string &str, std::string &first, std::string &second,
1823 std::string sthird) const {

1824:  // First and Second

1825:  bool found = false;

1826:
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// QuasiElastic (EL,SD,DD) and soft ND (simplified) class
a

7/ (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/lic

nses/MIT>

Graniitti/MouasiElastic.h"
Hinclude rGraniitel/Mpsercuts nr

using gra::PDG::GeV2barn;

using gra ;

using gra::aux

using gra::math
mat]

namespace gra {
// This is needed by construction
)

OnecMp> &syntax) {

InitHistograns ()
SetProcess (process, syntax);

// Init final states
Mavec zerovec(0, 0, 0, 0);
for (std::size_t i = 0; i < 10; ++i) { lts.pfinal.push_back (zerovec);

// Pomeron weights
MAXE( ector<double> (100, 0.0);
QuasiElastic:: [Constructor done]” << st

cout <<

oid MouasiElastic::Initialize() {
const std::vector<std::string> supported = ("X"};
cp v

Procptr = MSubProc (supported, CID);
)

iBlastic() {)

// Initialize cut and process spesific postsetup
: void MuasiElastic: :post_Constructor() (
6:  // Set phase space dimension

if (ProcPtr.CHANNEL == "EL') ( ProcPtr.LIPSDIM = 1;
(ProcPtr.CHANNEL == "SD") { ProcPtr.LIPSDIM = 2;
(ProcPtr.CHANNEL DY) { ProcPtr.LIPSDIM = 3;
if (ProcPtr.CHANNEL { ProcPtr.LIPSDIM = 1;

// Keep it 1

Eikonal.Numerics.MaxLoopkT = 3.0;

(
return false; // not fine

Ry
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aux.vetocuts_ok = VetoCuts();
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}
it (auxvalid() (
EVENT WEIGHT **
const double LIPS
const double MatESQ = GetAmp2();

B3PhaseSpaceWieight (); // Phase-space weight

// $D cuts
/ Matrix element squared

if (ProcPtr.CHANNEL == "SD')

if (lts.pfinalll].M() > 1.0) { // this one is excited system
if (fcuts.forward Mmin < lts.pfinal(1].M() && lts.pfinal(1].M() < feuts.forward M max &
::abs(lts.t) & std::abs(lts.t) < fouts.forward_t max) {

// Total weight: phase-space x |M|~2 x barn units
W S * B3IntegralVolume() * MatESQ * Gevbarn;

fcuts. forward_t_min < std

// £

) else ( )
return false; // not fine
) aux.amplitude_ok = CheckInfNan(W);
} else (
L€ (feuts. forvard Humin < Lt pfinal (21 () 6& ltspFlnal(2].M() < fouts. forvard Monax 66
fcuts. forward_t_min < std (lts.t) & std::abs(lts.t) < fouts.forward t max) {

// fine

// Fill Histograms
// const double totalweight = W * aux.vegasweight;
// FillHistograms (totalweight, lts); // This seqfaults, because we do not
// nave

// enough observables
} else { // Non-Diffractive

) else (
return false; // not fine
)

aux.kinematics_ok = true; // This is always the case
aux. fideuts_ok

aux.vetocuts_ok

)

// bD cuts
if (ProcPtr.CHANNEL o)
if (fouts.forward M min < lts.pfinalll].M()
feuts. forward M_min < lts.pfinal(2].M()
fouts. forward_t_min < std::abs(lts.t) & std
// fine
} els
return false; // not fine
)
}

const double LIPS
const double MatESQ

&& lts.pfinal[l].M() < fouts.forward M max &
&6 1ts.pfinal[2].M() < feuts.forward M max &6

s(lts.t) < fouts.forward_t_max) |

ight () ; 4 eigh
abs2 (PolySoft (randvec)); // Matrix element squared

// W = LIPS * MatBSO * GeVobarn; // Total weight: phase-space x |M|"2 x barn units
W = LIPS * MatESQ; // Total weight:

aux.amplitude_ok = CheckInfNan (W);

// Trigger forced event generation (using last component of auxvar)
/ (no need for outside acceptance-rejection with this process)

// Check user cuts (do not substitute to kinematics

// vsercut...) it > 0)

if (tUserCut (USERCUTS, 1lts)) { aux. forced_accept = true;
} else {

return false; // not fine
aux.forced_accept = false; // Failed event

)
return true; // fine
return W;

nst std: &plp, const std::vector<double> &p2p) {

bool 11 s
static const MiVec beamsum = lts.pbeaml + lts.pbeam2;
211: // Record HepMC3 event

ventRecord (HepMC3: :GenEvent &evt) {

const double ml = lts.pfinal(l].M();
const double m2 = lts.pfinall2].M();

if (ProcPtr.CHANNEL == "ND") (
HepC3 ParticlePtr gen_pl;
HepMC3: :GenParticlePtr gen_p2;
\epMC3::GenParticlePtr gen plf;

HepMC3: :GenParticlePtr gen_p2f;

// SET new proton pT degrees of freedom
lts.pfinal(l].SetPxPy (plp(0], plp(1]);
1ts.pfinal(2].SetPxPy (p2p(0], P2p[1]);

// SOLVE pz and E
// Loop over multiple "cut pomerons”

const double plz =
X tics::SolvePz (ml, m2, lts.pfinalll].Pt(), lts.pfinall2].Pt(), 0, 0, lts.s); for (const auto &i : indices(etree)) {
const double p2z = -plz; // by momentum conservation 0 { // First
// pz and E of protons/N* // Inieial state protons (i-monentum pdg-id, status code)
lts.pfinal[l].SetPzE (plz, msqrt (pow2(ml) + pow2 (lts.pfinal[1].Pt()) + pow2(plz))); gen_pl = std::make_shared<HepMC3: :GenParticle>
1lts.pfinal[2].SetPzE (p2z, msqrt (pow2 (m2) + pow2 (1ts.pfinal[2].Pt()) + pow2(p22))); Gra:sau: MIVOTHOPMCS (otrea 1) 141, (1 o= 0) 7 Lts.beanl.pdy : BDG::BDG_fragnent,
(=0 _BEAM Eoo_iTERMEDTATE) ;

sen_p2 = std: imake_sharedcepHed: ;GenParticle (
s MaVoczopke3 etrenli) p2i (i 2 lts.beam2.pdg : PDG
O 2 Phe: sPhe_BEAM - PDG: PDGLINTERMEDIATE) 5

DG_fragment,

Vi
// Now boost if asymmetric beams
if abs (beamsum.Pz () > le-6)
constexpr int sign = 1; // positive -> boost to the lab
::LorentzBoost (beamsum, 1ts.sqrt_s, lts.pfinallll, sign);
LorentzBoost (beamsum, lts.sqrt_s, lts.pfinal(2], sign);

} else { // Others recursively

gen_plf;
gen_p2f;

gen_pl
gen_p2

CheckEMC (beamsun - (lts.pfinal(1] + lts.pfinal(2]))) { return false; }

if (lgra::math
7/ Fins: state (or intemmediste in tne chaim fragmants
std: imake_ «

gen_plf

return B3GetLorentzScalars();

3(etree(i].pl
DG, tragment, DG+ 1EDG. iRtz ;

u: (etreeli].p2f),
G::PDG_fragment, PDG::PDG_ TTEREbiATE) ;

// Get weight
gen_p2f = std

&randvec, saux) {

double (const st
double W = 0.0;

[/ Exchange objects
HepMC3: :GenParticlePtr gen. make_shared<HepMC3: :GenParticle> (

gza::aux::MlVecZHepMCBke\:ree[i] .q1), PDG::PDG_propagator, PDG: :PDG_INTERMEDIATE) ;
HepMC3::GenParticlePtr gen_q2 = std::make_shared<RepMC3::GenParticle>(

if (ProcPtr.CHANNEL != "ND') { // Diffractive

B3RandonKin (randvec) ;
FiducialCuts();

aux.kinematics_ok
aux. fideuts_ok
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gra::aux::MdVec2HepMC3 (stree[i].q2), PDG::PDG_propagator, PDG::PDG_INTERMEDIATE); // Propagator 4-vector and generator pa.
Mavec 1 (Lee pbeanl - ita.peinal(1]);
// Virtual state HepMC3::GenParticlePtr gen gl = std::make_shared<HepMC3::GenParticle>(
MévVec systemdvec (etree[i].k.Px(), etree[i].k.Py(), etree[i].k.Pz(), etree[i].k.E(); gra::aux: 3(al), PDG::PDG. BDG: :PDG_ i
enParticlePtr gen X d inake_shared<ephC: Genparticles ( {/ Final state protons/excited systens
s MaveasRepHC (systemiver) G_system, PDG::PDG_INTERMEDIATE); nt PDG_:
it 0o 102

GenVertexPtr vX = std::make_shared<HepliC3::GenVertex>();

tree.size() - 1) {
a Upper vertex
HepMC3: :GenVertexPtr vXUP = std::make_shared<HepMC3::GenVertex>();

/7 BL
// already fine

vXUP->add_particle_in(gen_pl);
VXUP->add_particle_out (gen_plf); // s
VXUP->add_particle_out (gen_ql); if (ProcPtr.CHANNEL == "sD") (
if (lts.excitel) ( // proton 1 excited
// Lower vertex PDG_ID1 abs (PDG: :PDG_NSTAR) * math::sign(lts.beaml.pdg);
make_shared<HepMC BDG_statusl PDG_INTERMEDIATE;
} else {
BDG_1D2 std::abs (PDG: :PDG_NSTAR) * math::sign(lts.beam2.pdg);

PDG_status2 = PDG::PDG_INTERMEDIATE;

vXDO->add_particle_out (gen_a2) ;

// Add vertices )
evt.add_vertex (vUP); // b
evt.add_vertex (vKDO) ; 4f (ProcPtr.CHANNEL «
PDG_ID1 std:: :PDG_NSTAR) * math::sign(lts.beaml.pdg);
// Pomeron-pomeron-Virtual state vertex PDG_statusl = PDG
BDG_ID2 sta ign(1ts.bean2.pdg) ;

vX->add_particle_in(gen_ql);
vX->add_particle_in(gen_q2) ;
vX->add_particle_out (gen_X) ;

PDG_status2 = PDG::PDG_INTERMEDIATE;
)

GenParticle>(

HepMC3::GenParticlePtr gen plf = ake_shared<Hep(C:
gra::aux::MAVeczﬂepMCZ(l(s pfinal(1]), PDG_ID1, PDG_statusl);
HepMC3::GenParticlePtr gen p2f = std::make_shared<HeplC3::GenParticle>(
gra:iaux 4Vec2HepHC3(1t: oEinal(2)), PDG_102, PDG_status);

} else { // Last MPI, fuse remnant + remnant -> system

// Proton-pProton-virtual state vertex
GenVertex>();

// construct vertices

vX->add_particle_out (gen_X) ;

[/ Upper protonpomezon-proten
HeplC3: :GenVertexPtr vl = st
v1->add_particle_in(gen_pl);
v1->add_particle_out (gen_plf);
vi->add_particle_out (gen_ql);

make_shared<HephC3

// Add vertex to the event
evt.add_vertex (vX) ;

’
// Quantum numbers distributed here // Lower proton-pomeron-proton
e B = std:imake_shared<HepMC3::GenVertex>();

0; // Baryon number

int = 0; // Charge

double Q2_scale = systemévec.M2();

v2->add_particle_in(gen_ql);

// Beam fragments carry the initial state quantum numbers,
e

ctree.size()

Son(ies beard.pdg); // Proton(anti) proon beans only

// Finally add all vertices
evt.add_vertex (vl);
evt.add vertex(v2);

// Upper proton excitation
if (lts.excitel) {
const int B = math::
const int Q = B;

the same as charge

etree.size()
ign (les.beaml.pdg); // baryon n

¢
Lo (ies. beanl .pdg) 5

£inal(ll, lts. , 1ts.pfinal(l].M20), B, Q) {

if ( 1

// Excite it return false; // failed

MDecayBranch branch;

if (IExciteContinuum(systemdvec, branch, Q2_scale, B, Q)) (
sta. D failed with ExciteContinuum" endl;
return false; // failed

SaveBranch (evt, 1ts.decayforwardl, gen_plf);

// Lower proton excitation
if (lts.excite2)

ign(lts.beam2.pdg); // baryon number the same as charge

/7 save
SaveBranch (evt, branch, gen_X);

(1ts.pfinal(2], 1t lts.pfinal(2].M20), B, 0)) {

£ (
return false; // failed

return true;
) SaveBranch (evt, lts.decayforward2, gen_p2f);
// biffractive processes return true;

)
Initial states (i-monentun, pdg-id, status code)
Genpaticleptr gen_pl = atd: smake_shared<Hepo:sGenparticle (
aux: s phoant); 1t BDG_BEAM) ;
enPartielerts genpa - std:imake_sheredsieptC anpartecios |
aux 1ts.b dg, PDG::PDG_BEAM);

// Print out setup
void MQuasiElastic
if (tsilent) (

PrintSetup();

rintInit (bool silent) const {
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// Diffractive processes

if (ProcPtr.CHANNEL != "ND") {
std::string protonl = "

tistring protonz

sta.

if (ProcPtr.CHANNEL ==
4f (ProcPtr.CHANNEL ==

som)
o)

1;

to &i : indices (feynma
// put red

ut << rang::fg:ired << °

std::cout << proton2 << st

/7 Generation cuts
ta::cout << rang

std:icout << std::endl;

// Fidveial cuts
std::cout << rang
<< std!

if (feuts.active) {
Printf("- M [min, max]

bold << 'r

fo
printe(- |t
cuts  forvard__nex);

std::cout << st
} else (
std::icout << "~ Not active" << std:

}

// Non-Diffractive
{

size £ i=0; i< 7; ++i) {

red <<
} else
st

stdiicout <<

// N semi-independent
/

s-1)

/ 1. Note that this problem is indeed quite
: // beam-fragment
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J/xl = o+ pIST ()
x2

* xsTEP;
XMIN + DIST(rng)

* XSTEP;

// Aceeptance-eject ton
while (true)
const = RANDI(
S ranaon010,) < Foons 1R
x1 = XMIN + n * XSTE
break;

}
i
while (true) (
const int n = RANDI(rng);
if (random.U(0,1) < F2valin] /
N 4 n * XSTEP,

break;

0.4;

const double ptz =

randon. U (0,
const double phi2 = random.u(0,

// Pick remnant mass"2
double p3_m2 = pl_m2;
double pd_m2 = p2_m2;

if (1 == N -1) ( // Bxcite remnants
// Max operator for low energies
Pp3_m2 = random.PowerRandon (REM_M2_MIN,
pd_m2 = random.PowerRandon (REM_M2_MIN,

// Construct remnant protons
etreeli].plf.Set (ptl * std::cos(phil), p
(x1 - 1) * msqre (-4 *
sqrt (p3_m2 + pow2 (pt1)
eereelil pat.er (et ¢ aeds:
x2 - 1)
m:qrt (Pd_m2 + pow2 (pt2)

etreeli].q2
// etree(i].ql
// etree(i].qz

etreelil.k = etree(i].ql + etreeli].qz;

if (etree(i].K.M() < MMIN) {

// printf("Faulty: M[.

{ protonl =
{

tyle:ibold << "Generation cuts:” << rang:

[%0.2¢,

[%0.2¢,

(soft) Pomeron exchanges,

= msqrt (powZ (random. G (0,
nsazt (pou? (zandom. G0, signa))

s (phi2), pr2 * scd::sm(phﬂh
Creare i e v 4 /2
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F2-soooouoe"; )

ngraph)) {

std::icout << feynmangraph(i] << std::endl;

trendl << std::endl;

istyle::ireset << std::endl
< sta:iendl;
if (ProcPtr.CHANNEL != "EL") {
printf("- Xi [min, max] = [%0.3E, %0.3E] (Xi == M°2/s) \n", gcuts.XI_min, gcuts.XI_max);
printf ('~ [¢| [(max] = 30.3¢ Gevez \

, pow2 (Eikonal.Numerics.MaxLoopKT) ) ;

iducial cuts:" << ran

styles:

50.2f] Gev~2 \n", fouts.forward M_min,

0.2£] Gev 2 \n", fouts.forward_t_min,

endl;

<< rang::

<< rang

4-momentum conserved

> remnant 1

-> remnant 2

sensitive to the (ad-hoc)

8/11
MAXVAL) (
MAXVAL) {
sigma)) + pow2(random.G(0, sigma)));
+ pow2 (random.G(0, sigma)));

zo'm,

(one could excite also intermediate)

pow (etree[i].pliE(),

~(1 + DELTA));
pow2 (stree(i].p2i.E(),

~(1 + DELTA));

£1 * std

in(phil),

plm2 +5) /2,

T l-plmz + s/ 4) * powz(xl - 1)));

Cpzmz v 5/ 4) * powzxz - 1));

etreelil.ql = etree(i].pli - etree[il.plf;
etree(i].p2i - etreelil.p2f;

lts.pbeaml - etree(il.plf;
1ts.pbeam? - etreeli].p2f;

d/N=gd] = $0.1f [x1 = $0.4f, x2 = $0.4f]
// \n", i, N, etree[il.k.M(), x1,x2);
faulty = true;
break;

)

// Evaluate matrix element (RESERVATION)
2

V4

// Remnants out
if L eN-1) (
etree[i + 1].pli

etree[i].plf;
etreeli + 11.p2i
}

etree[i].p2f;

)

etree(N].k
stree(N +1].

- etreelN -
x T Strectn - 11 Ees

if (!faulty)
Vec p_sum;
for (const aueo &1 :
tree[i].
5 brinee sy -

indices (etree))

0.5 \nn, 4, etrests

}

// eeagee
// @egege

[{ Take forvard and backuard remnants energy-nomentum

// Check Energy-Momentum Conservation here explicitly !!!

1.kM0);
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: // treatment —> visible for example in multiplicity
7/ spectrum peak and shape etc. Here,

77 just

i

7/

7/ 2. The energy evolution of the multiplicity spectrum density dN/deta

7/ very sensitive to the Poisson-ansatz-eikonal process, naturally. Often seen

/ easy powerlaw

i // parametrization is not easy to obtain simultaneously with other observables

// This just reminds that a very wide simultaneous set of observables is always
// needed

7/ <=> Rivet analysis.

2/

std: :complex<double> MQuasiElastic:
// Boundary conditions
const double XMIN = le-6;
const double XMAX = 1.0;
7/ const. douple Xs15E
const double -0,
onet Gonmie Rev ey - pch(]O 0
const double DELTA

(double-N8D 1ike)
we do not try to handle any color dof, but

put some boundary conditions and simple Regge-like x-dependence.

N

:PolySoft (const std::vector<double> &randvec)

=

nt outertrials = 0;
Comst ine MAXTRIAL - 1ed;
[/ get the random nunber of inelastic cut Pomerons
unsigned i 0
if (!Bikonal.IsInitialized())
throw std::invalid_: axgumenumpmsmhsuc PolySoft: Set POMLOOP = true");
)
Eikonal N, bt, rand ;

N = Eikonal.S3GetRandomCuts (random.rng);
// printf("N = $d, bt = $0.3f \n", N, bt);

v
/7 etree.resize(N);
etree.resize (N + 2);

// Beams in
etree(0].pli = lts.pbeanl;

/7 eeeeea
etree[0].p2i = lts.pbeam2;

/7 eeeeea

[/ pirichlet paraneters
const double LeHA =

0.85;
vector<double> a;pnavecm DIRALPHA); //

"Uniform case”
/7 Randon integer fron [1,Nains-1]

// const double 02 = 1

ye

// Evaluate Proton Structure Function
static std::vector<double> F2val (1/XSTEP,
static double MAXVAL = 0;

for (const autos n : indices(Fzval)) {

0.0);

const double vl

- oszees
2x02 (xval, 02);
eSvarng » axvaL) 7 Fovai(n]

- MAXVAL;
)

std::discrete_distribution<int> DIST(F2val.begin(), F2val.end());
-

while (true) (
bool faulty = false;
for (stdiisize t i = 0; i <IN ++i) (
const double s = (etree[i].pli + etree[i].p2i).M2();

{7 praw Biorken—x

const double pl_m2

etreeli].pli.M2();
const double p2_m2

= etree(i].p2i.M20);

// No @°2 dependence taken into account here
// We assume xG(x)  1/x"(DELTA} <=> G(x) = 1/x"(1+DELTA]
x1 = random.PowerRandom (XMIN, - (DELTA)) ;

x2 = random.PowerRandom (XMIN, - (DELTA)) ;

XX,
XX,

// Structure function parametrization
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if (lgra:imat _sum - (lts.pbeanl + 1ts.pbs Nt
// printf("N = sd \n", N);

p_sum.Brint ()
faulty = true;
)

if (faulty) (
++outertrials;
if (outertrials > MAXTRIAL) {
// std::cout << "MpuasiElastic
return 0.0;

andom: Failed!” << std

// try again whole chain

cout << "MouasiElasti

Random: Success!" << std::endl;

// printf("MguasiBlastic
// outertrials);

olySoft: OK with outertrials = %d \n"

return 1.0;

// 3-dimensional phase space vector initialization
7/ The adaptive phase space boundaries here are taken into account by
// B3Integralvolune () function.

: bool «
// Elastic case: sl = s3, s2 = s4
double s3 = lts.pbeaml.M2();
double s = lts.pbeam2.M2();

€ stdi: srandvec) {

// Set Diffractive mass boundaries

// neutron + piplus + safe margin

M2_f min = std::max(gcuts.XI_min * lts.s, gra::math::pow2(1.3));
M2_f_max = gouts.XI_max * lts.s,

log_M2_£_min

std::log (M2_£ min);
log M2_f_max =

std::log (M2 £ max);

1ts.excitel
1ts.excite2

false;
false;

// Sample diffractive system masses
if (ProcPtr.CHANNEL == "SD") (

// Log-change of variable

const double u = log M2_£ min + (log M2_f max - log_M2_f min)

* randvec(1];
const double r = std:iexp(u);

// Choose random permutation
if (random.U(0, 1) < 0.5) {
s3 S

lts.excitel = true;
false;

lts.excitel = false;
lts.excite2 = true;
)

} else if (ProcPtr.CHANNEL
// Logchange of variable
const double ul =
const double rl =

Do)

og_M2_f_min + (log M2_f max - log M2_f min) * randvec(l];
sw::expmnv

DD_12_max = geuts.XI_max * (pow2(mp) * lts.s) / rl;
10g_DD_M2_max = std::log (DD_M2_max);

// Log-change of variable

const double uz = Log H2_f_nin + (L0g_DD_H2_nax = log M2_£_nin)
const double r2 = std::exp(u2);

* randvec(2];

// Choose random permutations
if (random.U(0, 1) < 0.5) {
53 = r1;
4= r2;
} else {
54 = rl;
s3 = r2;

}
1ts.excitel
1ts.excite2

true;
= true;
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// Calculate kinematically valid t-range
const double s1 = lts.pbeaml.M2();
const double s2 = lts.pbeam2.M2();

// Mandelstam t-
gra::kinematics

range calculation

TwolTwolLimit (lts.s, sl, s2, s3, s, t_min, t_max);

// Then limit the "diffraction cone" due to screening loop 1im
i = atasimin (sta: imax (-pow? (Eikonal NanerLcs . HaxLoopt)  Conin), €_nax)s

// Logarithmic change of variable sampling
const double A = std::abs (t_max);
const double B bs (t_min) ;

const double r =
seriloon + uERogs) 4 (st
const double t

:1og(B + ZERO_EPS) - std::log(A + ZERO_EPS))

return B3BuildKin(s3, s4, £);
)

lastic: :B3BuildKin (double s3, double sd, double
= lts.pbeanl.M2();
1ts.pbeanz.M2 () ;
lts.pbeaml + lts.

bool ’t
static const double sl
static const double 52
static const MiVec beamsum

phean?;

// scattering angle based on invariants
double theta = std::acos(kinematics::Costhetastar(lts.s, t, sl, s2, 3, s4));
{{ Fomvard/backuard solucion £lip (skip these, rare)

if (st s (theta) < 0) { return false;

77 theta < (otd:-eos (thota) < 0)

math::PI - theta : theta;

// outgoing 4-momentum by Kallen
// frame

const double pnorm = kinematic:
mavec P3(0, 0, prorm, 0.5 *
mavec p4(0, 0, -pnorm, 0.5 *

(ts.s + 53 - s4) / 1ts.sqrt_s);
(ts.s + s4 - s3) / 1ts.sqrt_s);

(theta, phi)
// Flat phi

// Transverse momentum by orienting with random rotation
random.U(0.0, 2.0 * gra:imath::PI);
Rotate (p3, theta, phi);

Rotate (pd, theta, phi);

// Now boost if asymmetric beams
td: :abs (beamsun.Pz () > le-6) {

/ positive -> boost to the lab

lts.sqre_s, p3, sign);

1ts.sqrt_s, pd, sign);

constexpr int sign = 1
Kkinematics::LorentzBoost (beamsum,
Kkinematics::LorentzBoost (beamsum,

V4

1lts.pfinalll]
1ts.pfinall2]

// Check Energy-Momentum conservation

if (lgra:imath::CheckEMC(beamsum - (lts.pfinal[l] + lts.pfinal(2]))) ( return

return B3GetLorentzScalars();

// Build and check scalars
bool MQuasiElastic::B3GetLorentzScalars() |
// Calculate Lorentz scalars
lts.ss[1][1] = lts.pfinalll].M20);
les.ss(2]12] = lts.pfinall2].M20);

lts.t = (lts.pbeaml - lts.pfinall1]).M20);
lts.u = (lts.pbeaml - lts.pfinal(2]).M2();
// Test scalars

if (lts.ss[1](1] > lts.s) return false;

if (lts.ss[2](2] > lts.s) return false;
if (les.t > 0) return false,

if (lts.u > 0) return false;

/e

5%1/2 = $E \n", lts.s, msqrt(lts.s));
E \n", lts.t, 1ts.u);
$E \n", Its.ss(1](1],

printf("s = %8,
printz(":

printf("s3
printf("\n");

lts.ss(2](2]);
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L: // 1/0 aux functions
7 (c) 2017-2020 Mikael Mieskolainen

3
4: // Licensed under the MIT License <http://opensource.org/licenses/MIT>
5

6: // Cre
7: #include <complex>
i #include <fstream>

 ¥inetude <oxperinental/eilesystem

// C system functions
#include <fentl.h>
#include <sys/resource.h>
#include <sys/stat.h>
#include <sys/statves.h>
#include <sys/time.h>

: #include <sys/types.h>
#include <sys/utsname.h>
#include <time.h>
#include <unistd.h>

: // Libraries

#include "HepMC3/FourVector.h"
#include "LHAPDF/LHAPDE .h"

7/ own

#include "Graniitti/Mevec.h"

#include "Graniitti/MAux.h
Graniitti/MForm.h"
: #include "Graniitti/MSpin.h’
#include "Graniitti/MSudakov.h"

// Libraries
: #include "rang.hpp"

namespace gra {
namespace aux {

a
: // FIXED HERE manually

( return 1.051;

{ return "release’;
{ return "26.02.2021
) { return 10,

double GetVersion ()
std::string GetVersionType ()
std::string GetVersionDate ()
std::string

new HepMC3 & fixes"

Y
// Check do we have terminal output (=true), or output to file (=false)
static const bool IS_TERMINAL = isatty(fileno(stdout)) != 0;

// Print input arguments
vosd printargy (int araes
cout << rang
for e im0 argc, i)

tring s = std::string(argv(il);
std::string:inpos) { // e.q.
g

ches sazavil)
<<

g
H

"R [CON]<F> —> pi+ pi-"

} else {
st

rcout << 5 << v

eset << std::endl;

cout << rang::

// Download LHAPDFset automatically
void AutoDownlosdLEPOF (const. std: istring pdfnane) {

* ranavec(0];

// Build kinematics for elastic, single and double diffractive 2->2 quasielastic
«

(triangle) function in the center-of-momentum

DecayMomentun (1ts.sqrt_s, msqrt(s3), msqrt(sd));

false; }

ut << rang::fg
< Taur! [ RateDownloadLEAPDE: Trying automatic download:” << rang::fg::reset
i

// Get instal path and remove "\n®
std::strin ("1hap —-prefix");
INSTALLPATH. erase (std: : remove ( begin(), T endu, An), I d0);
if (INSTALLPATH.find("command not found") != std::strin

throw std::invalid_argument ("aux P command missing");

)
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return true;

// 1/2/3-Dim Integral Volume [t] x [M°2] x [M°2]
Va

const {
volume times jacobian

double MouasiElastic::B3IntegralVolume ()
// Mandelstam t, log change of variable,
AT stasans e
bs (t_min) 7
Tog(s + ZERO_EPS)

+ sta:

sta.
onet dovie ¢ VoL = (st - std::log(a + ZERO_EPS)) rabs (lts.t);

if (ProcPtr.CHANNEL
return t_VoL;

- "ELY) (

} else if (ProcPtr.CHANNEL == "SD")
// Jacobian from log-change of variable:
// \int_a*b £(M2) A4z = \int_{In(a)}"{1n(b)} £(exp(u)) * exp(u) du,
(lts.excitel) 7 lts.ss(1][1] : lts.ss[2](2];
(Log M2_£_max - log_M2_f_min) * J;

where u = In(M2)

return t_VOL * M2_VOL

} else if (ProcPtr.CHANNEL D) (
// Jacobian from log-change of variabl
const double * lts.ss(2](2];
const double M2_VOL log_M2_f_min) *
return t_VOL * M2_VOL;

= lts.ss(1](1]

(log_M2_f_max - (log_DD_M2_max - log_Mz_f_min) * J;

} else {
return 0;

47 Standard phsse space for ml + 2 > u3 + mt

e MauasiBlastic: ;BIPhaseSpaceNeight () const (

// expression -> pits2 (if s 2> mim
const double norm = 16.0 * ath: 1
pow2(1ts.s * gra:ik tics:ibetal2(lts.s, lts.beaml 1ts.b )i

if (ProcPtr.CHANNEL == "EL") (

return 1.0 / norm;
) else if (ProcPtr.CHANNEL == "SD") {

return 2.0 / norm; // Factor of two in

/ numerator from single
[{ aittraction lete + right
} else if (ProcPtr.CHANNEL D) (
/

return 0;

)

) // namespace gra
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// pomicas, unca

Ctring omdl = "wget netp //inapdtsets veb. cexn. cn/Inapdfssts/cuzzent/* + pdtnane +
tar.gz -0 | " + " tar xz -C * + INSTALLPATH + "/share/LHAPDF

cout << cmdl << std

i:istring OUTPUTI - aux:

dl;
ExecCommand (emd1) ;

/7 Jun terrnnal command, get output to std::string
£d: tstring ExecCommand (conat std :string sy
Array<enar, 128 buffer;
string result;
uniquepLrFILE, decltype (épclose)> pipe (popen (cnd.c_s s\:rn, "z'), pelose);
if (ipipe) ( throw std::runtime_error ("aux: :ExecCommand en() failed!”); )
hile (fgets(butter data(), buffer.size(), pipe.et()) i- mallptr) ( result o buffer.data(); |

return result;

string GetExecutablepath() {
butt(2048);

+:readlink ("/proc/self/exe”, buff, sizeof (buff) - 1);

¢

a
char

-1
buff(len] = '\0
Teturn std::string (bufs);

return

// level 0 returns same as GetExecutablePath:
7/ /home/user/graniitti/bin/gr

a
: // level 1 return:

77 = Tnome /ases/geantitei /bin
/

string GetBasePath (st _t level) {
stdsistring s Ge(Execu\:ablePathﬂ,
char sep = '/

for (stdiisizet k = 0; k < level; +4k) {
// Search backwards from end of string

siret 4= srtingieen);

if (1 1= std; npos) (
5o s eametr (0,

} else {

return s;

7/ alias

namespace fs = std:

:experimental::filesystem;

std: sstring GetcurrentPath() (
path cwd = std:
return cwd.string();

sexperimental::filesysten: :current_path();

: // Folder exists

pool FlleExict (conat f31:pachi b, fo::file status ) (
status_knoun(s) ? fo:iexists(s) i £s:iexists(p)) {
return tri
) else {

return false;

)
/

// Get filesize in byt
st suintnax Geteilesize (const st

string &filename) {

std
current_path ()
File_size(p);

experimental::filesystem;
/ filename;

namespa ce £s

ruct stat stat_buf
int Te S vt (fitenane. c _str (), estat_buf);
return rc == 0 7 stat_buf.st_size
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(1inux/BSD/0SX) in bytes

// Get Process Memory Usage
double aresident_use) (

void GetProcessMemory (double Gpeak_use,
// Peak memory
struct rusage rusage;
getrusage (RUSAGE_SELE, &rusage);
peak_use = rusage.ru_maxrss * 1024L;

// Current memory

long rss - 0Ly

FILE *fp

if ((fp
resident_use =
return;

“E1)) == NULL) {

NULL;
fopen ("/proc/selt/statn",

"axsslar, // Reading problem

0.0;

)
if (fscanf(fp, srss) 1= 1) (
resident_use
) else { // fine

resident_use = rss * (size_t)sysconf (_SC_PAGESIZE);

87: )
188:  fclose(fp);
189:

190+

191: // Get disk usage
:string Gpath, int64_t &size, int64_t &free, int64_t sused) (

1521 void GetDiskUsage (const std:
193:  int64_t frsize;

19 int64_t blocks;

195:  inte4_t bfree;

196:

197:  struct statves buf;

t = statvfs(path.c_str(), &buf);

buf.f_frsize; // block size
buf.f_blocks; // blocks
bfree = buf.f bfree; // free blocks
size = frsize * blocks;
free = frsize * bfree;
used = size - free;

// Get available memory in byt
unsigned long long TotalSyst
yscont (_SC_PHYS_PAGES) ;
sysconf (_SC_PAGE_SIZE) ;
return pages * page_size;

// system information

std::string SystemNameH ¢
struct utsname name;
uname (sname) ;

string sysname (name.sysname);
string nodename (name.nodenane) ;
string release (name.release);
std::string version(name.version);
string machine (name.machine) ;

string s = " %

std:

return sysname + s + release + s + version + s + machine;

// Get system hostname
std::string HostName () (
char hostname[2048];
gethostname (hostname, 2048);
std::string str(hostname);
return str

// Get current date/time, format is YYYY-MM-DD HH:mm:ss
// http://en.cppreference.com/w/cpp/chrono/c/strEtine
// for more information about date/time format

string DateTine () {

time_t  now me (0);
et tn Sevructs
249:  char buf[801;

5/10

(compress to 1 space)
"7, not problems for use,
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// Compress all extra spaces

333:
33 This also processes through the strings

// but (IMPROVE THIS!)
data = std:iregex_replace (data, std:iregex(R'(\s(2,1)"),
// JSONS: <Objects may have a single trailing comma.>

7/ Replace ", }" or

data = sta::regex_replace(data, std:iregex(R"(,1|, 1)"), "1");

/) J50NS: <arrays may have a single trailing coma.>
// Replace ", ]" ", 1" with ")"
Uata < otar:regex replace(data, std::regex (1], 1)),

// std::cout << std::endl << data << std::endl << std:

return data;

// Check is it integer digits
bool IsIntegerbDigits(const std
return str.find_first_not_of (

tring astr) |
0123456785")

std::string::npos;

// Return particle parity as a string

std::string ParityToString(int value) (
if (value > 0) {

¢

367

/7 Return particle charge as a string
set: st

tring Charge3XtoString(int q3) (

36 st std:istring sign = (g3 < 0) 2 "-" & " ";
370:  const int absq3 = stdi:abs(q3);

371:

372:  if (absq3

37

1)

"1/3%;

els
return

// Return spin as a string
std::string Spin2XtoString(int J2) {

string input, const char delim, bool trimextraspace) (

std::stringstream ss (input) ;

// String by string

./src/MAux.cc

4/10

250:  tstruct = *localtime (&now);
251

252:  strftime(buf, sizeof(buf), "i¥-im-id X", &tstruct);
253:  return buf;

2545 )

255

256 Print out progress bar visualization

: void PrintProgress(double ratio)
(ratio > 1.0) { ratio 0; 1

L R R R R AR RN AR R R R R T
WIDTH = 62;

st static_cast<int>(ratio * 100);
const int left = static_cast<int>(ratio * WIDTH);
const int right = WIDTH - left;

IS_TERMINAL) ( // if no terminal, do not print!

<< rang::fg:igreen;

PENLE(\riaay (1 el pos,
ta. s

BAR, right, ")

Left,

// Clear the line, and move cursor to the left

void ClearProgress() (
td:: 33[2K"

<< et

// djb2 hash function (used for saving unique filenames)
: unsigned long djbZhash(const std::string &s)
2:  unsigned long hash = 5381; // Magic number

for (auto ¢ : s) {
hash = (hash << 5) + hash + ¢; // same as: hash * 33 + ¢
)
return hash;
// Read CSV file
tfile, std: :

f)]e open (inputfile);
string line;

// Read every line from the stream
while (getline(file, line))
std::istringstream stream(line);
ector<std::string> columns;
istring ement ;

// Every line element separated by separato.
while (getline(stream, element, ',')) { columns.push_back (element);
output .push_back (colunns) ;

)
file.close();

305:
306: )
307
308: // Get JSON file input
309: atdssstring GetInputData (const std:istring éinputfile) (
// Check if ex:
aux AJeExlstunputfxle)
sstring str = aux::GetInputData: Inputfile '" + inputfile + "

imvalid_acgunent (stx);

// Create a JSON object from file
ifstream ifs(inputfile);
istring data((std::istreambuf_iterator<char>(ifs)),

(std::

// https://jsons.org/ features:
// We use C++11 raw string literals here R"(text)"
// so it is easier to type in expressions without problems with slashes

// JSONS: <Single and multi-line comments are allowed>
7/ First Remove C style block comments /* */
data = std::regex_replace(data, std:: xeqex(k"(\/\«(\-w-\/)\r*h-\'\/l‘»,

gle line comments

326:  // Second this. Remove C++ style sin
$7 dare s atastesgen:vepiace (et sd regex " (L/Te ey w1

328

3291 // Remove "\n” or "\e* or "\r', needed for the following regex operations
330:  data = std::regex_replace(data, std::regex(®R"(\a|\t[\r)"), "");

331

332:  // JSONS: <Additional white space characters are allowed.>
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416:  while (ss.good()) {
17 sta: g substr;
std::getline(ss, substr, delim);

if (trimextraspace) { TrimBxtraSpace (substr); )
output .push_back (substr) ;

return output;
)

7/ Selde string eo in
ector<int> Sp])(StxZInt(s(d“ tring input,
vector<int> output;

:stringstream ss(input);

const char delim) {

e
std:

// Get inputfiles by comma

while (ss.good()) {
std::string substr;
substr,

std::getline(ss, delim);
TrimExtraSpace (substr);
output .push_back (std: :stoi (substr));
)

return output;
)

// Trim leading, extra and trailing spaces
void TrimExtraspace (std::string &value) {
value d::regex_replace (value, st

regex (R (" +| 45| () )1, vs1n

void Trimleadspace (std:istring cvalue) (
alue = std::regex_replace (value, st

regex (R" (* "), "$17);

ilspace (std::string &value) (
lue = std::regex_replace(value, std:

s1

regex (R" ( +§)"),

: void Trimbmptyspace (std:string ivalue) (
value = std::regex_: replace(valne, st

string &value)

void TrimAllSpace (std

sy

regex (R" (["\S\x\n]+)

lue = std::regex_replace (value, st
// Extract words from a string
st ‘tor<std::string> Extract (const std::string &str) {
std::vector<std::string> words;
stringstrean 58 (str);
std:istring buft;
while (ss >> buff) [ words.push_back (buff); |
return words;
// Check if file exists
bool FileExist (const std::string &name) (
struct stat buffer;
return (stat (name.c_str(), &buffer) == 0);
: void PrintNotice()
g:ired << "<NOTICE>\n\n"
22 222227 22222272 22 222227 2227237 \n"
2z 22 22222 \n"
2z 22 ar
2z 222222 2222222 \n"
)
red << "<WARNING>\n\n"
22222 22222Z 222 2 2% %22 2L ZBZEZE
2z 2222 22 2
2z 7z 22 22 72 22T
2z 22 22 22 22 2%
2z 7z z2IZ 222222

does not exist";

tstring>> soutput)

streambuf_iterator<char>()));
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// success

void PrintGansover ()

cout << "<GAME OVER>\n\n"

<< " zzzEzZ 22257 2% ZZZ Z2I2EEZ  ZIZIZL I ZZ ZLZIZIE ZIZIZL } cateh (...) {
2z 2222 2222 22 2z zz 2z 2z 22 2z 2z // do nothing
2z 22z 2222222 22 2232 22 23T 2z zz 2z 2z zZazz  azEzEZ }
"2z 2z 72 27 22 2% 2% 22 2z 7z 72 72 22 zz 2z )
" zz222Z 22 22 22 22 2222227 2227%%  ZZIZ  ZIZIZIZ 2L IZ

<< std::endl; // Create this version JSON

CreateversionJsoN();
)

// Check updates online

void CreateVersionJSON() {
5:  // Get program path and output this VERSION.json

+ to_string(time(0)) + " json
- string output = GetBasePath(2) + "/VERSION.json
"curl -s -o " + tmpfile + string MSG =
" https://zaw rrTI TON. 3s0n"; \"name\": \"%s\",\n \"version\": $0.3f,\n \"type\": \"ts\",\n \"date\": \"is\",\n "
"\"update\": \"$s\"\n}\n";
// Execute curl
const int ret = system(cnd.c_stx()); FILE *file = fopen(output.c_stx(), "w'
fprinte(file, MSG.c_stx(), "GRANIITII', GetVersion(), GetVersionType().c_str()
if (ret -1) { // Success 0 .e_str), ).c_str());
felose (file);
// Read and parse
stdsistring  data;
nlohmann::json 3
std::string GetVersionString() {
try { chax buff [100];
Gata = gra::aux::GetInputData(tmpfile); STPEinLE (buft, sisest (buff), "Version 10.3f (1s) 38", GetVersion(), GetVersionType () .c_str()
3 nlohmann::json: :parse (data) ; etVersionbate () .c_sex());
) caten (...) { stdssotring sur - matts
t << std::endl; return str;
PrintBar ("~ 8! r
st t << "Chack your internet access —- could not update version information"
<< std:zendl;

std::string GetVersionTLatex() (
char buff[

PrintBar ("~
std:icout << std

const double version = GetVersion()
sprinte(buc) siseof (bute), T deolox [16] (Racale[0.6] (GRANIITIT #acale[0.8](30.3£)))", veraion)s
std::string str

)

try return str;
const double online_version = j.at ('version');
const std::istring online_date = j.at('date’);

std::string GetWebTLatex () {

char buff[100];

snprintf (buff, sizeot (buff), "holor(16] (scae(0.5) (LTgithub. con/mieskolainentGT)) ")
string str = buff;
etuin str;

if (GetVersion() < online_version) { // Older version than online
sta. << st dl;
PrintBar ("-", 80);
sta::cout << rang::sty: < rang::fg n << "New version " << online_version
<< (<< onune dats < o) available at <github.com/mieskolainen/GRANIITRL>"
e et << rang:istyle::reset << std:iendl;

: void PrintFlashscreen rang: :£g peolor) (
cout << dl;

gza::aux::?un:sax
stasicout << poslor

cout << "To update,
std::cout
<< "git pull origin master && source ./install/setenv.sh & make superclean && make -34"
<< std:zendl
<< st
std::cout
< "If compilation fails, check that HepMC3 and LHAPDF6 are as in requirements.txt"

copy-and-run: " << st

endl;

<< st dl;
std::icout << "You can re-install them with cd install && source autoinstall.sh"
<< std:rendl;

- online_version) < le-6) { // Same as online

—iyyn/
/-s+o+syhs-~:/-. .-oydyshhhho"

80.
std::cout << rang: old << "This version ' << GetVersion() <<

Cotvaraienmate() << ) s up o date with the emiine vareion
: ireset << std::

a1;

"=..=..:/+shhhyhhhyhysso

LRSSy VAL yoti /0. soshssy/

. ity
le:bold << rang::fg:igreen << "This version " << GetVersion() << " (" /1=/+4=sht=.=. . =".=.—=.= ‘hhho/+//:/yyyhhs+: :+o+/++ssssso
GetVersiondate() << ') is newer then the online version ' << online_version */yhoshhhh////++: . yy+/...sddhs/:////:~/++o0otoyssyoo
(" << online_date << )" << rang::style::reset << std::endl; ity hydndyyddhdde 4. 1 /oyohe.  +yadho/- 7/+0syyhhott/==: : /+\
PrintBar("-", 80); . 7 TNyl g
std:icout << std::endl; << std:zendl << std:iendl;
) std::icout << rang::fg:ireset;
)
// Remove tmp file
const std::string rmemd = "+ tmpfile; void PrintVersion() (
if (system(rmemd.c_str()) != 1) ( std::cout << GetVersionString() << std::endl;
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old << "<github.com/mieskolainen/GRANITTTI>" << rang::style

std

ize_t Rpos = subemd[il.find("}", 0);

// Incomplete brackets
std::string::inpos && Rpos != stdiistring::npos)
invalid_argument ("SplitCommands: Incomplete @R[](} syntax with missing (");

<< st
std:icout << "Referencos: arkiv:1910.06300 [hep-phl" << std::endl;
cout << st

ot << (e) 2017-2020 Mikael Mieskolainen® << std
ut << "<m.mieskolainen@imperial.ac.uk>" << st

Sedlicout << sed:sendls

cout << "<opensource.org/licenses/GPL-3.0>" << std:

cout << "<opensource.org/licenses/MIT>" << std::en

}

// Incomplete brackets

else if (Lpos != std::string
ow std::invalid_argument

Pos §& Rpos == std::string::npos)
SplitCommands: Incomplete GRI]() syntax with missing }");

// Singlet command @ID:VALUE
if (Lpos == std::string::npos && Rpos «

// Print horizontal bar +1npos)
std::vector<std::string> strip = SplitStr2str(subemd(i], ':’

string str, unsigned int N)
ize_t k = 0; k < N; +4+k) { std::icout << strj }
endl;

/7 1
id = strip(0];

// Create output directory if it does not exist
string fullpath) {

if (strip.size() «
arg["_SINGLET_"] = "true"; // default true, no : given
} else if (strip.size() == 2)
arg["_SINGLET "] = strip(1l;
} else (
throw std::invalid_argument ("gra::SplitCommands: @Syntax invalid with " + subcmd(i] + "'");

1)

10);
if (stat(fullpath.c_str(), 6st) == -1} ( mkdir(fullpath.c_str(), 0700); )
y

// Get commandline arguments which are split by @... G... tagging syntax
stds tvector<onecH> splitConmands (const: std: :string ctaiisin 0

// Find @ blocks [ ... ]

st
st

// Block command Gblaa(key:val keyival, ...}
} else { // We have {} block

size t> pos = Fi lstr, "e");
string> subcmd;

vector<std:
/7 1
if (pos.size() 1= 0) ( id = subcnd([i].substr (0, Lpos);
// Take full string from the first ¢ till end
ring str = fullstr.substr(pos(0]);

// content (}

{{ ptie muliple Ll @id() . Gldl) occurances // Now split all arguments inside () by comma ‘,’
std::vector<std::string> keyvals =
< pos.size(); ++i) { Splitstrastr (subemd(i].substr(Lpos + 1, Rpos - Lpos - 1), ', ')
+1; // +1 so we skip @
< pos.size() - 1) ? posli + 1] : str.size(); // Add a1l

«
subcmd. p\lsh_backlstx substr(start, end - start)); for (std: £ 1= 0; 4 < keyvals.size(); ++)
// Split using syntax definition: key.
std:ivector<std::string> strip - Splitstr2str(keyvals(il, ':');
if (strip.size() != 2) (
enzow st sinvalid argunent (1gee: SplitCommanda: (Syntex not sood with brackets (
yvals(i] + ")");

}
} els

subcmd. push_back (str.substr(1)); // +1 so we skip @
)

)

)
/7 Loop over 4 blo
ector<onecHDs ends

// Strip spaces from the key

TrimExtraspace (strip[0]);

_t1=0; i< subemd.size(); ++i) {
tespace **

TrimExtraspace (subcnd[i]);

arglstrip(0]] = strip(ll; // add to map
)

}
tring id;
ector<std: :string> arget;

2 // Add this command block
tring, std:istring> arg;

OnecHd o;
o.target = target,
Clbrint0; /7 For debug
cnd. push_back (0) ;

7/ Check we £ind () brackets
._t left = subcmd(i].find("[");
ize_t right = subemd[i].find ("

// Incomplete brackets
if (left == std::strin ight 1= std: pos
Eheow 50d:: Invalld argument (15p1LtCommands . Tncompiote N syntax with missing [");

return cmd;

)
[{ Incomplete brackets
else if (left != st os &5 right == std:istring::npos)

// Find string occurances
string i
e " imvaria s Argument (Sp1itComands  Incomplete GRI1{) syntax with missing 17);

std:: tsize_t> std:istring astr, const std;
77 Hotds all the positions that sub ocours within str
stdsvectorcsize t> positions;

st -t Ppos = str.find(sub, 0);

tring asub) {

)
// Found (] brackets
else if (left != std:istring:inpos && right
// Read (multiple) targets out
const std::string TARGET_str = subcmd[i].substr(left + 1, right - left - 1);
if (TARGET_str != "") { // do not process empty
target = SplitStr2str(TARGET_str, ',');

sta

tring:inpos) {

while (pos td::string
positions.push_back (pos);
Ppos = str.find(sub, pos + 1);

npos) {

return positions;
)

// Remove I...] block including brackets

subcrd(i].erase (left, right - left + 1); ) // namespace aux
) 7/ namespace gra

7/ Check we £ind () brackets
Lpos = subend[i].find("(", 0);
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1/2
1: // (Sub)-Processes and Amplitude containers
7

// (c) 2017-2020 Mikael Mieskolainen
/) crr

#include <complex>

#include <vector>

: 7/ om

#include "Graniitti/MKinematics.h"
#include "Graniitti/MSubProc.h'

// Libraries
#include "rang.hpp”

namespace gra {
// Add all processes
cre

: void MSubPx ateProce:
Delotesrocesses (5

pr.push_back (new PROC_0());

pr.push_back (new PROC_6()) ;
pr.push_back (new PROC_T());

pr.push_back (new PROC_19());
pr.push_back (new PROC_20());
pr.push_back (new PROC_21());

Pr.push_back (new PROC_27()) ;

// Generic constructor, used for the first initialization
: MSubProc: :MSubProc (const std::vector<std::string>s istate,
for (const autos i : aux::indices(istate))

const std:

[/ Set apesiic initial state and channel

nitialize (const std::strings istate, comst std

MSubProc() { DeleteProcesses(); }
// belete all proce:

: void MSubProc: :DeleteProcesses ()

for (const autos i : aux::indices(pr)) (
pr.clear(); // Finally empty

)

delete pr(il; }

void MSubP ConstructDescriptions (const std
CreateProcesses();

trings istate,

// construct labels
for (const autos i : aux::indices(pr)) {
if (pr(i]->ISTATE == istate)
Processes.insert (std::make_pair (pr[i]->ISTATE + "[" + pr[i]-
Pr(1]->DESCRIPTION) ) ;

1/7

// Templated 1D-histogram class with real or complex weights

7,
/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ cre
#include <algorithm>
#include <complex>
#incly
#include <valarray>
#include <vector>

ude <iostream>

7/ own
#include
#include

"Graniitti/MHL.h"
"Graniitti/MMath.h

// Libraries
#include "rang.hpp"

namespace gra {

// Constructor

: template <class T>
MHI<T>: :MH1 (int xmns,
// 1
ResetBounds (xbins,
FILLBUFF = fals:

double xmin, double xmax, std

string namestr) {

xmin, xmax);

// Constructor with only number of bins
template <class T
MHI<T>: :MH1(int xbins,

std::

NS
FILLBOEE - trues

// Empty constructor

FILLBUFF - true;
)

// Destructor

template <class T>
MHI<T>:: MHLO ()

// Raw output

awoutput () const (
Printf("#binlow,binhigh, value, error \n");

0; idx < static_cast<unsigned int>(XBINS);
// This will take care of amplitude versus amplitude squared
const double value GetPositiveDefinite (idx);

const double value_err = GetBinError(idx);

++idx)

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

const std:

>CHANNEL +

yen

:stringa me) {
{ Constructbescriptions (istate[il,

ne) ;

strings channel) (

trings me)

template <class T>

PrANtE("50. 58, $0. 58, $0. 58, $0.SE\n",
)

GetBinxval (idx,

-1), GetBinXval(idx, 1), value,

void MHI<T> t (double width) const (
e (ttite 5 o) (/) Mo Fi1S
dircout << "MHL::Print: <" << name << > Fills = " << fills << std;
return;

// Histogram name
stdiicout << "MHL

Print: <" << name << ">

const. stdaizet ¥ = XBINS *+ width;
do maxvisual = 1.1 * GetMaxWeight ();

std::cout << " 1
for (std:isize_t i = 0;

i<n
stdiicout << '] © << stdsiendl;

Empty top 1
++1) 1 st

£t corner
cout <<

for (std:isize_t idx = 0;
const int boundary = 0.
printf("39.28 |

idx < static_cast<unsigned int>(XBINS);
(lower, center, upper)
GetBinxval (idx, boundary));

++idx)

{

)

(

+me 4 ",

value_err);

/ Number of ascii Lvlumns (PARAMETER)
7 Gve e § space to toj

./src/MSubProc.ce

)
DeleteProcesses();

void MSubPr
Crentabroceases()r

if (pr.size()
throw std

// Print out process lists
std: :vector<std:

std: :vector<std:
std: map<std:

string>
sstring, std

while (it !

s (eaecond.size()

Printf("i25s = %-43.

out <<

return procstr;

// Check if process exists
: bool MSubProc: :
if (Processes.find(str)
return false;

std: :vector<std
if (1ProcessExist (str))
throw std:

// Wwrapper function

if (pr.size() =
return pr(0]->Amp2 (lts);

) // namespace gra
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const double value
const double value_err =
const double u

7/ v-axrs
const std

index

const int Ne
if (e > 0) (

// non

// Error on value (only
const double
const std
const std
// Print
for (std:
if (3
sta::
) else
std:

) else
std::icout << °

tcout << ran

// No events in the bin

ize t §

const double BINWIDTH =
// Raw value +- error
77 printe 7|
77 raw value +- stat |
printe(

// Print statistics

£ills, underflow,

const double sqmean
printf (" <> = 40.3f,

cout << std;

nal;

template <class T>

0)
invalid_argument

tring> MSubProc:
// Iterate through processes

-0

it->second(1].c_str (),

SExist (st

sinvalid_argunent ("MSubProc

return Processes.find(str) -

double MSubProc: :GetBareAmplitude2 (gra
{ ActivateProcess();

size_t ind = st

elative_err = value_e

bg:imagenta << ©

(OBX — XMIN)

80.1E +- $0.1%
do/dx (differential cross

st
Printf(" <W> = £0.3E +- %0.3E

quean - std::pow (mean,

2/2

// Important!

[/ detivate spesific process
ActivateProce

while (true) (
for (const autos i : aux::indices(pr)) {
if (pr(i]->ISTATE == ISTATE && pr[i]->CHANNEL
7/ F:
} else (
delete prli]
pr.erase(pr.begin() + i);
}
if (pr.size() <= 1) { break; )

MSubProc: :ActivateProcess
or CHANNEL = " + CH)

tPrintProcesses() const {

vector<std: :string>>::const_its

Processes.end()) {
procstr.push_back (1t->First);

¢
it->first.e_str());
1

Printf("25s = i-i3s’, it->first.c_str(), it->second[0]
} else if (it->second.size() == 2)
printf("25s = %-a3s | 3-20s",

it->first.c_ser(),

it->second[1].c_str());
} else if (it->second.size()

3
| -208
it->second(2] .c_str ()

tistring str) const |
Processes.end()) { return true;

// Return process description string
tring> MSubProc

GetProcessbescriptor (std:

does not exist");

>second;

ORENTZSCALARS 1ts)
}

2/7

// Visualization values scaled between (0,ma
(maxvisual > 0)

? value / maxvisual

round(w * (N - 1));

GetBinCount (idx);
zero bin

on double histograms)

err / value;

- stasscerlw v 8 - 1)
Loor(w * (N - 1)

3N+ o

)

3 <N ++3) ( stdircout <<

/ XBINS;

\n", value, value_err);

section,

1E +- %0.1E [do/dx] = 30.1E \n", value,
stdiicout << ¢ i // Empty bottom left corner
for (ord:ioiz < i) cout <

cout << ' nal

endl;
et gntioanAndErE

)i
Tr = viia | 0/0 = vlia/ti141\

overflow);

const double mean = GetMean(1);
GetMean (2) ;
<x*2> = %0.3f,

25

{
| s-10s", it->first.

GetProcessbescriptor

value_err,

<XA2> - <X>A2 = $0.3£\n"

CHANNEL) {

Unknown ISTATE = " + ISTATE +

procstx;
erator it = Processes.begin();

ce_str();

it->second[0].c_str (),

cstr(), it->second[0].c_str(),

)

:string str) const (

Process by name " + str +

0

// This will take care of amplitude versus amplitude squared
GetPositiveDefinite (idx);
GetBinError (idx);

* (1 + relative_err));

(1 - relative_err));

7/ up
/7 down

<< rang::bg::reset;
¢

" << rang:ibg::reset;

for example)
value / fills / BINWIDTH);

", valerr.first, valerr.second,

. mean, sqmean,

double> MHL<T>:

) const

return {val,

err);

£ills; // Ne
- s (Sumieights ) /N
abs (sunkeignca2 ()

o to use number of total £

/N - gra
msqrt (exr2 / N);

math.

ills here, not counts in bins

ow2 (val) ;

void MHI<T>:

(std::val

// Get valarrays containing X values and corresponding density values
: template <class T>

x.resize (XBINS) ;
y.resize (XBINS) ;
for (std:iisize_t

%]

yli] = GetPosi

// Histogram mean

template <class T

= GetBinxval(i, 0);

douple MLCT>::Gethean (it pover)

i=0;
7/ Get
tiveDefinite (i);

(based on binned values)
const (

o

i < static_cast<unsigned int>(XBINS);
center value

sx, stdsival

+41)

// Normalization

&y) const {

0
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const double binwidth = (XMAX - XMIN) / XBINS;

for (stdiisizet i =
const double value
const double weight
sum += weight * value;
norm += weight;

i < static_cast<unsigned int>(XBINS
(binwidth *
GetPositiveDefinite (i)

)

if (norm > 0)
return sum / norm;

) else

return 0.0;
)
)
: template <class T>
bool MHI<T>::ValidBin(int idx) const {

if (idx >= 0 §& idx < XBINS) ( return true; }
return false;

// Unweighted fill
template <class T>
: void MHI<T>::Fill (double xvalue) {
// Call the weighted with weight 1.0
Fill(xvalue, 1.0);

// Weighted £il1l

template <class T>

void MHI<T>::Fill(double xvalue, T weight) {
if (IFILLBUFF) ( // Normal filling

£ills 4= 1;

// Find out
const int

o | GetTdx (xvalue, XN, XMAX, XBINS, LOGK);

-3) { nanflow += 1; ]
-1) { underflow += 1; }
-2) { overflow += 1; }

if (ValigBin(idx))
weights [idx]
weights2 [idx]
counts [idx] += 1;

onj (weight) * weight);

)

) else { // Autorange initialization
buff_values.push_back (xvalue) ;
buff_weights.push_back (weight);

)i oeed)

(
- binwidth / 2.0 + XMIN, power);

if (buff_val ize() > static
)

// Automatic histogram range algorithm

: template <class T>

FlushButfer ()

if (FILLBUFF & buff_values.size() > 0) {
FILLBUFF = false; // no more filling buffer

// Find out mean
double mu
doy

0;

for (std::size t i = 0; i < buff_values.size(); ++i) (
abs (buff_values(i] * buff_weights[il);

sumil 4= std::abs (buff_weights[il);

}
if (sumd > 0) { mu

sumi; )

// variance
double var = 0;
for (stdiisizet i

< buff_values.size(); ++i)
var += std

bs (buff_weights[i]) * std::pow (buff_values[i]

}
if (sumd > 0) { var /= sumW; )

// Minimum and maximum
auto it1 sta
auto it2 = std
const double minval = *itl;
const double maxval = *it2;

in_element (buf f_values.begin (),
ax_element (buff_values.begin(),
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for (std:
return sum;

ize_t i = 0; i < static_cast<unsigned int>(XBINS);

: 7/ sun the mumber of bin counts (1ot the same as £ills)

umBinCounts () const {

Long long ine sun - 0;

{7 et maximun histogran bin welont,
: template <cla:
Goubla MHLCTS : CetHEWeight ) const {
double maxval = 0;

for complex return |

0; i < static_cast<unsigned int>(XBINS); ++i)

- mu, 2);

buff_values.end());
buff_values.end());

+41)

{ sum += counts[il;

{ sun += weights2[il;
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// Set new histogram bounds
const double std = std

// A numerical failure may happen
snan Gamin) || stds:isnan (max))
miaval;

maxval;
// If symmetric setup set by user
Lf (AUTOSTIMETRY)

in = -val;

val;

// We have only positive values,
if (minval > 0.0) ( xmin = std

max (0.0, xmin);
ResetBounds (XBINS, xmin, xmax);

// Fill buffered events
for (std:isize t i = 0; i < buff_values.size(); ++i)

// Clear buffers
buff_values.clear();
buff_weights.clear();

// Reset histogram completely
: template <class T>
void MHICT>: :ResetBounds (int xbins) (
ResetBounds (xbins, 0.0, 0.0
FILLBUFF = true; // Autorange on, no explicit bounds

with variance calculation, then use this
[

val = (std::abs(xmin) + std::abs(xmax)) / 2.0;

such as invariant mass

{ Fill(buff_values(il,

292: void MHI<T>::ResetBounds (int xbins, double xmin, double xmax) (

XMIN = xmin;

XAX
XBINS - wbine;

/] Inte
vector<T> null (XBINS, 0.0);
ts ull;
i
std::vector<long long int>(XBINS, 0);

eigntaz -
counts

Clear();
FILLBUFF = false;

/ call also this!

counts[i]
£ills
underflow = o,
overflow = 0;
nanflow 0;

: // Sum over all histogram bin weights
template <class T>
T MHL<T>::SumWeights () const (
0.0;

T sun
for
return sum;

329: // sum over all histogram bin weights squared
330: template <class T>

331: T MHL<T>::SumWeights2() const (

332: T sum = 0.0;
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416: ) else
a17 return 0.0;
als
a19: )
4201
421: // Get bin index (idx) corresponding to value (xvalue)
a22 late <class T>

423: void MHI<T>::GetBinldx(double xvalue, int &idx) (
// Find out b.
idx = GetlIdx(xvalue, XMIN, XNAX, XBINS, LOGK);

// Get bin value in units of X for a given bin index
// boundary = -1,0,1 (lower, center, upper)

template <class T>

431: double MHI<T>

:size t i = 0; i < static_cast<unsigned int>(XBINS); ++1)

// No autorange, explicit bounds provided

i < static_cast<unsigned int>(XBINS); ++i) (

buff_weights(il);

{ sum += weights(il; }

)

for (std:isize_t < static_cast<unsigned int>(XBINS); ++i)

ScBinkval (ine ids, int boundary) const (
if (GetPositiveDefinite(i) > maxval) ( maxval = GetPositiveDefinite(i); )

if (1dx > XBINS - 1)
nva]mLaxgumennmm GetBinXval: idx
BINS-1 = 4 std

o_string(idx) +

+ st
o_string (XBINS - 1));
return maxval;

)

)
if (LOGX)
// Get minin

m histogram bin weight, for complex return |
template <class T>
double MHI<T>::GetMineignt ) const {

double minval = 1e126

for (std:isizet

gonee dewble logloatep = (ot

10910 (XMAX) - std::1ogl0 (XMIN)) / XBINS;

0910 (XMIN) + idx * loglOstep);

Z0; i < static_cast<unsigned int> (XBINS); ++i

10g10 (XMIN) + idx * loglOstep
{
if (GetPositiveDefinite(i) < minval) { minval = GetPositiveDefinite(i); }

)

Eow(10, atds:Logld (o) + (sax + 5y - loglostes)) /
) } else if (boundary
return minval;

o
return std::pow (10, std::logld(XMIN) + (idx + 1) * loglOstep);
)

in the bin

GetBinxval
// Get number of event fills
>

1se {
throw std::invalid_argument ("MH1 Bin boundary not valid (-1,0,1)");
}

etBinCount (int idx) const ( (XMAX — XMIN) / XBINS
if (ValidBin(idx)) {

= XMIN + (idx + 1) * binwidth;

alue - binwiden;

} else if (boundar: 0)
Seren et bimeiden / 2. 0;

} else if (boundary == 1) {
return value;

// Get weight of the bin,
template <class T>
T MHL<T>::GetBinWeight (int idx) const {
if (ValidBin(idx)) (

return weights[idx];
) else {
return 0.0;

for complex return complex number

invalid_argument ("MH1::GetBinkval: Bin boundary not valid (-1,0,1)");

Get table/histogram index for linearly or base-10 logarithmically spaced
bins

Gives exact uniform Filling within bin boundaries.

)

// Get weight of the bin,
class T>

GetBinWeight2 (int idx) const (
if (validBin(idx))

return weights2[idx];
} else

return 0.0;
)

for complex return complex number

// Error estimate on bin
template <class T>
double MHI<T>::GetBinError (int idx) const {
if (IValidBin(idx)) { return 0.0; }
double err = 0;
if (GetBinCount (idx) > 0) {

if (IsReal()) {
sart (std:

bs (GetBinWeight2 (idx))); // [\sum i w.

err = st
} else {
)

return err;

: // Return weight (double) or
template <class T>

: double MH1<T>::GetPositiveDefinite(int idx) const {
if (ValidBin(idx))

if (IsReal()) { return st

return std: :pow(std:

"2 (complex case)

abs (weights [idx]); )
bs (weights [idx]), 2);

ir2) 17172}

err = std::abs (GetBinWeight2 (idx)); // (\sum_i w_i"2)]"(1/2)

In the logarithmic case, MINVAL and MAXVAL > 0,

Underflow returns -1
ovestion etums 2

et Lo (double value, double minval,
iisnan(value) || sta::isinf(value)) | return -3
if (valve < minval) ( seturn -1; ) // underflow
if (value > maxval) { return -2; } // overflow
int iax
77 Logarithnic binning
if (Logbins)
// Check do we have non-negative input

// Linear binning

els
Comst double BINNIDTH = (naxval - minval) / nbs
idx

naturally.

double maxval,
)

idx = value > 0 ? std::floor(nbins * (std::logl0(value) - std:
(std::10g10 (maxval) - std::logl0(minval)))

:10g10 (minval)) /

{Hloor ((vatue - minvar) / snwwrDTE) 5

int nbins, bool logbins) const {
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199: // KISS fragmentation class
7
7/ (c) 2017-2020 Mikael Mieskolainen
7/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.
/7 cr
#include <complex>
#include <random>
#include <valarray>
#include <vector>
V4
: ¥include "Graniitti/Mevec.h"
#include "Graniitti/MAux
#include "Graniitti/MForm
#include "Graniitti/MFragment.h"
#include "Graniitti/MKinematics.h"
#include "Graniitti/MMath.h
#include "Graniitti/MMatrix.h"
¥include "Graniitti/MPDG.h"
: #include "Graniitti/MRandom.h"
// Libraries
: #include "rang.hpp"
using gra:caux: sindicess
at
: using gra::PDG::EDG pip;
: namespace gra (
// Return decay status [RESERVATION!]
i
void MFragment: std:: int> spdgeode, st table) (
isstable.resize (pdgcode.size(), true);
for (const auto &i : indices (isstable))
isstable[i] = (pdgcode[i] 111 || pdgeode(i] 311) 2 false : true;
)
)
// sample from Hagedorn type parametrization
7/
// This function is useful to generate distribution with
7/ exponential at low pt, powerlaw at high pt.
7/ Does not generate jet like topologies,
// 0 this can be used as a strict null model (HO) for soft like topologies.
7
/7 (stow function, performance should be upgraded)
§ 7 pazaneters <=
7/ p0 = T/(q
A
7
vo18 MiTagnant : \EXpRONIND double 3, double T, double MAKDt, COnt std::vector<double> Gmass:
ector<double> 6x, MRandom &rng)
const. unsigned nt MACTRIRG < Teby /) Sefecy bresk
const unsigned int Nbins led;
const double ptstep = maxpt / Nbins;
// Calculate pt-bin values
std::vector<double> ptval (Nbins);
for (std:isize t i = 0; i < Nbins; ++1) { ptvalli] = i * ptstep; )
// Random integer from [0,NBins-1]
// C++11, thread local is also static
thread local std::uniform int_distribution<int> RANDI(0, Nbins - 1);
// Calculate for pion, kaon, proton masses
const vector<double> ixnass = (PDG::mpi0, PDG: tmp) 5
st : dsdpt (£ ze0), (Nbins, 0.0));
std: ivector<double> maxval (fixnass.size (), 0.0);
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ExpPOWRND (q, T, maxpt, m, pt, rng);
} els t_distribution == "exp’) {
for (const auto &l : indices(pt)) (

Vi
// very slow

// Pre-evaluate dsigma/dpt |_y=0 (nid rapidity) PL2[i] = rng.ExpRandon (Lanbda) ;
indices (Fixmass)) ( PLIi] = msqrt (ptzlil);
powa (Einmazs (k1) ; )
0; } else {
onat doubie meval - magat (pows (prval(i]) + m2); throw std::invalid_argument ("MFragment::TubeFragment: Unknown pt-distribution parameter = " +
pt_distribution);
/7 POF )
dsdpt (k] (1] = ptval(i] * meval * std:ipow(1.0 + (q - 1.0) * mtval / T, @ / (1.0 - @));
Save maximum for (const auto &i : indices(pt)) (
maxval(kl = (dsdpt[K][i] > maxvallkl) ? dsdpt[kl[il : maxvallkl; // sample angle, px, py
const double phi = rng.U(0, 2.0 * gra::math::PI);
) px(i] - pt(i] * std::cos(phi);
" pylil PEI1] * std::sin(phi);

// Rapidity

yli] = rng.u(0.0, 1.0);
}
sta.

// For each particle, generate pt

isort (begin(y), end(y)); // Rapidity ordering

Vi
// Scale rapidities to span the full range (0,1] (min=0, max=N-1)
y = (y - y[0]) / (yIN - 1] - y[01);

& transverse momentum with zero sum
px - px.sum() / N
BY - py.sum() / N;
PX * px + Py * Py

[/ Tranaverse macs for all pasticles
mt = sqrt(m2 + pr2

// Acceptance-Rejection, very slow

Vi
// Solve rapidity scale factor ’alpha’
double alpha = 0.0;

if (1SolveAlpha(alpha, MO, m, mt, y)) {

const int BIN = RANDI(rng.rng);
if (rng.U(0.0, 1.0) * maxvallbest] < dsdpt(best] [BIN]) {

break;
++trials;
++trials; if (trials > MAXTRIAL) (
if (trials > MAXTRIAL) ( return ;
break; // failed } else {
continue;

// Scale all rapidities
y = alpha * y;
// N-body fragmentation with tube (cylinder) phase space

// (approximate target distribution is flat over rapidity, pt from a given // Set longitudinal momentum and energy using ‘alpha’

// get boost factor t

7/ distribution)

a const double 0O T (e i) 0

// [REFERENCE: Jadach, Computer Physics Communications, 9 (1975) 297-304] y y + st Mo / Q)i
/cds . cern. ch/record/173907/files/198701320. pdf ] Lonst std: valarcay<doubles pz = wC * simhirys

// [REFERENCE: UAS, htt,

const std::valarray<double> E = mt * cosh(y);
// This function contains a mixture of dynamics and kinemati
77 15 not a pure phase space and s suitable for Soft fragmentation studies.

// St all particles 4-momenta and boost to the original frame

Vi
: // Return: 1.0 for a valid ion and -1.0 for a
const int sign = 1; // positive

for (const auto &i : indices(p))
PIi] = Mavec(px[il, py[il, pzlil, E[iD);

2t
dounle MEraguent :TubeFragnent (const MiVec nother, double I, const atd::vectorsdoubler an,

4 sta:
gra::kinematics::LorentzBoost (mother, M0, p(il, sign);

ctor<mivec> p, double g, double T, double lambda
MRandom érng, const std::string &pt_distribution) (

// Number of re-trials in a case of failing kinematics

const unsigned int MAXTRIAL = 30;

unsigned int trials

0; // Check EM-conservation
const unsigned int N = m.size();
sta::valarray<double> m2 (N) ;
for (const auto &i : indices(m)) { m2[i] = pow2(m[il); )
// transverse momentum px, py
valarray<double> px(N);

valarray<double> py(N);
“td! ivalarray<doubles Bi2 (N5

bool valid = gra::math::CheckEMC(p_sum ~ mother);

// Check rapidity (floating points can fail after boost in forward)
for (const auto &l : indices(p))
i snan(pli].Rap()) || st

isinf(pli].Rap()) {

// rapidity and transverse mass
std::valarray<double> y(N);
std::valarray<double> mt (N) ;

}
if (tvalid) (

++trials;
while (true) if (trials > MAXTRIAL) (
/ Random sample px,py and initial rapidity return ;
tvector<double> pt (N); } else (
continue;

if (pt_distribution == "powexp’) {
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// solve rapi

v scale factor via Newton iterati
(alternative strategies are viable, too,

this does not converge
// always with non-gaussian pt-distributions)
Vi
// a1 = a0 - £(a0)/f (a_l), find root a such that f£(a) = 0
: // iteratively via
// a_{n+1) = a_n - f(a_n) / £ (a_n)
/

: bool MFragment::SolveAlpha (double Galpha,
const st
const double STOP_EPS

const unsigned int MAXITER

double M0, const std::vector<double

elarray<doubies int, comst ota: valareay<doubler &) {

// starting value
const int N

- *m - 1
vector<double> E

unsigned int
while (true)
const std:

iter = 0;

:valarray<double> x = expl(alpha * y);

E[0] = (mt * x).sum();
(mt / x).sun();
E[2] = (mt *y * x).sum(); // Derivative d/dy
E[3] = (mc *y / x).sum(); // Derivative d/dy
// Iterate the solution, d/dx In(x) = 1/x
const. douhl- DY = E[0] * E[1) * (C - std::log(E[0] * E[1])) / (E[0] * E[3] - E[1] * E[2]);
alpha
if (std::abs(N * DY / alpha) < STOP_EPS) { return true;
if (std::isnan(alpha) || (++iter) > MAXITER) { return false; )}
)

)
// N* decay table [set manually according to experimental data]
2/
// 0 is the proton / antiproton charge (1,-1)
7/ MO is the N* mass
7’
void MFragment
int decaymode

NstarDecayTable (int 0, double MO, std:ivector<int> spdgcodes, MRandom Grng) |
o

{{ only 2body decay possible, mass below 3body threshold
if (M0 < (PDG::mp pi))
decaymode = 0;

// 2- or 3-body decay possible
} else ¢
// C#+11, thread_ local is also static
// 2->body / 3-body branching ratios fr
(nrend rotal atassdiscrete it ibusioncs a((0.60,

0.401);
decaymode = d(rng.rng); // Draw random

/"
7/ N* (3P
// only maj

1/2°+) Decay Parameters from PDG
r decays implemented

std::vector<int> decayids;

{{ Zzedy chamel
«

i_local is also static

iscrete_distribution<> subd(
1.0 / 3.0
const int channel =

// Branching ratios from Clebsch-Gordan
subd (rng.xng) ;

// PDG-ID of subchannels
const std::vector<std:

tvector<int>> ID = ({Q * PDG_n,

Q * PDG_pip}, //
@ * 206 p,

(anti)neutron & pi(-)+
BDG_pi0));

// (anti)proton & pi0

// Choose the decay channel

6/7

L€ (x> (BDG:imp + EDG:mpL + safenargin) (

// &6 mx < lts.sart_s) {

// simple statistical toy particle pick-up, nothing more
V4

: bool MFragment::PickParticles (double M, unsigned int N, int 5, int Q,
&

&pdgcode, const MPDG &PDG,

int B,

st
MRandom rng) [
const unsigned int MAXTRIAL = led;

// C#411, thread local is also static

thread_local std::uniform_int_distribution<int> RANDI3 (0, 2);
Proton ratios [MEASURED]

fenom3 = (1 + 0.1 + 0.0
vector<double> ratio3 = {1.0 / denom3,

// pion, Kaon,
const double )i
const std: Vi denom3, 0.06 / denom3};

const std::vector<int> charged_pdg = (211, 321, 2212}; // pi+-, K¢=, (anti)proton

const std::vector<int> charged B €0, 0, 1};

const std::vector<int> charged s = (0, 1, 0};

const stassvectorcinty neutralpds = (111, 1L, 21127 // pi0, K0, nevtron
vector<int> neutral B €0, 0, 1};
vector<int> neutral S = (0, 1, 0};

const double QProb = 2.0 / 3.0; // Charged probability

const double DOUBLE = 0.9; // Prob to pick particle pair

7

// Now resize!
mass.resize (N, 0);
pdgeode. resize (I, 0);
ctor<int> Qcharges (N,
“a: ivectorcints Bcharges (N,
vector<iat> Scharges (%
unsigned i trial;

0);
0
0

s=0;

while (true) (
unsigned int i = 0
do { // Hadron picking
// charged
i (rng.U(0, 1) < QProb) (
if (rng.U(0, 1) < DOUBLE & i <= N - 2) {
// Sample particle flavour
(true) (
onst int bin = RANDI3(rng.rng);

if (rng.U(0, 1) < ratio3(binl) {
1

harged_B[bin];
Scharges[i] = charged_S(bin];
pdgeode[i] = charged_pdg(bin];
++i; // Next slot

Qcharges (i) ;
~charged_B[bin];
~charged_S[bin];

pdgcode[i] = -charged_pdg[binl;
i
break;
)
// single
) els
while (true) (
const int bin

RANDI3 (rng.rng) ;

if (rng.U(0,
sign =
sign

1) < ratio3[bin]) {

(rng.U(0, 1) < 0.5) 7 1

Qeharges(i) =
Bonarges [i]
Scharges[i]
pdgcode (i]

sign;

charged_B[bin];
charged_s[bin];
sign * charged pdg(bin];

i
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pdgcodes = ID[channel];
)

// 3-body channel
if (decaymode
// Subchannels
// C++11, thread local is also static
thread_local std::discrete_distribution<> sub
(1.0 / 3.0, 1.0 / 3.0, 1.0 / 3.0));
const int channel = subd(rng.rng);

(

// Braching ratios ansatz

// PDG-ID of subchannels

const std::vector<std::vector<int>> ID = ({Q * PDG_n, Q * PDG_pip,
(@ * PDG_p, PDG_pip,
@ * PDG_p,

£06_0101,
PDG_pim],
50510, BDGBi0))s
// perhaps to add
//{0*PDG_delta0, Q*PDG_pip,
//10*PDG_deltap, PDG_pip,
//10*PDG_deltap,

PDG_pi0),
PDG_pim},
PDG_pi0, PDG_pilj};

// delta0 & pi+ & pi0
// delta+ & pi+ & pi-
7/ delta+ & pi0 & pi0

// Draw the decay channel
pdgcodes = ID[channell;

void MFragment: :GetForwardMass (double &massl, double &mass2, bool gexcitel, bool
unsigned int excite, MRandom &random)

if (excite // Fully elastic
i

1) { // single excitation
<0.5) (

s {randon.0(0, 1)
massl = PDG:

GerSinglerorsaraass (mass2, random);
excitel = false;
excitez
} els

true;

) else if (excite { // Double excitation
GetsingleForwardMass (massl, random);
GetSingleForwardMass (nass2, random);
excitel = t
excite2 = true;

// Return excited forward system mass
void £

double &mass,

// Good-Walker resonance excitation probabilities

// C#+11, thread local is also st.

thread_local std::discrete_distribution<> d(
(PARAM NSTAR::rc(0], PARAM NSTAR::rc[1], PARAM_NSTAR::rc(21));

MRandom &random) {

const int state = d(random.rng); // Draw random

// Bxcited proton states
double M =0.0;
double width = 0.0;

[
77 N

14
V2

2) ¢
Mo 7/ Nern
width = 0. 450

)

// Draw the excited state mass
const double safe_margin = 0.01;
nx - 0;

while (true) (
mX = random.RelativisticBNRandom (MO, width, 1e6);
src/MFragment.cc /7
+i;
break;

}
)
)

// Neutral

// Sanple particle flavour
bin = RANDI3(rng.rng);
if (rng.U(D, 1) < ratio3[bin]) {

Beharges[i] = neutral Blbinl;
= neutral_s(bin];
pdgeode[i] = neutral_pdg(bin];
ip
break;
)

)

)
} while (i < N); // Picking loop

// Sum charges

const int Q_sum (Qcharges.begin(), Qch. a0, 0);
const int B_sum 1 begin(), Bch a0, 0);
const int S_sum 1 -begin(), sch a0, 0);

// Get corresponding masses

for (std:isize t i = 0; i < N; ++i) {
// printf("PDGCODE(i=$d] = §d (N=3d] \n", i,
mass(i] = PDG.FindByPDG (pdgcode (1)) .mass;

pdgcode[il, N);

const double M_sum = std::accumulate (mass.begin(), mass.end(), 0.0);

[/ Check charge and mass threshold
heck

if (Q_check & B_check && S_check && M_check) |
// we are ok!

) elee |

7/ printe(n(pICK) 0_sum - 34,
/ \n", o_sum,
++trials;

if (trials > MAXTRIAL)

B_sum = %d,

M_sum = $0.1f, M = 30.1f, N = td
B_sum, M_sum, M, N);

{ return false; }
}
} // out loop

return true;

) // namespace gra

sexcite2,
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// Custom user cuts which cannot be implemented directly via json steering files

84:

2/3
/
// (c) 2017-2020 Mikael Mieskolainen
/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.
7/ CcH
#include <complex>
#include <iostream>
#include <vector>

[ Formard proton |deltaphi in (0, 20)
else if (id == 90

111].DeltaPhiAbs (1ts.pfinall2]);
(0 < deltaphiabs && deltaphiabs <= gra::math::Deg2Rad(90)) {
// fine

{
return false; // did not pass
)

7/ o
: #include "Graniitti/MForm.h"

#include "Graniitti/MKinematics. h"
#include "Graniitti/MMath. h'
#include "Graniitti/MUserCuts.h"

V4
// STAR/RHIC \sgrt(s) = 200 GeV pi+pi- (+ other cuts needed in .json file)
// indico.cern.ch/event/713101/cont ributions/3102315/

// attachments/1705771/2748440/Diffraction2018_Rafalsikora.pdf
namespace gra

else if (id

18)

// USERCUTS (implement custom cuts here; cuts which cannot be implemented 7/ foap over foruard protons

: // in .json steering file). Label these by unique integ

ctor<int> indices = (1, 2};
bool UserCut (int id, const gra::LORENTZSCALAR &lts) { for (const auto &i : indices)
// ** NO CUTS CASE, THIS SHOULD BE FIRST ** (gra::mar.h::powzkltﬁ.phnal[u Px() + 0.3) + gra::math::pow2 (lts.pfinal(il.Py() <
if (id == 0) ( 7/ cev’
return true; 7 Goe

} else {
return false;

// not passed
7/ "spin-filter" cut (‘Glueball’ filter)
{ rorvard proton |dpel < 0.3 Gev
else if (id == -3) (

const double dpt

if (0.2 < std::abs(lts.pfinall[i].Py()) && std::abs(lts.pfinal(i].By()) < 0.4) { // Gev

7/ rine
} else (
return false; // not passed
)

(1ts.pfinalll] - lts.pfinal(2]).Pt();

if (lts.pfinallil.Px() > -0.2) ( // GeV
return false; // did not pass
)

)

7/ fine
} else (
return false; // not passed
// Forward proton |dpt| > 0.3 Gev )
else if (id —- 3
const double dpt = (lts.pfinal(l] - lts.pfinal([2]).Pt(); // larxiv.org/abs/1608.03765]
if (dpt > 0.3)
/7 Ein ) else if (id == 160803765) (
) else { const double xil = (lts.pbeani.Fz() - lta.pfinal(1].2()) / lts.pbeani.?z();
return false; // did not pass const double xi2 = (lts.pb 0 -1 1(2].220) / 1 20
)
)

const double XI_MAX = 0.03;

V7 if (xil < XIMAX 66 xi2 < XIMAX) (
7/ nspin-tiltern cut // fine

// Forward proton pt1 dot pt2 < 0
else if (id == -111
if (lts.pfinalll].DotPt(lts.pfinall2]) < 0) {
7/ fin
} else {
return false; // did not pass
}

)

else {
return false; // not passed

)
"

// CDF exclusive dij
/7 (arxiv. arg/abs/ﬂﬂz 0604]

else if (id
/{ Forward proton ptl dot pt2 > 0

7120604) {
// antiproton longitudinal momentum loss fraction
else if (id == 111 const double xi_pbar = (lts.pbeam2.Pz() - lts.pfinal(2].Pz()) / lts.pbeam2.Pz();
L% (esipinalll) .Dotee (its.prinal(2]) > 0) (
// fine 4f (0.03 < xi_pbar 6& xi_pbar < 0.08) {
} else { // fine
return false; // did not pass

} else
return false; // not passed

)

a Vi
// "spin-filter” cut

// ATLAS yy->mutmu- 13 TeV fiducial cuts (+other cuts needed in .json File)
// larxiv.org/abs/hep-ex/170804053]

[ zormard proton |deiaphi in (30, 150)
olse if so10) ¢
anes dobin

PhiAbs (1ts.pfinal(2

else if (id == 170804053) {
1
i (qra::math:mquRad(SD) < ueuaphsabs &6 deltaphiabs <= gra:imath::Deg2Rad(180)) (

const double M = gra::ma

4

msqrt (1ts.m2) ;

if (12 <= M 8& M < 30) { // Gev
if (lts.decaytree(0].pd.PE() > 6 && lts.decaytree(1].p4.BE() > 6) (
// fine
) else
return false; // not passed

Teturn false; // aid not pass
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’ // Functional methods for Spherical Harmonic Expansions
M ss M <= 70) { [/ GeV

¢ 1ts.decayrree 0] 04 Bt () » 10 56 lts.decaytres(1].pd.pc() > 10) { 7/ (¢) 2017-2020 Mikael Mieskolainen

// fine // Licensed under the MIT License <http://opensource.org/licenses/MIT>
} else {

return false; // not passed
}

2 // o

¥include <complex>
#include <iostream>
#include <vector>

// ATLAS pi+pi- 13 TeV roman pot fiducial cuts
// (+other cuts needed in .json file

// from R. Sikora, ATIAS poster, Bad Honnef QCD School 2017
’

7/ B,
/7 e.£.

check the implementation

: #include "Graniitti/Mspherical.h”
cut |t| > 0.03 GeV*2 seems to give more physical results)
else if (id == 1230123)
75 Socssa protons. |py| and |phl
std::vector<double> pyabs = {std::abs(lts.pfinal[l].Py()), std::abs(lts.pfinall[2].Py())};
ecte:<dov.b1e> phiabs = {s\:d::ahsklts.pfknal[l] «Phi()), std::abs(lts.pfinall2].Phi())};
et = 0; i< 2; +H)
if uo e pyabs(il) && <pymsm < 0.5 {

// Libraries
#include "rang.hpp”

for

using gra::aux::indices;
at!

e
fine
} else

(

return false; // not passed namespace gra {

namespace spherical (

// Monte Carlo integral I
// True integral being I
a

T / 4 < phiabs[i]) && (phiabs[i] < 3.0 * gr,

1/N \sum_{i=1)"N £(\vec(x)_i)
\int_\Omega f(\vec(x}) d\vec(x)

v <s(x)>
else {

return false; // not passed
}

)

: // This inner-product (overlap integral) matrix is identity if the phase space
// is flat (uniform). In a geometrically restricted phase space,

these basis
// functions get mixed => lost orthogonality.
// Roman pot geomstry

const double delt b

: Mistrixcdouble> GetGMixing(const std:ivector<omega> Gevents, const stdsivector<std:isize t> sind,
- Lts.pfinal(1].Deltaphihbs (1 121 int LMAX, const std:istring emode)
 {laercapmians. < grarinachs 15oq2had(10.00) |1 (de1tapions 5 Grh: imath: :Deg2Rad (140.0))) ( const int NCOBF = (LMAX + 1) * (LWAX + 1)
// fine
) else | cout << "GetGMixing: mode = " << mode << std::endl;
return false; // not passed cout << "Generated flat MC phasc space events << ind.size() << std::endl;
1
} else { // Poor input
stdiistring st Cuts:: Unknown cut ID: " + st

// Construct the efficiency coefficients EPSILON_IM with linear
to_string (id); // indexing

MMatrix<double> E(NCOEF, NCOEF, 0.0);
MMatrix<double> E2 (NCOEF, NCOEF, 0.0);

throw std::invalid_argument (str);
)

// for the uncertainty
return true; // Loop over GENERATED MC events and do the integral in effect via
y // uniform MC sampling

// We evaluate the integral:
) // namespace gra i

\int eta(Omega) Re Y_LM(Omega) domega, Omega = (costheta,phi)
= 0;

const double VOL = 4.0 * PI; // [costheta] x [phi] plane area
for (const auto &k : ind)
const bool fid = events(k].fiducial;
const bool sel = events[k].selected;
// Flat phase space
if (mode == "fla") |
// all fine

("Fiducial phase space”)

)

else if

se
++fiducial;

)

if (1sel) (
continue;

}else {
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+selected; Elindex] [indexprine], error);

} else {
throw sta.

)

PriRtE("46.3¢ +- 6.3 \t*,
)

nvalid_argument ("spherical::GetELM: Unknown mode " + mode);

i

printe (" | 46,32 \n*, colsum;
const double costheta = events[k].cu:theta,
const double phi = events[k].phi;

for (int 1 = 0
for (int m
Const int index

LiAX; ++1) (

nal;

3 < E.size_row(); ++3) {
< )
LinearInd(l, m);

0; i < E.size_col(); ++i)
const std::complex<double> Y = gra::math

{ rowsum += E(31(31; }
PrintE(vas. 26\Ew, rowaum;
(_complex_basis (costheta, phi, 1, m);
const double Gra:imath:iNReY(Y, 1, m); PrintE ("\n\n\n\n");
for (int lprime = 0; lprime <= LMAX; ++lprime) // Calculate matrix condition number via SVD
for (int mprime = -lprime; mprime <= lprime; +imprime) { atrixxd A = gra::aux::Matrix2Eigen(E);
const int indexprine = LinearInd(lprime, mprime); :JacobiSVD<Eigen: :Matrixkd> svd(R);
const.std: :complaxcdouile> Yprime - sval = svd.singularValues();
gra Y_complex_basis(costheta, phi, lprime, mprime);
const dowble ReYprine o 3ra::math:sNRt (Yorine, Iorine, morine): VD singular values of the matrix:® << std:sendl;
et i=0; i< B.size_row(); ++i) { Printf("$0.4 ", sval(i)); }
// Sum to the MC integral and its squared version std:icout << std::endl;
/7 (for uncertainty) const double conditionnumber = sval(0) / sval(E.size_row() - 1);
const double f = VOL * ReY * Re¥prime; // Note volume term if (conditionnumber < 10)
Elindex] [indexprime] += f; std:icout << rang:ifg::
E2(index] [indexprine] += £ * f; ) n]. e
) )
)
) Printf("Condition number: sMax/sMin = $0.4 \n", conditionnumber);
) std:zco 1 << std:endl << std ;
g:ireset;
£1a" || mode «
"Fiducial flat MC phase space events = id (acceptance %0.3f '
"percent) \n* // Acceptance expansion coefficients using MC events
fiducial, fiducial / static_cast<double>(ind.size()) * 100); std::pair<sta:: sta:: .
) :
if (mode == "det”)
printe(

e,
ize_t> ind,
string smode) {

const std: :vector<std:
int LMAX, const std:

"Selected flat MC phase space events
"percent) \n",

= %4 (efficiency %0.3f "

const int NCOBF = (LMAX + 1) * (LMAX + 1);

etELM: mode = " << mode << std::endl;
selected, selected / static_cast<double>(fiducial) * 100); iicout << "Gemerated flat MC phase space events - © << ind.size() << std:zendl;
+
if (mode == "fia" || m “dat®) // Construct the efficiency coefficients E_LM with linear indexing
ie (iductal < 50 || selec\:ed < 50) std: 1vector<double> E(NCOEF, 0.0
st © << rang "GetGixing:  Too low MC event count in the mase bin!"
ot << starsonaty

vector<double> E2 (NCOEF, 0.0); // for the uncertainty

// Loop over GENERATED MC events and do the integral in effect via

// uniform MC sampling

// We evaluate the integral:
Vi

/ Do the normalization

const double N_generated

static_cast<double> (ind.size()); // Generated events within this mass interval

vector<double> E_error (E.size_row()

0.

// E_Li = \int E(Omega) Re Y_LM(Omega) dOmega, Omega = (costheta,phi)

g matrix integral cosfficients G_(11')"(mn’}
sravectoraoubler rousun (NCOSE, 0.0);

endl;

2 Srt (4.0 % BTy // Nommalization volune
for (int 1= 0; 1 <= LMAX; ++1)

for (const auto &k : ind) {
for (int m = -1;

bool fid = MC[k].fiducial;
bool sel = MC[k].selected;

1 +4m) { printf('c_tard \e", 1, m; )

// Flat flat phase space
¢

}

// Geometric acceptance ("Fiducial phase space”)
i e £ia")
Printf("G_tdid : ", 1, m);

double colsum = 0;

for (int lprime = 0; lprime <= LMAX; ++lprime) {
for (int mprime = -lprime; mprime <= lprime; ++mprime) (

const int indexprime = LinearInd(lprime, mprime);

++fiducial;

Elindex] [indexprime]

/= N_generated;
E2[index] [indexprime]

// Geometric x Efficiency ("Detector level”)
"det") {
/= N_generated;

else if (mode

ie (1fid)
cont inu
colsum += E[index] [indexprime]; ) else
++fiducial;
double error = CalcError (E2[index] [ + Elindex][i . i }
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if (1sel) (

size_t> &ind, int LMAX,

const double

= sqrt(4.0 * PD);

const unsigned int Neoer = (o + 1 -
st

nvalid_argument ("spherical

// Normalization volume
d::vector<double> t (NCOEF, 0.0);
GetELM: Unknown mode " + mode);

(LMAX + 1);

for (int 1= 0; 1 <= LMAX; ++1) |
const double costheta
phi

= MC[k] .costheta;

ox ot m = oLy m <= 1 v
double 0;
const double - Mc(x) conat unsigned int index - LinearTnd(L, m);
for (const auto &k : ind)
for (int 1=0; 1 { // Check is this event selected by cuts
for (int m = -1; m <= 1; +m) ( const bool fidtrue = input [k].fiducial;
ath::¥_complex_basis(costheta, phi, 1, m); const bool seltrue = input [k] .selecte
{/ 5um to the uC integral and its square (for uncertsinty) {{ Fiat ciat phass space
double £ = V * gra NReY(Y, 1, m); // Note volume V term 0
const int index = LinearInd(l, m);
Efindex] /{ Geometric acceptance (*Fiducial level)
B2 lindex 1= pow2 (£); else if (mode an (
Tt Utinerner ( continuer )
)
) 7/ Geometric x Efficiency ("Detector level”)
if (mode £1an || mode ety ( else if (mode == "det") (
printf( if (1fidtrue) ( continue; }
iducial flat MC phase space events = id (geometric-kinematic " if (iseltrue) { continue; }
"acceptance * ) «
%0.3¢ percent) throw std::invalid_argument ("spherical::Sphericalloments: Unknown mode " + mode);
fiducial, fiducial / static_cast<double> (ind.size()) * 100); )
)
(mode == "det”) { const double costheta = input (k] .costheta;
prints( const double ohi input (k] .phi;
olected flat MC phase space events = %d (fiducial efficiency ' const std: :complex<double> ¥ math: :¥_complex_basis (costheta, phi, 1, m);
0.3¢ percent)
sum += gra::math:iNReY(Y, 1, m);
selected, selected / static_cast<doubles (Fiduciall * 100);
tlindex] = V * sum; // Note volume V term
if (mode «
it (fiducial < 1000) ¢ )
cout << "GetELM:: Very low [fiducial] MC event count = " << fiducial return t;
<< % in the mass bin!" << std:iendl; )
)
) // Calculate ¥_Im values for each ev:
if (mode == "det’) { Ibat eincdouble3 VLN (conet std: 1vectorconega> Gevents, int LMAK) (
3£ (selectea < 1000) { std:icout << "YIM:' << std:iendl;
GetELM:: Very low [selected] MC event count = " << selected
in the mass bin! ndl; const unsigned int NCOEFF = (LMAX + 1) * (LMAX + 1);
) Mitat rix<doubl _in(events.size(), NCOEFF, 0.0);
)
// Loop over events
// Do the normalization i for (const auto k : indices(events)) {
const double N_generated = (double)ind.size(); // Generated events within this hypercell 6 / Get event (costheta, phi)
vector<double> E_error (E.size(), 0.0); const double costheta - events[k].costheta;
const double phi = events[kl.phi;
{/ oo over (Lm) coefficients
1< maax; ++1) ( for (int ++1) (
-1 i+ for (tat m = 1; )
Const ine indox = Lincarind(l, m; const std::complex<doubles ¥ = gra: imath::Y_conplex_basis (costheta, phi, 1, mb;
Elindex] /= N_generated; // save its value
E2lindex] /= N_generated; const int index = LinearInd(l, m);
Y_Im(k] [index] = gra::math::NRe¥(Y, 1, m);
/ 1 signa MC integration uncertain
const double error = msqrt ((E2[index) - std::pow(E(index], 2)) / N_generated); )
E_error[index] error; )
sum += Elindex]; i return Y_lm;
)
Printf("E_tdid \t= 312.8f +- %1
sta.

(rel.error %9.3f percent) \n", 1, m, Elindex], error,

2.8¢
abs (error / E[index]) * 100)

)

)

prince ("sunin )i

cout << "Uncertanties by Monte Carlo errors = sqrt((<fA2> — <£>%2) / n}"

St icowt << avassend

// Spherical harmonic dot product between coefficients
// This is the property of orth

// \int G(omega) x(omega) domega <=>

0.8£ \n", sum) double HarmbotProd (const
const std

gives the integral.

g
g

<< stdi:

const std::vector<double> &x,
Vector<hools SACTIVE, int LVAX) (
return (E, E_error});

++1) 4
wam)
LinearInd(l, m);
if (ACTIVE[index]) { sum +
Calculate expansion coefficients directly via algebraic expansion
V4

Glindex] * xlindexl; )
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return sum;

// TODO: add correlations in to the sum
: double HarmDotProdError() { return 0.0; )

void «

e st x, const std::vector<double> &x_error,
Conat atd: vectordbools GACTIVE, int LMAX) (
for (int 1 = 0; 1 <= LMAX; +41) {
for (int m

m <= 1; +m)
onst unsigned int index - LinearTnd(l, m;
Printf("t_idid \t= $8.1f 4= 35.1f ", 1, m, x[index], x_error[index]);

if (ACTIVE[index]) {
sta. < "[" << rang green << "active << rang
} else

sta::cout <<

“[" << rang

g:ired << "inactive' << rang

giireset << "]" << std

// Calculate indices for this interval
7

sta:: tisize_t> GetlInd

(const std::

const std
st

seve
vector<double> &Pt, const std::vector<double> &Y)
vector<std::size_t> ind;

for (const auto &i : indices(events))
if (events[i].M > M[0] && events[i].M < M[1]
events(i].Y > Y[0] && events[il.¥ < ¥[1])

6 events[i].Pt > PL[0]
i
ind.push_back (1) ;

)

6 events[il.Pt < PL[l]

cout << rang::fg:igreen;
MASS RANGE: [%0.3£, $0.3€] GeV, PT RANGE: [30.3f, 30.3f] Gev, ¥ "
RANGE: [%0.3f, $0.3f]

": Events in this hyperbin $lu/$lu \n\n'
M[0], M[1], Pt[0], Pt[l], ¥[0], ¥[1],
cout << rang::fg::reset;

ind.size(), events.size());

return ind;
)

// TestIntegrals spherical harmoni.

: // This is a test function, all integrals should give 1 if the normalization is
/ correct

void TestSphericallntegrals(int LMAX) (

MRandom

const unsigned int NCOEF = (LMAX + 1) * (LMAX + 1)

st << "Testsphericallntegrals: "

<< std:rendl << st

endl;

7/ Conatruct the efticlency coefficients EFSILONLN with linear indexing
vector<double> E(NCOEE, 0.

vector<double> E2 (NCOEF,

e 59:0; 1/ for the uncertainty
// We MC evaluate the integral
7/ \int |Re Y_LH(omega)|*2 domega, oOm (costhetasphi)
const double N = 100000; // Number of sampl,
// Integral domain volume:
const double V = 4.0 * gra

|costhetal x |phi| = [-1,1] x [0,2pi]
mathsipl;

for (stdiisize_t k = 0; k < N; +4k)
const double costheta = random.U(-1.0, 1.0);
const double phi = random.U(0.0, 2.0 * PI);
1 <= DAAX; +41) {
“1imo<= 1; +em)
const std::complex<double> Y = gra::math::Y_complex_basis(costheta, phi, 1, m);

// Function value
double £ = std::pow(std::abs(gra:imath::NReY(Y, 1, m), 2) * Vi

// Sum to the MC integral and its squared version (for uncertainty)
const int ind = LinearInd(l, m);

Elind] += £;

B2[ind] += pow2(f);

8/8
ize_t m = 0; m < A.size_row(); ++m) (
et n = 0; n < A.size_col(); ++n) { ylm] += pow2(A[m](n] * x[n]); }
msart (yIm)) s
)
return y;
"

namespace spherical
// namespace gra

ents, const std::vector<double> &M,

«

[

./src/Mspherical.cc

7/8
)
)
for (int 1 = 0, LeRX; +41)
for (int m +m) |
const int ind = LinearInd(l, m);
Elind] /= N;
B2(ind] /= N;
// 1 sigma MC integration uncertain
double eror = Calesrror (52(ind), Elind), W

Printf("I_sdsd \t= 312
sta.

(zel.error 39.3f percent) \n", 1, m,

Tabs (erzor / Blina]) * 1005

// Find out linear in

dex
: int LinearInd(int 1, int m) { return 1 * (1 4 1) +m; }
// standard error
1: double CalcError (double f£2, double f, double N)

( return sqrt((£2 - std::pow(f,
// Print matrix to a fil
void PrintMatrix(FILE *fp, const std::vector<std::vector<double>> &A) (
// Print out coefficients
for (std: i< Ausize(); ++i)
0; 3 < Alil.size();

++3) { fprintf(fp,
fprintf(tp,

“a";

TRO.LE Y, AL
)

fprintf(fp, "\n");
)

// synthesize distributions with real SH-basis

77 £tehota,ph) = \sun_ {120} \sun_ tm

~1}°1 c_lm x Y_R*{Im} (theta,phi)
[A— real_syntnesize (const std: svector<douler
td:

&c_lm, const
_t N,

std: :vector<double> icostheta,
«

const int LUAX

&phi, bool
- msqrt (ACTIVE.size () - 1;

77 Coateneta) and pht
costheta th:

Linspace (1.0, 1.0, W);

phi ~ math:ilinepace (-math::PT, methiiPT, );
// Do the expansion
M¥atrix<double> Z(N, N, 0.0);

for (int 1 = 0,

:LinearInd(l, m);

if (IACTIVE[index]) 7/ Not active

T dont i

for (comst std::size_t &i : indices(costheta)) (
for (const std::sizet &3 : indices(phi)) {
// Add value

Z[i](j) += c_lm[index] * matl
)

¥_real_basis(costheta(il, phi(il, 1, m;
)

max = 1e-32;

i< z.size_row();

+41) |
for (stdiisize t j = 0; j < Z.size col(); +4+3) {
if (2[4113] > max) { max = Z[i103]; }
)
}
Z =2 % (1.0 / max); // Normalize elements
)

return z;

// Vector taylor expanded error propagation from x via A to y
// x contains standard deviat

// A is the system matrix
:ostdis

&, const std::
std::vector<double> y(A.size_row(),

0.0);
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// Spin polarization functions

7

// (Wigner-D functions, Clebsch-Gordans, Arbitrary Spin-Density matrix)
2/

27/
§ /7 In general, functions here use helicities for fernions which are
7: // not normalized by the spin vector nor
/7 Tat is, functions use [-1/2 1/2] not “for example [-1, 1].

// T8D: Add permtation Gohezent spin chains with Bose-Einstein / Femi-Dizec sign
ogether with eights at amplitude level.

7/ (e) 2017-2020 Mikael Mieskolain

/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.

namespace gra (
namespace spin (

const double epsilon

4317/ Used for checking eigenvalues
-6;

// Initialize helicity decay amplitude matrix T (2s1 + 1) x (252 + 1),
2
7/ where s1, s2 are daughter spins (0, 1/2, 1, ...)
7
77 T (\anbaa_i \lanbea_2)
~ \sun_(1s) \alpha

< J\larrbda‘laﬁ\lambda> <s\lambd:

7

| 5152\ 1ambdat, -\lanbdaz>
void InitTHatrix(gra

HELMatrix she, const gra
Mparticle &p2) |

oospinks / 2.05

p.P;

:iMParticle ap, const gra

tiMParticle apl
const double J

const int P

const double s1
const. 11

Pl.spinx2 / 2.0;
P

const double s2 = p2 spink2 / 2.0;
comst int P2
// Boson or Fermion

(cint(s1)) 7 true : false;

-t (cint(s2)) ? true ;

const bool identical = (pl.pdg == p2.pdg) ? true : false; // e.g. pi0 pi0 vs pi+pi-

// Helicity decay amplitude matrix

he.T = MMatrix<std: ine>(2 * 81+ 1),
static_cast<unsigned int>(2 * 52 + 1), 0.0);

Miatrix<bool> need to_set (20, 20, false);

Miatrix<bool> active(20, 20, false);

set

tag_: false;
unsigned int nonzero

(252 +

// Construct T-matrix (2s1 + 1) x 1) elements
std:icout << st

Elind],

2 /W

}

std::vector<bool> GACTIVE,
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cout << "gra::spin
< " Particle 1

" rmion")

fermion”) << std::endl;

(is_bosonl ? "boson" // FINAL MODE

, Particle 2: " << (is_boson2 ? "boson"

4 (he-P_conservacion) ( he.T[i][j] += hc.alpha[l][s] * NORM * cgl * cq2;
out.

acity conservation: ® = P1x P2 x (1A (2% <P <c «r print(

<o, B2 L e B2 << 10 << stdsiendl; "t = %4.1f, lambda2 = %4.1f : cgltcg2 = %6.3f <alpha_ls = "
¥ "(%0.3£, %0.3f)>\n",
stdsicout << std:iendl; 1, s, lambdal, lambdaz, cgl * cg2, std::real(hc.alphallllsl),
o std::imag(hc.alphalll (s1));

leulat. su(2) [lambda = lambdal - lambda2]: " }
} // lambda2

// Two loops, First check that sum |alpha_ls|2 == 1 for active ls values

) // lambdai
1
for (int MODE = 0; MODE < 2; ++MODE) } /s
s <= static_cast<int>(sl + s2); ++s) (

1 <= static_cast<int>(J + s); ++1) {

i i < static_cast<int>(2 * s1 + 1); ++i) (

for (int 3 = 0; 3 < static_cast<int>(2 * s2 + 1); ++3)
const double lambdal = -sl + static_cast<double>(i); // From negative to positive
const double lambda2 = -s2 + static_cast<double>(J); // From negative to positive

// Check normalization
double sum_alphasg = 0;
ODE == 0) {

0; 1 < hc.alpha.size_rou(); ++1) {
s < hc.alpha.size_col(); ++s)
if (active(l](s) == true) | sum alphasq += math::abs2(hc.alpha(l](s]); }
)

// Jacob-wick
const double lambda = lambdal - lambda2;

// Check angular momentum conservation for z-axis {
}

if (! (abs(lambdal - lambda2) <= J)) { continu // Not conserved

// Now normalize the user alpha_ls input if needed such that: sum_(1s) |alpha_ls|~2 = 1
if & std::abs(sum_alphasq - 1.0) > le-6) {
std::cout << 'Renormalizing input: sum_{1s) |alpha_{1s}]°2 = " << sum_alphasq << "

"
// Re-coupling coefficients << ... >>

// Normalization
const double NORM = msqrt (2.0 * 1 + 1.0) / (2.0 * J + 1.0));
for (starsaizet 1= 0; 1< healphe.sizeson(); S
for (st alpha.size_col(); ++s) (
Tt Tactive (11 (o)) ( ne. alenaii)(s) /- mart (sum alphasa); )
)

[/ <3 \lambda | 150\lanbes
const double cgl = gra::spin::ClebschGordan
tatic cast<doubier (1}, static.castcdoubles (s), 0.0, lambda, J, lambda);

// <s \lambda | s1s2\lambdal,-\lambdaz>
const double cg2 =
gra::spin::ClebschGordan(sl, s2, lambdal, -lambda?, static_cast<double>(s), lambda);

} // MoDE 0,1

V4

const. st

string str0 spin:iInitTMatzix:: [' + gra::aux
aritylostring () + 1 o> '+ ora
sParityToString(e1) + " ' +
aux: prnZ){toS(xxng(Z *os2) 4 et oux: parieyTosering () +
" (identic 3 eea Tatring tiadntical ¢ ot I

pinzKtostring (2 4 ) 4 " ¢
:Spin2XtoString(2 * s1) +

// Angular momentum conserved (should be, by construction here)
if (!(stdi:abs(lambda) <= J)) { continue; } // not conserved

// If parity conserving decay
if (hc.P_conservation)

£ (nonzero
const std ": Decay is ble (spi: tics) [.P_c [N
hc.P_conservation ? std::string("truel”) : std::string("falsel”));

¢
nvalid_argument (str0 + str);

throw std::

1
) not conserved

b tor 1B ( contina
) stdiicout << std:iendl;
std:icout << "T matrix (2s1 + 1) x (252 + 1):" << std:iendl;

gra:imatoper::PrintMatrixSeparate (hc.T);

// Bose-symmetry for identical Boson-Pairs (symmetric
7/ wavefunction)
if (is bosonl 4& is_boson2 && identical) (

if (1Bosesymmetry(l, s)) ( continue; ) // not right
)

// Nullify all inactive
for (std:isize t 1 = 0; 1 < hc.alpha.size_row(); ++1) (
for (std:isize_t s = 0; s < hc.alpha.size_col(); ++s) {
if (active(l][s] == false) { hc.alphalll(s) = 0.0; }

// Fermi-Symmetry for identical Fermion-Pairs (antisymmetric
// wavefunction)
if (tis_bosonl && !is_boson2 s& identical) (
if ({FermiSymmetry(l, s)) ( continue; } // mot right
)

cout << "Normalization:' << std
coue << tounh [aipne (1e) |2 = ° << he.aipha Fropom2 ()
" <=> sumh [T_{lambdal,lambda2}|~2 = " << hc.T.FrobNorm2() << std::
& etas renats

{{ CG-eoupling produet is non-er:
if (std::abs(cgl * cg2) < le-6) { continue; }

// Check do have missing values:
* This coefficient is active ** if (tag_set) {

active[l][s] = true,

tring str = "";
for (std::size_t 1 = 0; 1 < need_to_set.size_rou(); ++1) (
for (stdiisize t s = 0; 5 < need to_set.size_col(); ++s)
se (need_to_sec (1} 3] == txue)
" o_string(1) + "

// INITIALIZATION MODE
0

// Has not been set, throw error next + std::to_string(s) +
if (nc.alpha_set[1][s] == false) (

need_to_set [1] (s]
tag_set

}
++nonzero; const std: 1string middle
) .

Following helicity decay alpha_ls-couplings "
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" // See Kaidalov et

auto ReggeTheory = () kdoubl- t1, double t2, double ml, double m2) {
tabs(cl), stdi:iabs(ml) / 2.0)

ipow(std::abs (t2), stdiiabs(m2) / 2.0);

issing from BRANCHING: (1,s) "

throw std::invalid_argument (str0 + middle + str);

b
)

7/ |1-s| <= 7 <=1 + s, parity P = (-1)"1
771 is orbital angular momentum
7/ s is total spin

turn A0 * ReggeTheory(lts.tl, lts.t2, ml, m2) * std::sin(dphi);

{{ Axial vector 1P = 1t [e.g. I zm]
5f (res.p.spiniz == 2 66 rea.p.

// Bose-Binstein statistics requires l-s to be even
// for identical Boson pairs.

bool Bosesymmetzy (int 1, int s) (

7 so decomposition as given by InitTMatrix
// only one alpha_(ls = 22)

7

0) ( retumn true; }
return false;

)

(0.000), std: (-0.500), std: :complex<double>(0.000) },
(0.500), std. (0.000), std: : complex<double>(-0.500) },
(0.000), std: (0.500), std: :complex<double>(0.000) ) };

// Fermi-Dirac statistics requires l+s to be even
// for identical Fermion pairs.

: bool FermiSymmetry(int 1, int s) {

const int number = 1 + s;

if (number § 2 == 0) { return true; }

return false;

)

{{ Vector photoprodustion J°¢ = 1= fe.g. tho770]
if (res.p.spinx2 & res.p.p == -1) {
1o

7 S0t decomposition as given by InitTMatrix
// assuming alpha_(ls = 01) = 1/sart(2)
/. al,

// Initial state spin treatment: Pomeron + Pomeron/Gamma -> Resonance X / ha_(1s = 21) = 1/sqrt (2)

i 0 =

7 (std: L697), std: (-0.169), std::complex<double>(0.697)});
sta: Gra: :LORENTZSCALAR 41ts, gra::PARAM_RES 4res) ( )

// apply coupling here
complex<double> A0 = res.

// Boost propagator to the system rest frame
Maves gl = its.ql;
tics::

gra:

// Generation 2->1 spin correlations not active
if (res.SPINGEN == false) { return AD;

(lts.pfinal[0], lts.pfinal(01.M(), ql, -1);

const MMatrix<std: :complex<double>> £
in::MAtEix (10, res.p.opink? / 2.0, sl s2, ql.Theta(), ql.Phi();

// Tensors J°P = 2+, 4%, 6+,
// "Pomeron effective spins
double s1 = 0;
double s2 = 0;

// Construct the D-matrix for an event-by-event spin space density operator
// rotation
double theta R = 0.0;
double phi_R 0.0,

// SU(2) decomposition as given by InitTMatrix
Y

// only one alpha_(1s) = 1.0 needed // Fix the frame here

MYatrix<std: T0 = [(std: (1.0)h); const std::string FRAME = res.FRAM
CetRhoRotat Lon (16s, FRANE, thete R, Pi_R);
Vi
Vi
// scalar // Rotation does mixing of spin states. N.B. Eigenvalues do not change in

// rotation.
const MMatrix<std: :complex<double>> D = gr:

if (res.p.spinX2

0 8 res.p.p

1) { zeturn A0; }

spin::DMatrix(res.p.spinX2 / 2.0, theta R, phi_R);
// Pseudoscalar J°P = 0-, [e.g. eta(548), eta(958)"]
if (res.p.spinX2 == 0 &% res.p.P 1 0

/e

// rho_rot = D*\dagger*rho*D [keep this sandwich order!
const MMatrix<std::complex<double>> rho_ROT = D.Dagger() * res.rho * D;
s1=1;
// Krauss operator map

const MMatrix<std: :complex<double>> fORFd0 = £0 * rho ROT * £0.Dagger();

s2 = 17
// SU(2) decomposition as given by InitTMatrix
"

// only one alpha_(ls = 11) = 1.0 // Normalization as in Decayamp
VA const double NORM = msqrt (res.p.spinX2 + 1.0);
T0 = {{std: 0.707), st
{std: :complex<double> (0.000), st
{std: :complex<double> (0.000), st

(0.000),
complex<double> (0.000),
: :complex<double> (0.000),

omplex<double> ( 0.000) ],
omplex<double>( 0.000)),
omplex<double> (-0.707) 1)

// #pply final amplitude level weig
= NORM * msqrt (std::real (FORFdO. race0))s

-/
return 20;
// This should be recursively connected with protons, instead use simplification below:

// Forward proton pair deltaph.
const double dphi = lts.pfinal(1].DeltaPhiibs(lts.pfinal(2]); // Recursive decay chain with spin correlations:

7/ X > A> (Al + 22} B> (BL > (CL + C2] + B2] ...

// ~ WA102 data (not fully sin(phi) symmetric after MC, due to kinematics) a

7o std: : Glts, gra::PARAM_RES dres) (
7. /7 apply coupling first

A double A0 - res.hel.g_decay;

a —>

70 180 deg // becay 132 spin correlations not active

if (res.SPINDEC == false) { return RO; )

// This function handles only 2-body decays
if (lts.decaytree.size() != 2) { zeturn AO; }
// No spin, no need
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if (res.p.spin:

e e e TT0 0} + A0r (1,5) = (0,0)

// Transition amplitude matrix £ for X —> A + B in the X rest frame
// Daughter spins

const double sl = lts.decaytree(0].p.spink2 / 2.0;

const double s2 = lts.decaytree(l].p.spinkz / 2.0;

// Boost daughter to the A-rest fra
Jivee boosted daughter - 1ts.decaytres(0).
gra::kinematics::LorentzBoost (1ts. pfu\al[ﬂ]r

Lts.pinal(0].40), boosted daughter, ~1);
MMatrix<std::complex<double>> fX = fMatrix(res.hel.T, res.p.spinX2 / 2.0, sl,
boosted_daughter.Theta (), huusce@angnce: Phi();
// Now go through the decay tree leaves
TreeRecursion (1ts.decaytree[0]);
TreeRecursion (1ts.decaytree(1]);

recursively

// Get tensor products bac
M¥atrix<std::complex<double>> fA;
TensorTree (lts.decaytree(0], fA);

MMatrixestd:

mplex<double>> fB;
Tensortres (its. deceyirealil, £5);
// £ matrices have dimensions: [(2s1 + 1)x(2s2 + 1)] x (20 + 1)
// Total transition amplitude matrix as a tensor product
Matrix<std: :complex<double>> f;

if (Lts.decaytree[0].legs.size()

0 & lts.decaytree(1].legs.size ()

(
£ = £X; // No recursion
) else {
£ = gra::matoper::TensorProd(fA, fB) * f£X; // Matrix x Matrix product
)
MMatrix<std::complex<double>> £A_D = fA.Dagger();

Va

// Construct the D-matrix for an event-by-event spin space density operator

0.0;

0.0;
GetRhoRotation (lts, res.FRAME, theta R, phi_R);

/
// Rotation does mixing of spin states. N.B. Eigenvalues do not change in
// rotation.

const MMatrix<std: :complex<double>> D =

gra::spin

DMatrix(res.p.spinX2 / 2.0, theta R, phi_R);

sandwich order!

// rho_rot = D"\dagger*rho*D (keep this
o ROT = D.Dagger ()

const MMatrix<std: :complex<double>> rho_i

* res.rho * D;

// Weight (amplitude squared) of the eve
// Tr[f*rho*f dagger]

const MMatrix<std::complex<double>> fRfd =

nt by the density matrix formalism:
£ * rho_ROT * f.Dagger();
// (same cross section obtained as with spin-0 if densit.

// matrix == 1/(27+1) == totally unpolarized)
const double NORM = msqrt (res.p.spinX2 + 1.0);

// (27+1) is normalization to match production coupling with spin-0
ty

(g Tinal welont at amplicude leve
A0 *= NORM * msqrt (std: Ceai (fafa.Trace ()

return A0;

// becay amplitude matrix X -> A + B
77

Matrix<std: 1
const unsigned int A = 0;
const unsigned int B = 1;

sbranch) {

// Get daughter spins
const double s1 = branch.legs[Al.p.spinX2 / 2.0;
const double s2 = branch.legs(B].p.spinX2 / 2.0;

// Rotate and boost daughters to the frame where z-spanned by X-flight

direction (X-helicity rest
77 grame)

ta: daughter = (branch.legs[A].pd, branch.legs(8].pd};
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phi_R = bijector.Phi(); / o+

/ In Gottfried-Jackson frame [quantization axis by the momentum transfer vector]
) else if (FRAME

"Gam)

// Propagator

Mavec qlboost = 1ts.ql;

gra:iki fos:: lts.pinal(0], lts.pfinal(0].M(), glboost,
~1); // Note the minus sign

theta R = glboost.Theta(); // +

phiR = glboost.Bhil);  // +

) else

// Throw exception
const std:

istring str =
Gatfotation: Usknown polasisstion Lacents rest FAME chosen
(no rotation), HX (helicity),
Tvaiia argunent (ste);

"+ FRAME +
CS (Collins-Soper)";

// Create spin projections -J <= M <= J (number of 2J+1)
// negative to positive
a

7/ spin-1/2: [-1/2, 1/2]

7/ spi. 1, 0, 1

// Spin-3/2: [-3/2, -1/2, 1/2, 3/2]
// spin-2: (-2, -1, 0, 1, 2]

V4
st

vector<double> SpinProjections (double
vectorcdouble> M(sta

double

for (stdiisizet

MIi]

m-1.0;

a4
atic_cast<int>(2 * 3 + 1), 0.0);

-3;
=0; i< Msize(); ++1) (

)
return M;

// Returns transition amplitude matrix of size [(2s1 + 1)x(2s2 + 1)] x (27 + 1)
a

§ /7 £(\lambda_I\lanbde 2, M) (\theta, \phi) = D_(\lambda M)"J (\theta, \phi)
T_{\lambda_1, \lambda_2}

7/ theta,phi detined in the decay rest frame
7

// [REFERENCE:

Jacob, Wick, On the general theory of particles with spin, 1959]
// [REFERENCE: Amsler, Bizot, Simulation of angular distributions, 1983]
: MMatrix<std: &T, double J, double s1,
uble s2,

double theta,
static_cast<unsigned int>(2 * sl + 1) ||
static_cast<unsigned int>(2 * 52 + 1)) {

double phi) {
if (T.size_row()

T.size_col()
throw std::
"gra Input T matrix "
"(251+1)x (252+1) with wrong dimensions
std::to_string(T.size_row()) + " x " + std;
)

spin

.

o_string(T.size_col()));

// Number of final state configurations

const unsigned int N =
static_cast<un:

gned int>(2 * sl + 1) * static_cast<unsigned int>(2 * 82 + 1);
// Initial state projections

const std::vector<double> M = SpinProjections (J);

// Construct final state helicity configurations

// For indexing T matrix
MMatrix<double> ambda_values (N, 2, 0.0);
MMatrix<unsigned int> lambda_index(N, 2, 0);

unsigned int i = 0

0; mu < static_cast<int>(2 * sl + 1); +rmu)
(int nu = 0; nu < static_cast<int>(2 * s2 + 1); ++nu) {
lambda_values[i] [0] = -sl + static_cast<double> (mu);
lambda_values[i] [1] = -s2 + static_cast<double> (nu);

Lambda_index[i] [0] =

lambda_index(i] (1] =
eri;

./src/MSpin.cc
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gra::ikinematics branch.pd) ;

HXframe (daughter,

return fMatrix(branch.hel.T, branch.p.spinX2 / 2.0
daughter[A].Phi());

// Forward traverse the decay tree
a

‘reeRecursion (WDecaysranch sbranch) {
if (branch.legs.size() == 2

branch.f = CalculateFMatrix (branch);
// Infinite recursion

for (const auto &i : aux::indices(branch.legs))

// Reverse traverse the sequential decay tree
2/
-
voi (const

&branch,
1 rancn: legs.size ()
MMatrix<std:
MMatrix<st

¢
:complex<double>> £0;
complex<double>> £1;

TensorTree (branch.legs[0],

£0);
TensorTree (branch.legs(1],

£1);

// Now we are traversing backwards the binary tree at branch points

4 (branch.lega (01.1ega. size() == 0 44 branch.legs(1].legs.size(

) otee ¢

nch. £

matoper: :TensorProd(£0, £1) * branch.f;

// Last
) else {
out =

leg unit vector

(1, branch inx2 + 1, 1.0);

// Rotation angles to rotate the density matrix
V4

: void (

&lts, const std

£ gra:
double &phi_R) |
// Spin polarization density matrix defined:
/ In direct non-rotated rest frame

cur)y

lts.pf)nallﬂ] .Theta();
1ts.pfinal(0].Phi();

7+
7+

{{ I Coliina-soper rest frame [quantizstion asis by the bean
) else if (PR vesty

Mivec p1b - 1vs.pheant)

Mévec p2b = lts.pbean2;

// Boost the beam particles
inematics::LorentzBoost (1ts.pfinall0], lts.pfinal[0].M(), pib,
-1); // Note the minus sign

£inal(0].M(), p2b,
minus sign

gratiki tesit 1es.pe
-1

1101,
// Note the

d::vector<double> pblboost3 = plb.B3();
ector<double> pb2boost3 = p2b.P3();

// Collins-Soper bisector vector
const std::vector<double> zaxis =
gra::matoper::Minus (gra:

gra::m
tmatoper

atoper:
Unit {pb]boos(!] . gra:

tmatoper:
Mavec bijector;
bijector.Setp3 (zaxis);

// Now get the rotation angles

theta R = bijector.Theta(); // +
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”
// Construct transition amplitude matrix
Muatrix<std::complex<double>> £(N, 2 * J + 1, 0.0);

{/ Rows = final state spin projections
for (std:isize_t i=0; i <N; ++i)
7/ Final stale helicities
const double lambdal = lambda_values[i][0];

const double lambda2 = lambda_values(i][1];

// Total lambda by definition
const double lambda = lambdal - lambda2;

{/ Columng = initial stats polarizations

for (std:isize t 3 =0; J <2 *J+ 1; ++]) (
// Wigner D * Helicity amplitude
£(1](3] = WignerD(theta, phi, lambda, M[j], J) * T(lambda,

std:zendl;
Printiatrixseparate (f);

return f;

// Construct Wigner D-matrix for a spin-space operator rotatiol
MMatrix<std::complex<double>> DMatrix(double J, double theta R,

= spinProjections(3);

const unsigned int n =

static_cast<unsigned int>(2 * J + 1);

Mt rixsstd: scomplexcdouble> D (n, = 0.0);
for ( i<on;
for (std:taizet J = 0; 3 <nf ++;v ( DIi1[3] = WignexD(theta R, phi_R, M[il, M(j],
return D;
// $U(2) Clebsch-Gordan coefficients
double ClebschGordan (double jl, double j2, double ml, double m2, double j, double m) {
// Selection rules
if (iCGrules(jl, 32, ml, m2, j, m) { return 0.0; }
[/ Use mignes-3j symbol to evaluste, note minus on n!
return std::pow(-1.0, m + 31 - 32) * msqrt(2 * 3 + 1) * W33(il, 32, §, ml, m2, -m);
// Check if half-integer
bool chalfint (double x) {
if (std:zabs(2 * x - std::floor(2 * x)) < 1B-9) { return true; )
return false;
)
1
: // Check if integer
723: bool cint (double ¥) {
724:  Af (std::abs(x - std::floor(x)) < 1B-9) { return true; |
return false;
)
728: // Floating point equality comparison
5: bool isequal (double x, double y!
if (std::abs(x - y) < 18-9) { return true; }
return false;
)
// c-selection rules
uble CGrules(double j1, double j2, double ml, double m2, double j, double m) {
const bool PRINT_ON = false;

if (tchalfint (51) ||

halfint (32) || !chalfint(j)) (
if

(PRINT_ON} printf("CGrules:: (j1,32,3) not integer or half-integer\n");

return false;

if (leint(31 +

52 + // "Integer perimeter rule
if (PRINT_ON)

N
rintt(rcorales: 31 + 32 + 3 mot )n(cqcx\n")?

return false;

double phi_R)

string GFRAME,

(

sout)

double &theta R,

bijector frame]

s1, s2, daughter(A].Theta(),

{ TreeRecursion (branch.legs[il);

BN

tUnit (pb2boost3))) ;

ndex (1] (0]] [Lambda_index[1] [1]];

)
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7

if (tchalfint (1) || chalfint(m2) || tchalfint(m)
if (PRINT_ON) printf("CGrules:: (mi,m2,m) not integer or half-integer\n");

return false;
)
if (tisequal(ml + m2, m) {

if (PRINT_ON) printf('CGrules:: ml + m2 = m\n");

return false;

if (lisequal(jl - ml £loor (1 - mi))) (
e (BRINTON) printe("Corules:  parity of 23 1 and 2n_1 doss not mateh\n');

return false;

if (lisequal(j2 - m2, £loor(j2 - m2)))
if (PRINT_ON) printf("CGrules:: parity of 2j_2 and Zm_2 does not match\n");

return false;

if (lisequal(j - m, stdi:floor(3 - m)) {
if (PRINT_ON) printf("CGrules:: parity of 23 and 2m does not match\n");

return false;

iF (31 +392) <3 || < sedsiamsin - 32 1
e TBRINT.ON) print? ( Coruion . 3 over valid domaimin

return false;

)
i€ (std:iabs(ml) > 31)
3£ orinroom print (Corules [mi] > 31\n";

return false;

if (std:iabs(m2) > 32) (
if (PRINT_ON) printf('CGrules:: |m2| > j2\n");

return false;

if (std::abs(m)
if (PRINT_ON) px)nti(“CGxules‘

> 3\nm;
return false;

return true;
)

: // wigner 33 symbol
Vi

7/ (31 32 33)
7/ (m1 m1 m3)
a

// http://mathworld.wol fram. com/Wigner3j-Symbol. html
double W3j(double j1, double j2, double j3, double ml, double m2, double m3) {
// Check selection rules
if (W3jrules(jl, 32, 33, ml, m2, m3)) { return 0.0; }

// create coefficient structure

const int ¢5 = 32 + m2;

V4 for which £ are
const int lower —c2);
const int upper 5);

double  fsum

// Evaluate sum ters
for (int k= ower; k <= uepers 0
(g1

£sum += std::pow(-1.0, k) *

factorial(k) * gra::math
factorial(c2 + k) * gr:

)

[{ Eraluste by Racan fornula
const double we = std: -1.0, 31 - j2 - m3)
msqz(ka)anglgCnefi{]l, 32, 33) * gra::math::factorial(jl + ml) *
gra::math::factorial (j1 - ml) * gra::math::factorial(j2 + m2) *
h::factorial (32 - m2) * gra: factorial (33 + m3) *
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entropy = -entropy;
return entropy;

Wigner small-d (real valued convention, z-y-z convention)
Wigner small d_{mm"j~J(theta) ~ rotation around y_z-axis
/

o ¢ en.wikiped wiki/Wigner_ - (small)_d-matrix]

m, mp, J all in integers (not half-integers)

double Wignersnalld(double theta, double m, double mp, double ) (
const double facto:
mat!

actorial(J + m) * gra::math::factorial(J - m) *
gra::imath::factorial(J + mp) * gra::imath::factorial(J - mp));

double s

J/k=0,1,...,27
for (int k = 0; k <= 2 * J; ++k) {

{{ fgnore terms with negative factorials
1 =0 &k k +mp - m>= 0 & k >= 0) (

fifactorial(J +m - k) *
CTorial(n ¢ mp M) + geatimatn::factorial (01

ticos(theta / 2.0), 2 * J4+m-mp - 2 * k) *
in(theta / 2.0), mp - m + 2 * k);

value = vall * val2;
}
s += value;

)
// Fatal error

"gra::spin: :WignerSmalld: NaN value with (theta,m,mp,J)
stdiito_string(m) + ©  + std::to_string(mp) + © " + st
throw std::invalid_argument (str);

tito_string(d);

return factor * s;

)

// Wigner large-
/7 igner lazge Dl[heta,phzl - exp(idy theta) exp(idz
) 7 expllz'mP'PIlz/y

7
// m, mp, J all in integers (not half-integers)
/

std::complex<double> WignerD(double theta, double phi, double m, double mp, double J) {
return WignerSmalld(theta, m, mp, J) * std::exp(std::complex<double>(0, 1) * mp * phi);

// Density matrix properties:
77

// 1. rho*2 = rho (projector)
: // 2. rho’\dagger = rho (hermiticity)
7/ 3. Trirhe] = 1 (normalization)
7/ 4. rho >= (positivity, eigenvalues greater or equal to zero)
/

// Test positivity of the density matrix,
// - Also checks the trivial fact that rho
7/ has right dimensions given J, that is (27+1)

: // - Also checks that the normalization is ok.
/

7
7/ 18D, write down generalization for any spin (e.g. done with Eigen library

: // eigenvalues)

bool Positivi i &rho, unsigned int J) {
const unsigned int n = rho.size_row();

// Dimensions
if (0 - 1) /

throw std::invalid_argument (str);

- x
factorial(cd - k) * gra: factorial(cs - k));

"+ std:ito_string(theta) +
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831:

actorial (33 - m3)) *
£sum;
return we;

// Triangle coefficient
double TriangleCoeff (double 1, double ]2 doule 33) (

return gra::math::factorial (3l + 3) torial(jl - j2 + 33)
Gratimathi:factorial (231 4732 + 33) /gea: mathi:factorial(J1 + 32 + ]3 1

// Selection rules
: bool W3jrules(double jl, double j2, double 33, double ml, double m2, double m3) {
const bool PRINT_ON = fals:

if (teint(31 ¢ 32 + 33)) {
if (PRINT_ON) { std::cout << "W3JSR:: 31 + j2 + 33 not integer\n'; }

return false;

if (tisequal(ml + m2 + m3, 0)) {
if (PRINT_ON) { std::icout << "W3JSR:: ml + m2 + m3 1= O\n"; )

return false;

if (risequal(jl - ml, std::floor(31 - m1))) (
if (PRINT_ON) ( std::icout << "W3JSR:: parity of 25 1 and 2m 1 does not match\n"; }

return false;

)
if (tisequal(j2 - m2, std::floor(32 - m2))) (
if (PRINT_ON) { std: << "W33SR:: parity of 23_2 and 2m_2 does not match\n"

return false;

if (tisequal(i3 - m3, st r(33 - m3))) (
if (PRINT_ON) { std: T o2 IW335R: " parity of 213 and 2m_3 does not mateh\n’; }

return false;

i€ ((31 + 32) < 33 || 33 < stdirabs(31 - 32)) (
if (PRINT_ON) | std:icout << "W3jSR:: j over valid domain\n'; }

return false;

if (std::iabs(ml) > 31)
if (PRINT_ON) { std:

{
cout << "W3jsr:: |m1| > 31\a"; )

return false;

if (std::abs(m2) > 32) {
if (PRINT_ON) { std::cout << "W3jsk:: |m2| > 52\n"; )

return false;

)
if (std::abs(m3) > 33) {
i€ (PRINT_ON) { std::cout << "W3jsR:: |m3| > 33\a'; )

return false;
return true;

)

// Calculate quantum mechanical von Neumann entropy of a density matrix

double Matrix<std: srho) {

const unsigned int N = rho.size_col();
Eigen::MatrixXed AN, N);

// collect matrix elements
0; i<W ++i)
0; 3 <N ++i) { AGL, §) = rholil(3]; }

// Solve eigenvalues
Eigen fAdjointEigensolver Gigen: Matrixted> es (A1
if (es.info() != Bigen::Success) { return -1.

// calculate von Neumann Entropy
double entzopy = 0.0;
for (stdiisize t i = 0; i < N; ++i) (
s lambda Lues () .col (0) 4]}
const double igval = std::real(lambda); // Take real part for numerics
if (eigval > epsilon) { entropy += eigval * std::log(eigval); )
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return false;

V4
conse doubie Liaterno < ara: anaiho trace )
if (stdizabs (cracerho - 1.0) > 1e-2)

") (should be 1) 1";
rintMatrixSeparate (zho);

throw avalid_argument (str);

return false;

const double NEG_EPS = -1e6; // Negative for floating point reasons

// Spin-1
if (3 == 1)

«
// component as:
Va

, btli*e, ds
~b+1ite;

7 ot = 10,541
Va o, a
a a, e 0 se a1

// Test positivity of rho (ANALYTICAL
real (rho[1][1));
real (rho[0] (1]);
imag (xho[0] (1)) ;
ireal (rhol0][2]);

const double pcl = -4 * b *b -4 *c*c-2+drdia- (3%¥ara)/2.0+1/2.0;
const double pe2
S3*(@*d-a+1) *(2ratd-a+ata+d b btarcre) /2.0;

if (pcl >= NEG_EPS && pc2 >= NEG_EPS) {
return true;
} else {
Printf("pel = %0.5£, pe2 = 0.5¢ \n", pel, pe2);
sistring str =
gza: ispin: :Positivity: Eigenvalues of the density

: .Puncna\:xixsepara\:e (xho) ;

invalid_argument (str);
return false;

}

)
// Spin-2

else if ( 2) 1
// components as:
Va

7/ rho_i = (a f£elite,  grlivd, helive, m
7 £-lire, b, Jelitk, 1, -helire;
7 Jolivk,  1-2+(ath), -jelitk, g-litd;
7 1, j-1i%k, b, -rili*c;
7 -h-live,  gtiitd, ~f-1ivc, al;

[/ Test posicivity of tho (MALITICAL)

const double g =
const double h = st
const double j
const double k

const double pel = 6 ¢ At o -8t bt a-6%b b+ - I I I
“e-drfrf-4+grg- h ERE R

M

const double pe2 = -12 *a *a*a-48 *a*a*b+6tata-48%a*btb+2d%arbi
2%a*crc-12%ardrd+lzvarerer12 ¥ axfrf-
12*a*grg+lzrarh*h-24%a*3*j-24%a*k*k+
12*a*m*m-12+*b*b*b+6*b*b+12*b*c*c-
20 brd*d+l2vbreresl2 b ENE-20"b%grg+
12*b*R*h-12%Db*j*j-12%b* k*k+12+b*1%1-
12+ ctc42drcrdr a2 crerl-24%cte m-
20 crgrk+12* drdrm-20* drer3r2drdr k-
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24+d*h*k-12%e*e+ 24 ergrk-12F*f+24*f2g*]+ 1163:  MMatrix<std::complex<double>> rho;
2% £*h*1-20* £ h*m+12%g g m-24%g*h*]-
L2+h*h-12+3*3*1-12*k*k*1-6*1+1-6*m*m // Draw random density matrices until valid found, takes a couple
const_double pc3 = /7 usually
GoteTatb ot atatb b S6tatatatbosiataete e while (true) (
%6 taratere+t96ratarfrEro6rarath> 4 Tatyrg- // Create random complex natzix (n x 1)
a8 RS DS B i R R const unsigned int 253+ 1;
44 *a*btc*c-9ta*brd*d+t 144 atbretet 44 arb¥ it IMatrincotar conplexcdoublers 1 (n, n);
S6*a*b*grg+tl48tatbrhth-96%a*b*j*j-96* arbrk*k+
96 *a*b*l*1+9 *a*b*m*m-48*a*c*tc+9ra*ct fabzet L= 0 L < )
9 *atc*erl+l92*atcre*m-96*arctgrk-96* ardreri+ for (std::size_t 0; 3 <y 49 (
96 *ard*frk-9 *a*tdrhrk-48*arere+ 9 *a *grk - 013 o ing.Gl0, 1) 3 25+ tngG(0, 1) // real and inag paze from
48 *a * £*E+ 96 *atfrgr3 -9 *ta*frhtl+192 atErhtm- 7/ normal distribution
96+a*g*h*j-48*a*h*h-96*a*j*3*1-09 CR kL )
48+ a*1+14+4% *b*b*c*c-48*b*b*d*d+9% *b*b*e*ect
9 *b*b*f*f-48*b*b*g*g+9% *b*b*h*h+72*b*b*m*m- //Takeproduc[ (outer product per vector): r*r*\dagger
48+ brcrcH 9 rbrcrdr3-192*brcre*l+96 ¥ brcretm= -Dagger ()7
ISP M SN DR SR R DL D DA R DS S D
96 +b*d*h*k-48 *bte*e vertgrk-dB*brErE+ // Normalize the trace to 1 (real just for conversion to double)
Qs'b’i'q’)7]92‘b'f‘h'1‘95'b'f'h'm~95'b'g'q'm* const double scale - 1.0/ std::real (zho.Trace());
9 *b*g*h*j-48*b*h*h-48*b*m*m+2tcrcrctct = rho * scale
48 v crcrdrd-4BrcrcretetrdBrcict AL HABrCrctgrgs
48+ crtcrh*h+d8 crcririeaBrcrcrk k+a8rcore ]l tmt // If parity required, then
9 *crtd*dre+9rcrd 3 rl-96* crd¥rjTm-192* cre* £rh+ if (parity) {
6 rcrergrgt9Ercrer I *i ot crerk k6 e rer ]l i (3 == 1)
S6*cre*m-95tcrgrk 1l rcrgrkinidBrdrdre et // 1.1 Purely real elements by parity and
48+ d*d*Erf+96 drdrfrh+d8rdrdrh h+48rdrdrll- // hermiticity
96 *dte*3*1496 d¥res3 *m+96* drfrk 1-9*d*f*k*m- Tho(0] (2] = std::real (rho(0](2]);
96 *d*h*k*1+9 *drh*k*m+2d*erereretdBrerer 1L+
48t e*ergrtgtdBreterhrhi4Brerer A8 rererktk+ // 1.2 Parity constrained
48t erer 1 m+t 96 retgrktl-096%er gtk mt24tErEE LS hol[11[2] = -std::real (rhol01[1]) + zi * std::imag(rhol0](11);
48+ £ frgrg-48 £ Erhth 448 £ E* I8 ERE K k4
48 £ rE*1rm+ 96 Ergrgrh 496 ErgrIrl -9 Ergr)rmt // 2. Lower triangle = hermiticity constrained
96 % £ Xh* 3% 3+ 96X Erh Fk*k+96 % frht1l-96%EKhmt for (std::size t < nj ++i)
48+ g *grh *h+48 *grg*1*1-96%g* h*i*1+96%grh*jrm+ for (stdiisize t J = 0; 3§ <= &; ++3) ( rho[i][3] = stdi:coni(rho[31[i1); }
24+h*h*h*h+48 *h+h*3+*3+48+h=h+k=k+48*h*h+1*m+ )
48+ 3 *3rmrmtd8 rktkrmrme20t 1l mrm
const_double pcd = // 3. Diagonal parity constrained
120 * hol2][2] = std::real (rho[0] [01);
(c*ct2*cretere+frf+2+f*h+h*h-a*b-a*l+b*m+l*m*
(@*l-2*c*e-a*b-2+f*h-b*m+l*m+2*arb*b+2*ararh- if (3= 2) |
2vatc¥c-2%brctc-2%arerte+t2rbrdrd-2%arfrE- // 1.1 Purely real elements by parity and
2%bte¥e-2*b*f*f-2%a*h*h+2*b*g*g-2%b*h*ht 7/ hermiticity
2vatj*j+2*ark*k-2%a*a*l+2*b*b*m-2*d*d*1l- Tho[01[4] = std::real (rho[01(41);
2%grg*l+2%3*3*mt2*k*k*mtcrcrererf*frh*ht rho[1](3] = std::real (rho(1](3]);
4vatcretdrbrcrte-2%ar*brtltdrarfrht2% arbrmt
4%brfr¥h-4*crd*jrardrerIearcrgrk -4 drErk+ // 1.2 Paricy constrained
4vdthrk-d4*ergrk-4*frgrIratgrhti-2% arlrm- Thol[11[4] = -std::real (rho[01[3]) + zi * std::imag(rho[01(31);
2+b*1*m; rhol2](3] = -std::real (rho[1][2]) + zi * std::imag(rho(1]12]);
rho[2][4] = std::conj(rho(0] (2]);
if (pel »= NEG_EPS & pe2 >= NEG_EPS && pc3 »= NEG_EPS &4 pcd >= NEG_EPS) ( ho[3][4] = -std:ireal(rho[0][1]) + zi * std::imag(rho[0](1]);
return tr
} else // 2. Lower triangle = hemmiticity constrained
printf( i<n; D)
"pel = %0.5£, po2 = %0.5f, ped = 20.5¢, ped = " 3 <= & ++3) ( rholil(3) = sti:con](rho(3](i1); }
// 3. Diagonal parity constrained
Positivity: Bigenvalues of the density * Tho[3](3] = std::real(rho(1](1]);
. hol4][4] = std::real(rno[0][01);
gra: imacoper. (PrintMarixSeparate (£ho) )
throw std: :invalid_argument (str);
return false; // Re-Normalize trace to 1 (real just for conversion to double)
const double newscale = 1.0 / std::real(rho.Trace());
) else { ho = rho * newscale;
std:istring str = B
Ta::spin: :Positivity: Not a valid spin, only J = 1 and 2 currently tested —— check " )
"manually”;
gra:imatoper: :PrintMatrixSeparate (xho) ; // printmatrix(rho) ;
zeturn true; // Check that the matrix is valid density matrix in terms of
) // positivity requirement
) exy |
if (Positivity(rho, J)) ( break; }
// Generate randon density matrix for the resonance } cateh (...) |
// Create random (under Haar / Hilbert-Schmidt measure) spin-density matrices continue; // not valid density matrix
7/ for any spin,
/7 and oz spin' 1 and 2 the possibility to enforce parity consesvation )
7 gra::matoper: :PrintMatrixSeparate (rho);
// 8D, write down the generalization of parity conservation constaint for any
7/ s return rho;
MMatrix<std: :complex<double>> RandomRho (unsigned int J, bool parity, MRandom &rng) ( )
1162:  comst std::complex<double>  zi(0, 1); // imag unit
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1246:
1247
12481

)} // namespace spin
} // namespace gra

// PDG class

7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/licenses/MIT>

: #include <map>
#include <regex>

// own
: #include "Graniitti/MPDG.h"

// Libraries
#include "rang.hpp"

namespace gra {

// Read PDG particle data in
[/ Irput as che full path to FDG .ned £ile
void MPl :string afilepath)
e oot << MIDe: rheadpareicteneta Reading in PDG tables
std::ifstream infile(filepath);
std::string ne;

// Clear particle data
PDG_table.clear () ;

wnile (std:igetline(infile, line)) (
std::istringstream iss(line);

7 Gheck + (comment) lines
tring first;
iss >> first;

. t;
str.erase(str.begin() + 1, str.end());

// Skip lines with

if (str.compare("*") == 0) continu

/" EFIN. y
7 1- 8\ Monte Carlo particle numbers as described in
7 the "Review of
7 9 - 16 | Particle Physics". Charge states appear, as
/" ﬂPPzapna[ '
7 17- 20 | from lefe-somrisnt in the order =, 0, 4, ++.
7 25 - 32
7 55 bia
7 5451 renzzal value of the mass (double precision)
52 bla
7 53- 60 positive error
61 biank
7 62 - 69 negative error
7 70 blan
7 71 - 88 central value of the width (double precision)
. 89 blank
7 90 - 97 positive error
7 98  blank
7 99 -106  negative error
/ 107 blan
7/ 108 <128 particle name left-justified in the field and
7 charge states right—justified in the field
7 This field is for ease of visual examination
7 of the file and
7 should not be taken as a standardized
7 presentation of
7 particle names.

har
char
char.
char cname(L] = {0};

sscanf (line.c_str(), "%33c %35c %35 21c’, cid, cmass, cwidth, cname);
// printf("§s\tis\t¥s\tss \n", cid, cmass, cwidth, cname);

std:istring sid(eid, L);
std::string smass (cmass, L)
std:istring swidth(cwidth, L);

tring sname(cname, 1);

tring temp_str;
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// First find out how many charges
std:ivector<int> i
std::istringstream ss(sid);

while (ss >> temp_str) |
// Convert string to int
int value = 0
std::stringstream(temp_str) >> value;
if (value != 0) { id.push_back(value); }

7/ 1as.
// Mass and errors
ector<double> mass;
tringstream  ss2(smass);

while (ss2 >> temp_str) {
// Convert string to int
double value = 0;
std::stringstream(temp_str) >> value;
mass.push_back (value) ;

"
7/ WIDTH

// Width and errors
ector<double> width;
tringstream  ss3(swidth);

// If the particle WIDTH columns were empty
// > name column string will be empty by reading logic. This
// checks tha

pos) ||
npos))

npos) || (smame.find (1) 1= std::string
npos) || (sname.find("++") != st tring:

empty = false;

if (tempty)
while (ss3 >> temp_str) {
// Convert string to double
double value = 0;
std::stringstrean(temp_str) >> value;
width.push_back (value);
)

Vi
// NAME and Charges
st stringstrean ssd;
if (empty
ssd = std:
} else {
ss4 = std::stringstrean (sname);
)

1otringstrean (anideh) ;

std::string name;
ss4 >> name;

/7 seite by conna
ctor<int> chargex3;

while (ssd.good())
std::string substr;
std::getline(ssd, substr, '’

// Remove extra whitespace
substr = std::regex_replace (substr, std:iregex("* +| +5|() +"), "$1");

{{ Tdentify chazge (ORDER iz important herel)

if (substr.find('++") != std::string::npos) {
chargats.push hack (6);

} else if (substr.find(
chargex3.push_back (-6) ;

} else if (substr.find('-1/3") != std::string:
chargeX3.push_back (1) ;

}else if (substr.find('42/3%) 1= std:istring:inpos) (

std::string::npos) (

npos) {

«
«

chargex3.push_back (-3)
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|| p.spinxz

if (p.spinX2 el

Pp.spinX2

0 || p.spinx2 P.spinX2

2
= 10) { // Is a boson

3 || marscostring (e pd denan)
std::to_string (p.pdg) .length() == 6 || std::to_string(p.pdg).length()
unsigned int N = std::to_string(p.pdg).length();

unsigned int m = 0;

if (std:ito_string(p.pdg).length()
.

0" && std

o_string (p.pdg) [m + 11

-pdg) (m]

1) == '3%) p.setPCL(-1, -1, 0);

1

57) p.setPCL(l, 1, 1);

2
R sto_string(p.pdg) [N - 11

) p.setPCL(-1, -1, 2);

// 00qg9  4++
if (std::ito_string(p.pdg) [N - 1]

9') p.seteCL(l, 1, 3);

//L=a, 5=0

{{ o0aat 0ot
| (st st string (p.pdg) (m] rto_string (p.pdg) (m
o_string (p-pdg) [N = 1] == '1/) p.setPCL(-L, 1, 0);

o_string (p.pdg) [n] std::to_string (p.pdg) N - D)
Pp.setPCL(l, -1, 1);

[ 1095 2ot

if (s tx)ng(p pdg) [n] std::to_string(p.pdg) (N - )
[Stesivaiay

({1087

if (s tx;nq(p 29 (21 std::to_string (p.pdg) (N - 7

P e e

// 10ag9  4-+

if (std::to_string(p.pdg) (m] == std::to_string(p.pdg) (N - 1] == /9')
PesetCL(-1, 1, 4);

AR EE!

7

A

ie o smnqm pdg) [m] == ‘2" & std::to_string(p.pdg) (N - )

. setpcul, 1,

// 20495

if (std::to_: stnnqm pdg) [m] std::to_string (p.pdg) [N -
Pp.setPCL(-1, -1, 2);

/7 20qq7  3++

if (std::to_s suanm pdg) [m] 2' &6 std:ito_string(p.pdg) [N -

p.setPCL(L, 1,

// 20499
if (std::to_: str)ng{p £dg) (m)
P.setPCL(-1,

std::to_string (p.pdg) [N -

// 10qa1  0++
if (std::to, stx)ng(p pdg) [m)
p.seteCL(I, 1,

sta

o_string (p.pdg) (N -

// 30ga3  1-- 2
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} else if (substr.find("0")
chargex3.push_back (0) ;
)

npos) {

[/ 1oop over different chazge assigmments
for (std:isizet k = 0; k < id.size(); ++k) {
// New particle
gra::MParticle p;

// Add propert
p.name = name;

p.pdg = idlk];

if (mass.size() > 0) { p.mass = mass[0];

if (width.size() > 0) { // Unstable particles have width
p.width = width[0];

)
Prchargexs = chargex3 (k]
p.tau - thbar / p.width; // mean lifetime in the rest frame

int lastdigit = p.pdg % 10; // Get last digit
p.spinX2 (lastdigit - 1); // Get 27
p.weut =0 // Off-shell mass (width) cut

// Neutral mesons/baryons get 0 for their name

if (st s (p.chargeX3) & p.pdg > 100) {
p.name = p.name + "0';

} else if ((p.chargex3

0)
l&&Pqu< 6)
2] 1

I
4 || p.pdg 16))) { // quarks & neutrinos

tring(std
tring(std

bs (p.chargeX3 / 3), '+)

string signstr = p.chargex3 > 0 ? std
sta. bs (p.chargex3 / 3), '~');

p.name = name + signstr;
}

// SPECIAL CASES (not following spin numbering)
// sM bosons

( // gluon

// Not defined

( // ganma

[

I // Not defined
p.C /7 Not defined

)

if (p.pdg == 23) ( // 2

3 spia - 2
0; // Not defined
=0; // Not defined

S c
)
if (p.pdg == 25) ( // #

p.spink2 = 0;

PP =1; // scalar SM higgs

p.C 1; // Scalar sM higgs
'

// sM fermions

if (p.pdg >= 11 & p.pdg <= 16) ( // leptons and neutrinos
B 2pinke - 1
P2 Y
p.C 0; // Not defined

)

if (p.pdg >= 1 && p.pdg <= 6) { // quarks

Pp.spinX2 = 1;
p.B 1

p.C 0; // Not defined

)

v
// Meson J°PC (L) assingments
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333 s (stdsscostring o, qu) ] 3' && std::to_string(p.pdg) (N - 1] 30
334 Pp.setPCL(-1,
335
336: // 30qg5 24+
337: if (std::to_string(p.pdg) [m] == '3’ && std::to_string(p.pdg) [N - 1] 51
338 P.setPCL(L, 1, 3);
339
340: // 30aq7
341 if (std::to_: s:nnqm pdq) [m] == '3' && std::to_string(p.pdg) (N - 1] 7
342: PosetPCL(-1, -1,
343
344 // 30qg9  4++
345 if (std::to_: scnnqm pdg) [m] 6 std:ito_string(p.pdg) N - 1]
346 Pp.setPCL(L, 1,
347 )
348 )
349: )
350

”
// Baryon JBC (L) assingments

|| p.spinx2

i (p.spink2 710

Pp.spinX2

1 H Pp.spinX2 || p.spinx2
9 { // Is a fermion

if (std::to_string(p.pdg).length() =
~length()

to_string(p.pdg) .length ()
to_string(p.pdg) .length ()

4 || sta
6 || sta

unsigned int N = std::to_string(p.pdg).length();

iE (n
iE (m
{{ ooasez
4 |1 (stds:to_string (p.pdg) (ml — "0’ & o_string(p.pdg) Im + 1] == "0)
e (orat b _string pode) tn o ) 2') p.setPCL(l, 0, 0
7/ 20992
£, (std: st string(p.pdg) (nl == 12 G4 std: ito_string(p.pd) (n + 11 0t
if (std::to_string(p.pdg) [N - 1] == '2') p.setPCL(1, 0,
)
// 21qqq2
if (std::ito_string(p.pdg) [m] == ‘2 &6 std::to_string(p.pdg) [m + 11 «
if (std::to_string(p.pdg) [N - 1] 27) p.setPCL(l, 0, 0);
)
// 10qq2
££, (std: e scxing(p.pdg) [nl == 11 64 std: sco_string (p.pdg) (n + 11 «
4f (std::to_string(p.pdg) [N - 11 == '2') p.setPCL(-1,
)
// 00qgs
(s ‘or o)

string (p.pdg) (m]
SR

td: o_string (p.pdg) [m + 11
o_string (opde (N i

4%) p.setpCcL(l, O,

)

// 20q9q4

if (std::to_string(p.pdg) (m]
if (std::to_string(p.pda) [N - 1]

12 6 std:ito_string(p.pdg) m + 11
4%) p.setpcL(l, O,

)

// 11qqq2

if (std::to_string(p.pdg) (m]
if (std::to_string(p.pda) [N - 1]

{1 6 staitostring p.pdg) (n + 1)
“27) p.setPCL(l, O,

)

/7 124¢

Le (sta: co,stung(p,pugnmy
if (std::to_string(p.pda) [N - 1]

1 86 gusseo_string (p.pag) (m + 11
4%) p.setPCL(-1, 0,

// Check this case, PDG seems ambiguous here
if (N == 5) ( p.setPCL(1, 0, 0);
)
}

Vi
// Finally, ADD TO THE TABLE
PDG_table. insert (std::make_pair (p.pdg, p));

// ANTIPARTICLE (id.size < 3 because 0,+,++)

if (((int)std::abs(p.spinX2 / 2.0) != (double)st
td: :abs (p.chargex3) > 0 & id.size() < 3)) {
MParticle antip = p;

abs (p.spinX2 / 2.0) && id.size() < 3) ||

gr:

// antiquarks & antineutrinos get tilde
if ((1 <= p.pdg & p.pdg <= 6) || (p.pdg

12 || p.pag

14 || popdg «
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: void MPD

antip.name = name + ""';
} else if (p.chargex3 != 0
std::string signstr

antip.name = name + signstr;
} else if (p.chargex3

antip.name = name +

s

antip
ntip.chargexs

-p.pdg;

-p.chargex3;

// Flip the parity for fermions
1

if (p.spinX2 || p.spinx2
antip.B = -p.B;

)
// bo not flip for the bosons

// ADD TO THE TABLE
BDG_table.insert (st

)
)} // PDG file line while loop

// Process now here fast variable setup >
cout << rang::f: n << "[DONE]" <

=0 { // e.g.

6/8

string(std::abs (p.chargex3 / 3),
string(std::abs (p.chargeX3 / 3),

anti K0(s)

make_pair (antip.pdg, antip));

< rang;

// Recursive function to read the decay process strin

TokentzeProcess(const std:
tvector<gra

string mother;
au = 0;

for (st
V4 pnnv:mm,m o

depth,

// If no subdecays left,

sDecay (substr)) {

_t 0; k < particles
cout << "L" << depth <<

// particles(k] << std::endl;

) weamsrssaneies

// create decay branch
gra::MDecayBranch branch;

branch.p
branch.depth
branches. push_hack branch) s
7

}
return;

{{ Found sub dscay ‘>’, then find clos
if (strli 0t
mother

er.oubstrian, L - am;

g substr = str.substr(i, str.size()

istring> particles = g

:string Gstr, int depth,
:MDecayBranch> abranches) const |

type i = 0; i < str.size(); ++i) {

extract particles directly

-

ux: Bxtract (substr);
.sueu, ++k)

FxndByPDGName (particles(k]);

ing brackets

// Check if mother is actually several particles,

7/ only the last is mother, others

7/ not

/7 (a3 et o= xhoo > (eds pio) ),

vectorsst:

for (srdsiaizet k
std::cout <<

<< depth <<

[ arsrsresesrars
7/ create decay branch
gra: :MDecayBranch branch;

branch.p
branch.depth = depth;
branches. push_i back (branch) ;
7, P

}

mother = particles(particles.size()

// Find brackets ()

src/MPDG.cc

)} // namespace gra

mother is rho0
string> particles = gra::aw

Kk < particles.size(); ++k)
“ " << particles[k] << std:iendl;

before the last are

Extract (mother) ;

FindByPDGNane (particles (k]);

- 11; // Choose the last one

8/8

=
e

7/8

./src/MPDG.cc
199:

izetype 3 = i + 1; 3 < str.size(); ++i) {
{ L.push_back(3); }

{ R.push_back(3); }
.size()) && L.size() > 0) { // Found outer closing brackets

L(0;
b = RIR.size() - 117
// Take the token
std::string token
// printf("a = id,
TokenizeProcesa (token, depth + 1.
b+l

str.substr(a + 1, b - a - 1); // pos, len

b= sd \n",

)i
branches [branches.size() - 1].1egs); // Recursion

string &str) const {

// Check if string contains

0; i< str.size(); ++i) {

for (std::string::size_type i
it (striil >) ( found = true; }

)

return found;
)
// Print out PDG tabl

¢
ble 1 << std:iendl;

st
Printf ("\t\tpdg\tmass\t\twidth\t\tcharge\tJ"EC\tname\n");

const_iterator it = PDG_table.begin();

article:

std::map<int, gra

unsigned int counter = 0;
while (it != PDG_table.end()) (
const gra::MParticle p = it->second;

pru\(f("d\t%lﬂd\t»ﬂ 6£\£%0.6£\t325\tisssts\tis \n", ++counter, p.pdg, p.mass, p.width,
ux: :Charge3XtoString (p.chargeX3) .c_str (),

pin2XtoString (p.spinX2) .c_str(),

ParityTosteing(p.C).c str(l; pename.e oer())s

arityTostring (p.P) .c_str (),

// Find particle by PDG ID
const gra::MParticle &MPDG::FindByPDG(int pdgcode) const {
map<int, gra::MParticle>::const_iterator it = PDG_table.find(pdgcode);

st
if (it != PDG_table.end()) { return it->second; }

// Throw a fatal error, did not found the particle
PrinteoTable();
i ss::FindBYPDG: Unknown PDG ID: " + std::to_string(pdgcode);

string spdgname) comst (

indByPDGName (const st
BDG_table.begin();

onst_iterator it

MParticle &MEDG
MParticle>:
BDG_table.end())

0) ( return it->second; }

if we have PDG number input (we allow that too)
sIntegerigits (pdgname))
const int pageode o std::stol (pdgnane) s
return FindByPDG (pdgcode) ;
)

// Throw a fatal error, did not found the particle

PrinteDGTable () ;
std::string str = "MProcess::FindByPDGName
throw std::invalid_argument (str);

Unknown PDG name: " + pdgname;

‘MRandom. cc 1/3

// Random number class
’

7/ (¢) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

7/ oo
¥include <complex>
#include <random>
#include <vector>

// own
#include "Graniitti/MMath.h"
#include "Graniitti/MRandom.h"

namespace gra {
// Poisson distributed random numbers with mean lambda

:Poissonkandon (double lambda) (

int
const unsigned int ALGO

{{ Fouen algorienn
i

if (A
censt amabla & = st sexp (~lambda)
x
doule p= 1;
do (
+ok;

P *= U0, 1);
} while (p > L);
return k - 1;

{ inversion search algoritim
if (@ 2) ¢

0;
double p = std:sexp(-lambda);

i
vnile (u> e {
ki

P v ambda / ks

)

dom (double lambda)

MRandom
const double R = 0(0, 1)
return -1.0 / lambda * std::log(1.0 - R);
)

// Powerlaw random numbers from [a,b] with exponent alpha (e.g. -2 for ~ 1/x°2)

double MRan double b, double alpha) {
= std::pow(a, alpha + 1.0);

pow(b, alpha + 1.0);

* U0, 1) + min_pow, 1.0 / (alpha + 1));

const. dowble min sow

(doub:
value =
return a + (b - a) *

double MRan
const double value =

// Relativistic Breit-
a

mo = Pol

7/ Input:
a Gamma = Ful

7
Return mass (GeV)

: double MRandom:
// No width case

rerRandon (double a,

pow ((max_pow - min_pow)

gives m0 +- LIMIT
optional minimum bound

+ :RelativisticBWRandom (double m0, double Gamma,

// Uniform random numbers from [a,b)
le a, double b) {

£lat (rng) ;
value;

// Gaussian random numbers from normal distribution with mean mu and std sigma
uble mu, double sigma) {

gaussian (rng) ;

return mu + sigma * value;

Wigner sampling f£(s) ~ 1/[(s-m"2)°2 + m"2Gamma*2]
e mass (Gev)
1 wideh (Gev)

* Gamva,

double LIMIT, double M_MIN)
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if (trials > MAXTRIAL) (
return aveN; // Return the mean value

if (Gamma < le-40) { return m0; )

const double m2

const double m2max

const double m2min
sta:

pow2 (m0) ;
ow2 (m0 + LIMIT * Gamma); )

pow2 (MMIN)), gr: POW2 (M0 ~ LIMIT * Gamma));

max (0.0, matl
{/ Zog-gistribution with with paraneter p
double MRandom: df (int k, double p) {

aturn 1.0/ seqilog(l ~ By sca::pow(p. k) / static_cast<double>(k);
)

double m2val = 0.0;
const double R = U(0, 1);
m2val =

{1 Randon sanple £ron log-distribution with paranster p
£ MRandom (

mO * Gamma * : :LogRandom (double p, int maxvalue)

std::tan(std::atan2 (n2min - m2, m0 * Gamma) + // Randon integer from [0,NBins-1]
R * (std::atan2 (mdmax - m2, m0 * Gamma) - std::atan? (m2min - m2, m0 * Gamma))); iform_int_distribution<int> RANDI(0, maxvalue - 1);

// Note >= handles massless case, otherwise stuck with m = 0 // Acceptance-Rejection

if (m2val >= 0) ( break; } while (true) (

) const int. RANDI (rng) ;
return gra::math::msqrt (m2val); Conet double val - Logpdt (n, P)s
) if (U(0, 1) < val) { return n; }

// Cauchy (non-relativistic Breit-Wigner) sampling
Vi

7/ Input as with RelativisticBiRandom ) // namespace gra
Va

double MRandom: :CauchyRandom (double m0, double Gamma, double LIMIT, double M_MIN) {
if (Gamma < 1e-40) { return m0; }

m0 + LIMIT * Gamma;

const double mmax i
std::max (std::max (0.0, M_MIN), m0 - LIMIT * Gamma);

const double mmin

double mval = 0.0;
while (true) {
const double R = U, 1
const double value = (Gamma * 0.5) * std::tan(gra::math::PI * (R - 0.5)) + m0;

if (value < mmax && value > mmin) {
mval = value;
break
)

)
return mval;

: // K-dimensional Dirichlet distribution with parameter vector alpha of length K
: void MRandom! st salpha, st ey {
unsigned int K = alpha.size();

// Draw K independent samples from Gamma(shape = alpha_i, scale = 1)
0);

for (std:isize t i = 0; i <K ++i) (
Zcds ganma. dlstribut fon<doubles Gammaznd (alpha(il, 1.0);
ylil = gammarnd(rng); // Draw sample

)
// Take the sum
double y_sum

1<K i) (yosum += y(i]; )

for (stdiisize_t i = 0; i < K; ++1) [ y[i] /= y_sum; }
)

// Negative binomial distribution with parameters avgN and k
: double MRandom::NBDAf (int n, double avgll, double k) [
// return Cbinom(n+k-1,n)
return tgamma(n + k) / (tgamma(n + 1) * tgamma(k)) * st
stazzpow(k / (k + avgN), K);

pow(avaN / (k + avgN), n) *

{/, Randon sample from Nep distribution with parameters avg and k
int MRandom: :NBDRandom (double avgN, double k, int maxvalue) {
const. unugn.a int MAXTRIAL = leT;

7/ fandon integer fron [0,5ins 1]
uniform_int_distribution<int> RANDI(1, maxvalue);

// Acceptance-Rejection
unsigned int trials = 0;
while (true) {
comst int  n = RANDI(r
Conet double val - NEDPAE (n, avoN, K);
if (U(0, 1) < val) ( return n; )

++trials;
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// Tensor Pomeron amplitudes 84: ) \

// [REFERENCE: Ewerz, Maniatis, Nachtmann, arxiv.org/abs/1309.3478]
// [REFERENCE: Lebiodowicz, Nachtmann, Szczurek, arxiv.org/abs/1601.04537]
6: // [REFERENCE: INS, arxiv.org/abs/1801.03902]

7: // [REFERENCE: INS, arxiv.org/abs/1901.11490]

V

7/ Licensed under the MIT License <http://opensource.org/licenses/MIT>.

7/ crs
#include <complex>
#include <iostream>
#include <vector>

7/ own
#include "Graniitti/M4vec.h"

: #include "Graniitti/MQED.h"
#include "Graniitti/MRegge.h
#include "Graniitti/MTensorPomeron.h"

namespace gra {
// FTensor algebra

: #include "FTensor.hpp" // Constructor

B AR §lts, comst std::string modelfile) (
// LOOP MACROS CalcRTensor(); // Pre-Calculate tensors
// @8 MULTITHREADING LOCK NEEDED FOR THE INITIALIZATION @@
gra::g_mutex.lock ();

if (Param.initialized) |
try
Param.Readparaneters (nodelfile) ;
PARAM_REGGE: :ReadParameters (0, modelfile);
} cateh (... {
gra:ig_mutex.unlock(); // need to release here, otherwise get infinite lock
throw;

g_mutex.unlock () ;

// Return decay coupling constant for resonance (M,Gamma) with decay daughter mass mf
i // BR being the branching ratio BR = Width_partial / Width_total
/

// Decay: Mother (spin = 0/1/2) -> scalar or pseudoscalar daughters

double MTensorPomeron::GDecay (int J, double M, double Gamma, double mf, double BR) |
const double S0 1.0; // Should be set as the same scale as in decay amplitudes iG[]
const double partialWidth = Gamma * BR;

const double P = sqrt(l - 4 * pow2(mf / M));

if (3 t
retumn sqrt (partialiidth / (1.0 / (16 * PT * M) * pow2 (D) * 2));
} else if
return sqz((pax\'.)all‘hd(h /(4 / (192 * PI) * math::pow3(P)));
) else if (J
Zeturn sqrt (partialWwidth / (M / (480 * PI) * pow2(M / SO) * math
} else if (J == 4) {
return 1.0; // future
) else {
throw std

POWS (P))) 7

nvalid_argument ("MTensorPomeron: :GDecay: Unknown input spin J
std::to_string(d));

#define FOR_EACH_6 (X)

// 2 > 3 amplitudes
i

for (comst auto &s : X // return value: matrix element squared with helicities summed and averaged over
ind:

#define FOR_EACH 6 END \ 7/ 1ts.h idual complex helicity amplitudes
N a
) N double :ME3 1ts) const {
) \ 77 Tres torence indices. (socond barameter denoios che sange of index]
) \ FTensor::Index<’a’, 4> mul;
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// Kinematics
const Mavec pa
const Mavec pb

1ts.pbeaml;
1ts.pbeamz;

const Mdvec pl = lts.pfinal(l]
const Mavec p2 = lts.pfinal(2]
const Mavec p3 = lts.decaytree[0].pd;
const MiVec p4 = lts.decaytree[1].pd;

7

// Spinors (2 helicities)

const std:: I : s 2> ua
const std: : i : . 2> ub

const std:: I ) 2> ubar_1 = (p1, "ubar);
const std:: i : , 2> ubar_2 = (p2, "ubar);
7

// t-channel Pomeron propagators

4, 4, 4, 4> iDP_1 = iD_P(lts.sl, lts.tl);
4, 4, 4, 4> iDP_2 = iD_P(lts.s2, lts.t2);

// High Energy Limit proton-Pomeron-proton spinor structure
const Tensor2<std: :complex<double>, 4, 4> iG_la = iG_PppHE(pl, pa);
const Tensor2<std: :complex<double>, 4, 4> iG_2b = iG_PppHE(p2, pb);

V4

// Reset helicity amplitude container
// Init with zeros, important for the coherent sum!

1es-namp std::vector<std: : complex<double>> (64, 0.0);
size_t maxindex = 0;

a

// 2. Coherent sum of Resonances (loop over)

for (auto &x : 1ts.RESONANCES) (
const PARAM_RES res = x.second;

[/ Besenance paraneters
const double M res.p.mass;

onet dodbte Ganns = res. p.width;
res.p.spink2 / 2.0;
res.p.p;

const int P

V4

Vi
// Pomeron-pomeron-Scalar structure
Va

Va
if (3 == 0 &8 B == 1)
Tensord<st lexcdounler, 4 4, 4, & ovex;
ectorcata: conptencdosblel eps3epsd;

cvtx = iG_PPS_total(lts.gl, lts.q2, MO, "scalar’, res.g_Tensor);

// Scalar BW-propagator
const std::complex<double> iD = iD_MES(lts.pfinal(0], MO, Gamma);

// [PS PS] Pseudoscalar pair decay
if (lts.decaytree[0].p.spinX2 == 0 && 1ts.decaytree[1].p.spinX2
eps3epsd.clear();
eps3epsd.push_back (
iG_f0ss(lts.decaytree(0].pd, lts.decaytree(l].pd, M0, res.hel.g_decay_tensor(0]));

0 1

}

1V, VL, Hassive vestor pair decay
if (lts.decaytree(0].p.spinX2 == 2 && lts.decaytree(1].p.spinX2 == 2) {
if (res.hel.g_decay_tensor.size() != 2)
throw std::invalid_argument (

"MTensorPomeron:: S->VV Coupling array [size 2] 'hel.g decay_tensor’ not in "
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FOR_PP_HELICITY;

// Bpply proton leg helicity conservation / No helicity £lip (high energy limit)
if (ha t=h1 || nb = h2) ( continue; |

// Full proton-gamna-proton spinor structuze (spper and lover vertex)
const Tensorl<std::complex<double>, 1 = iG_ypp(pl, pa, uwbar_1(hl], u_a(hal);
const Tensorl<std::complex<double>, 4> i 1G_ypp (b2, pb, ubar_2(h2], u_b[nbl);

/7 Full proton-raneron-proton spinor structure (upper and lover vertex)
const Tensorae<s! lex<double>, 4, 4> iG_la = iG_Ppp(pl, pa, ubar_1(hl], u_alha]);
omet Temsorseata omplex<double>, 4, 4> iG_2b = iG_Ppp(p2, pb, ubar_2[h2], u_blhbl);

// Gamma[1] - Pomeron[2] amplitude
const std::complex<double> iM_yP = iG_1(mul) * iDy_1(mul, mu2) * iGyV(mu2, nul)

iDV_1(nul, rhol) * iDV(rho2, nu2) * iGupsps(nu2) *

iGPVv_L (rho2, rhol, alphal, betal) *

iDP_2(alphal, betal, alpha2, beta?) * iG_2b(alpha2, beta2);

// Pomeron(2] - Gamma[1] amplitude
const std::complex<double> iM Py = iG_2(mul) * iDy_2(mul, mu2) * iGyV(muz, nul)

iDV_2(nul, rhol) * iDV(rho2, nu2) * iGupsps(nu2) *

iGPvv_2 (rho2, rhol, alphal, betal) *

iDP_1(alphal, betal, alpha2, beta?) * iG_la(alpha2, beta2);

// Total helicity amplitude
const std::complex<double> A = (-zi) * (iM_yP + iM Py);
lts.hamplindex] += A; // Note +=

++index;

FOR_PP_HELICITY_END;
maxindex = index > maxindex ? index : maxindex;

Vi
// Pomeron-pomeron-Pseudoscalar structure
Va

Va
} else if (1
Tensord<st
std: ivector<std: : complex<double>> eps3epsd;
cvtx = iG_PPS_total(lts.ql, lts.q2, MO, "pseudoscala

085 P ==-1) {
complex<double>, 4, 4, 4, 4> cvtx;

res.g_Tensor) ;

// Scalar BW-propagator
const std::complex<double> iD = iD_MES(lts.pfinal(0], MO, Gamma);

// 2 x Ganma decay parc
32 (ro.decayeren.size() 1= 2 || ite.decayires(0].p.pig
1ts.decaytree[l].p.pdg != 22)
throw stdisinvalid arguent (
“MTensorPomeron: : [PS decay] Only decay to gamma pair supported);

22 ||

)

// Decay vertex with different outgoing helicity combinations
Tensor2<std: :complex<double>, 4, 4> iDECAY = iG_psvv(p3, pd, M0, res.hel.g_decay_tensor[0]);
eps3epst - MasslessSpinlPolSum(iDECAY, p3, pd);

// Two helicity states for inconing and outgoing protons
_t index = 0;
FOR £7 HELICITY;

VZa PFIY proton Ieg helicity conservation / No helicity flip (high energy limit)
if (ha t= b1 || hb t= h2) ( continue;

// Full proton-pomeron-proton spinor structure (upper and lower vertex)
// const Tensorz<std::complex<double>,4,4> iG_la = iG_Ppp(pl, pa, ubar_1(hl], u_alhal);

// const Tensorz<std: :complex<double>, 4, 4> iG_2b = iG_Ppp(p2, pb, ubar_2(h2], u_blhbl);

// Evaluate block
const std::complex<double> block = (-zi) * iG_la(mul, nul) * iDP_1(mul, nul, alphal, betal) *
cvtx(alphal, betal, alpha?, beta2) * iD *
iDP_2(alpha2, beta2, mu2, nu2) * iG_2b(mu2, mu2);

// s-channel amplitude for each outgoing vector state helicity combination
for (const auto &ind : indices (eps3epsd))
const std: :complex<double> A = block * eps3epsd[ind];
lts.hamplindex] += &; // Note
++index;

FOR_PP_HELICITY_END;
maxindex = index > maxindex ? index : maxindex;

V4
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"BRANCHING. json for resonance PDG = " +
std::to_string(res.p.pda));

)
// Decay vertex with different outgoing helicity combinations
Tensor2<std: : complex<double>, 4, 4> iGEOVV

iG_f0vv(p3, pd, MO, res.hel.g_decay_tensor(0], res.hel.g_decay_tensor(1));
eps3epsd = MassiveSpinlPolSum(iGEOvv, p3,

// sequential decay correlations [TBD]
// const Tensorz<std::complex<double>, 4, 4> iGvv2psps = iG_vv2psps ((}

// Its.decaytree[0].p.pdg); epsepsd.clear(); epslepsd.push_back( iG£Ovv(mul, mu2) *
7/ iGuvzpsps (mul, mu2) );

} else (
throw std
)

invalid_argument ("MTensorPomeron: :ME3: Unknown decay mode for scalar resonance");

7/ Tuo helleity states for inconing and outgoing protons
_t index = 0;
mup mnrorres

// Apply proton leg helicity conservation / No helicity flip (high energy limit)
(ha != hl || hb h2) { continue;

// Full proton-pomeron-proton spinor structure (upper and lower vertex)
/7 const Tensorz<std::complex<double>, 4,4> iG_la = iG Ppp(pl, pa, ubar_1[hl], u_afhal);
// const Tensorz<std::complex<double>,4,4> iG_2b = iG_Ppp(p2, Pb, —2(h2], u_bihbl);

// Evaluate block
const std::complex<double> block = (-zi) * iG_la(mul, nul) * iDP_1(mul, nul, alphal, betal) *
cvtx(alphal, betal, alphaz, betaz) * ib *
iDP_2(alpha2, beta2, mu2, nu2) * iG_2b(mu2, nu2);

// s-channel amplitude for each outgoing helicity combination
for (comst auto &ind : indices (eps3epsd))

const std: lex<double> A = block * epsdepsd [ind];
lts.hamp(index] += A; // Note +=
++index;

)

FOR_PP_HELICITY_END;

maxindex = index > maxindex ? index : maxindex;

7
// Pomeron-Gamma-Vector (Photoproduction of rho, phi ...) structure
Vi
// Should add vector meson mass dependent running of t-form factors
Va

/P

7,
} else if (J == 1 && P
// Gamma-vector coupling
const Tensor2<std::complex<double>, 4, 4> iGyV = iG_yV(0, res.p.pdg);

// Gamma propagators
const Tensor2<std::complex<double>, 4, 4> iDy 1 = iD_y(lts.ql.M2());
const Tensor2<std::complex<double>, 4, 4> iDy 2 = iD_y(lts.q2.M2());

// Vector-meson propagators
INDEX_UP = true;
iD_VMES (1ts.ql, M0, Gamma, INDEX_UP);
AD_VMES (1ts.pfinal(0], MO, Gamma, INDEX_UP);
iD_VMES (1ts.q2, M0, Gamma, INDEX_UP);

const Tensor2<std: :complex<double>, 4,

// Pomeron-vector-Vector coupling

const Tensori<std: icomplex<double’, 4, 4> iGPvv_]
_Pvv(lts.pfinal[0], lts.ql, res.g_Tensor[0], res. q Tensor[1]);

const Tensﬂr4<3 d: s complex<double>, v_2
S_Pvv(lts.pfinal(0], lts.q2, res.g Tensor(0], res.g Temsor(1]);

// Vector-pseudoscalar-pseudoscalar coupling
const Tensorl<std::complex<double>, 4> iG
G vpaps (3, mi, M0, res.hel.q decay tencer(0])

7/ Juo helleity states for inconing and outgoing protons
ze_t index
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// Pomeron-Pomeron-Tensor structure

Va
) else if (7 == 2)

// Rank-6 tensor structure

Gonst MTensor<std: :complex<double>> iGPPE2 - iG_PPT_total(lts.ql, lts.q2, MO, res.g_Tensor);

// Tensor BW-propagator
const bool INDEX_UP = true;
const Tensord<std::complex<double>, 4, 4, 4, 4> iDf2

o WS (1sa ptinat (0], Mo, Gemna, TNDEX UP);

// Total block
std::vector<Tensor2<std: :complex<double>, 4, 4>> iD;

// [PS PS] Pseudoscalar pair decay
if (1ts.decaytree[0].p.spin¥2 == 0 && lts.decaytree[1].p.spink2
const Tensorz<std: :complex<double>, 4, 4> iGE2psps
G_£2psps (p3, pd, MO, res.hel.g_decay_tensor(0]);

Tensor2<std: : complex<double>, 4, 4> temp;
temp(mul, nul) = iDf2(mul, nul, rhol, rho2) * iGf2psps(rhol, rho2);
iD.push_back (temp) ;

// [V V] Massive vector pair decay
} else if (lts.decaytree[0].p.spinX2 == 2 & lts.decaytree[1].p.spinX2
lts.decaytree[0).p.pdg != 22 && lts.decaytree(1].p.mass != 22) {
if (res.hel.g_decay_tensor.size() != 2) {
throw std::invalid_argument (
"WmensorPomeren:: T->VV Coupling srray [size 2] ‘hel.g_decay_tensor’ net in
"BRANCHING. json for resonance PDG =
std::to_string(res.p.pdg));

const Tensord<std: :complex<double>, 4, 4, 4, 4> iGf2vv =
iG_f2vv(p3, pd, M0, res.hel.g_decay_tensor[0], res.hel.g_decay_tensor(1]);

const std::vector<Tensor2<std::complex<double>, 4, 4>> epslepsd =
MassiveSpinlPolsum(iGf2vy, p3, pd);

// over all helicity combinations
Tensor2<std: :complex<double>, 4, 4> temp;
for (const auto &ind : indices(eps3epsd)) {
// contract
temp(mul, nul) = iDf2(mul, nul, rhol, rho2) * epsepsd(ind] (rhol, rho2);
iD.push_back (temp) ;

// sequential spin correlated decay treatment [TBD]
s

const Tensor2<std::complex<double>, 4,4> iGvvZpsps = iG_vvZpsps({}, lts.decaytree[0].p.pdg);
// Contract in two steps

Tensorz<std: :complex<double>, 4,4>

A(alphal, betal) = iGf2vv(rhol, rho2, alphal, betal) * iGvvZpsps(rhol, rho2);

iD(mul, nul) = iDf2(mul, nul, alphal, betal) * A(alphal, betal);

Vi
// *** CONTROL CASCADE SAMPLING ***
1ts.FORCE_FLATMASS2
1ts.FORCE_OFFSHELL

lts.decaytree[0].PS_active = true;
lts.decaytree(1].PS_active = true;
7

*/

// [y y] Gamma pair decay
} else if (lts.decaytree(0].p.pdg == 22 && lts.decaytree(1].p.pdg == 22) {
if (res.hel.g_decay tensor.size() != 2)

Vv Coupling array [size 2] ’hel.g_decay_tensor mot in "
UBRANCHING. jaon for resonance FDG
std::to_string(res.p.pdg));

Tensord<std: :complex<double>, 4, 4, 4, 4> iGf2yy =
ic_t2yy (b3, pd, M0, res.hel.gdecay_tensor(0), res.hel.g decay tensor(1));
const std::vector<Tensor2<std::complex<double>, 4, 4>> epsiepsé
MasslessSpinlPolSum(iGE2yy, p3, pd);

// over all helicity combinations
Tensor2<std: :complex<double>, 4, 4> temp;
for (const auto &ind : indices(eps3epsd)) {

// contract

temp(mul, nul) = iDf2(mul, nul, rhol, rho2) * eps3epsd(ind] (rhol, rho2);
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iD.push_back (temp) ;
)

} else {
throw std
}

invalid_argument ("MTensorPomeron

over all central nelicity combinations
Tensor4<std: : complex<double>, 4,
std::vector<Tensord<std Wplex(dcuble), 4, 4, 4,
for (comst auto &ind : indices(iD)) {

// Construct central vertex

4, ;

temp;
45> cvtx;

= 0.0;

for (auto const &sigma : LT
temp(u, v, k, 1) += iGPPE2({u, v, k,
)

1, rho, sigma}) * iD[ind](rho, sigma);

FoK_EAcﬂ 4_END,
et push. back (cemp) 5
)

/{ Two helicity states for inconing and outgoing protons
_t index = 0;
FoR_pe. AmnICITY;

{{ Avpiy proton leg helicity conservation / No helicity £lip
if (ha t= Bl || hb t= h2) ( continue;

(high energy limit)

// Full proton-rameron-proton spinor structure (upper and lower vertex
// const Tensorz<std::complex<double>, 4, 4> iG_Ppp(pl, pa, ubar_. um],
// const Temsorz<std: :complex<double>, 4, 4> iG_. - da _Ppp (p2, pb, ubar_2(h2],

_alhal);
L b(hb]);

// s-channel amplitude
for (const auto &ind : indices(cvtx)) {
const std::complexcdouble> A = (-2i) * iG la(mul, nul) * iDP1(mul, nul,

alphal,
cvtx[ind] (alphal, betal, alphaz, beta2

betal)

(52 S aapnaz, metaz, mis, mad) b Lo 2mimez, mi2)
/7 add it
Lts.hamp(index] 4= A; // Note i-
“+index;
)
For_re_iELICITY BND;
maxindex - index > maxindex 7 index i maxindex;
) else {
throw stdssinvalid argument (MTensorPomeron::ME3: Unknown spin-parity input’);
'
Vi

)} // Loop over resonances

// Remove empty
1ts.hamp.resize (naxindex);

[/ Get toral amplicude aquared 1/4 \sun_h |2_n|"2
double SumAmp2 = 0.0;

for (const auto i : indices (lts.hamp))
Sumampz /= 4;

{ sumAnp? 4= gra mmath
// Initial state

helicity averag

t:abs2(lts.hamp[i]); }

return SumAmp2; // Amplitude squared

// 2 > 4 amplitudes

// return value:

matrix element squared with helicities summed over
7 deebanp:

individual helicity amplitudes
e
// Kinematics
const Mivec pa
const Mavec pb

:MEA (g

slts) const {

= lts.pbeaml;
1ts.pbeam2;

const Mivec pl = lts.pfinallll;
const MdVec p2 = lts.pfinal(2];
Mavec P2

1lts.decaytree(0].pd;
mavec P4

1ts.decaytree(1].pd;
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// Lepton or quark pair via two photon fusi

if (SPINMODE == "2xF" &5 std::abs(lts.decaytree(0].p.pdg) <= 15)
// Full proton-gamma-proton spinor structure (upper and lower vertex)
const Temsorl<std::complex<double>, 4> i

const Tensorl<st.

1G_ypp(pl, pa, ubar_L[hll, u_alhal);
complex<double>, 4> 1G_2

i6_ypp(p2, pb, ubar_2[h2], u blhbl);

// Photon propagators

const Tensor2<std: :complex<double>,

4, 4> ip_1
const Tensor2<st.

iD_y(lts.tl);
::complex<double>, 4, 4> iD_2

iDy(lts.t2);

// Fermion propagator
const MMatrix<std::complex<double>> iSF_t
const MMatrix<std::complex<double>> iSF_u

iD_F(pt, M);
iD_F(pu, M);

// Central spinors (2 helicities)
const std: L 2> w3 = tates (p3,
const. std:: i = Spinorstates (pd,

Rl
ubar”) ;

double FACTOR = 1.0;
7"

{{ quak pair (charge 1/3 or 2/3), apply charge and color factors
if (std::abs(lts.decaytree(0].p.pdg) <= 6) ( we have a quark
const double 0 =
const double NC

FACTOR

1ts.decaytree (0] .p.chargexX3 / 3.0;

/ quarks come in three colors

msqrt (math::powd (Q) * NC); // sqrt to "amplitude level”

for (const auto &h3 : indices(v_3))
for (const auto &hd : indices(ubar_d)) {
// Vertex functions
const Tensor2<std: :complex<double>, 4,

4> iyFy t
const Tensor2<stds: :complex<double>, 4,

4> iyFy u

iG_yeebary (ubax_4[h4], iSF_t, v_3[h3]);
iG_yeebary (ubax_4[h4], iSF_u, v_3[h3]);

// Full amplitude: t-channel + u_channel

std::complex<double> M_tu = (-zi) * iG_1(mul) * iD_1(mul, nul) *
(iyFy_t(nu2, nul) + iyFy_u(nul, nu2)) * iD_2(nu2, mu2) *
16_2 (mu2)

M_tu *= FACTOR;
1ts.hamp.push_back (M_tu) ;

}

}

continue; // skip parts below, only for Pomeron amplitudes
)

/"
4

// Full proton-pomeron-proton spinor structure (upper and lower vertex)
e

const Tensorz<std:
const Tensorz<std.
“

omplex<double>, 4, 4> iG_la = iG_Ppp(pl, pa, ubar_1(hl], u_alhal);
omplex<double>, 4, 4> iG_2b

iG_Ppp(p2, pb, ubar_2(h2], u_b[hb]);

i
({25 acudoscalar (pion pair, kaon pal o)
if (SPINMODE = ¢
uble g tse
// Pion or Kaon couplin
9P = (lts.decaytree[0].p.mass < 0.2)

? Param.gPpipi : Param.gPKK;
// t-channel blocks

const Tensorz<std: icomplexcdowble>, 4, 4> 1G.ta
ta x<double>

complex<double>, 4, 4> e

1G_Ppsps (pt, -p3, gP);
iD_MESO (pt, M) ;

= 16_Ppsps(pd, pt, 9P);

// u-channel blocks

complex<double>, 4, 4> iG_ua
const std::complex<double>
const Tensor2<st

iG_Ppsps (pd, pu, 9P);
iDMES_u = iD_MESO(pu, M_);
complex<double>, 4, 4> iG_ub 1G_Ppsps (pu, -p3, 9B);

omplex<double> M_t;
omplex<double> M_uj
// t-channel

{

M_t = iG_la(mul, nul) * iDP_13(mul, nul, alphal, betal)
iG_tb(alpha2, beta2) * iDP_24(alpha2,

* iG_ta(alphal, betal) *
beta2, mu2, nu2) * iG_2b(mu2, nu2);

ME3: Unknown decay mode for tensor resonance”);
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// Intermediate boson/fermion mass
const double M_ = lts.decaytree(0].p.mass;

// Momentum convention of sub-diagrams
i

- anti-particle p3
a

// | \nat{t} (arrow down)

al

- particle pé

- particle p4

i
7/ | \bat{uj (arrow up)
al

- anti-particle p3

V4
const Mavec pt = pa - pl - p3; //

p3, pt - pd
const MiVec pu = pd4 - pa + pli // p3, pu - p3
7
Incoming and outgoing proton spinors (2 helicities)
td: 2> ua - (pa, "u");
L 2> ub (Bb, "u");

: , 2> ubar_1

spinorstates (p1,
. 2> ubar 2 =

"ubar
ubar”) ;

mplex<double>, 4, 4, 4, 4> iDP_13 iD_P(lts.ss[1][3], lts.tl);
omplex<double>, 4, 4, 4, 4> iDP_24 = iD_P(lts.ss(2] (4], les.t2);

// u-channel Pomeron propagators
const Tensord<std: :complex<double>, 4, 4, 4, 4> iDP_14 = iD_P(lts.ss[1][4], lts.tl);
const Tensord<std: :complex<double>, 4, 4, 4, 4> iDP_23 = iD_P(lts.ss(2](3], lts.t2);

// High Energy Limit proton-Pomeron-proton spino
const Tensor2<std: x<double>, 4,
const Tensor2<std: :complex<double>, 4,

r structure
_la = iG_PPPHE(pl, pa);
4> iG_2b = iG_PppHE(p2, pb);

V4

// Reset
lts.hamp.clear();

/ Free lorentz indices [second paraneter denotes the range of index]

FTensor: e
Frensor::1 o
FressorsiIndex< e, 4> xhols
FTens: 4> rho2;
Frensor 4> alphal;
FTensor 4> betal;
FTensor::Index<’i’, 4> alpha2;
FTensor: 4> betaz;
FTensor 4> mu2;
FTensor 4> nu2;

77 pevucs subprocess
string SPINMODE;

if (lts.decaytree[0].p.spinX2

0 &5 lts.decaytree(1].p.spinX2

0 ¢
SPINMODE = "2x5";
) slse it (Lt decaytres(0].p.spink2 == 1 46 lts.decaytree(l] .p.spink2 [
SPINMODE = "2
} else if (lts. decay(xsa[ﬂ] .p.spinX2 == 2 &g lts.decaytree(1].p.spinX2 i
nvalid_argument (
"MTensorPomeron: :ME: Invalid daughter spin (J = 0, 1/2,
)

1 pairs supported)");

// Two helicity states for incoming and outgoing protons
FOR_PP_HELICITY;

// Apply proton leg helicity conservation / No helicity flip
// (high energy limit)

// This gives a

¢ least 4 x speed improvement
i

(ha t= bl || nb t= h2) { continue;

Vi
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form factors (two of them)
Meson_FF (pt.M2(), pow2(M.)));

{/ peety propasator and ofe-shell
Mt re S_t * pow? (PARAM_REGGE:

}
// u-channel
«
M_u = iG_la(mul, nul) * iDP_14(mul, nul, alphal, betal)
iG_ub(alpha2, beta2) * iDP_23(alpha2, beta2,
ply propagator and off-shell form factors
MES_u * pow2 (PARAM_REGGE

* iG_ua(alphal, betal) *
R L
(two of them

o TE (b2 (), pon? )5

7/ apy
M

}

// Full amplitude: 1< M= (-1)*]
Conat std::complex<double> = (21 + (Mt + Nu)}
1ts.hamp. push_back (M) ;

// 2 x fernion (proton-antiproton pair, lambda pair ...)

else if (SPINMODE == "2xF")

// Fermion propagator
complex<double>> iSF_t

complex<double>> iSF_u

iD_F(pt, M_);
iD_F(pu, M);

// central
const std:: : 2> v
const std:: i : 1 2> ubar_4

spinors (2 helicities)

i (03
Spinorstates (pd,

// central fermion helicities
for (const auto &h3 : indices(v_3))
indices (ubar_4)) {
// Fermion propagator and connected parts
const Tensord<std::complex<double>, 4, 4, 4, 4> iG_t
ic_popbace (pd, ubar_d(ndl, pt,
const Tensord<std::complex<double>, 4, 4, 4,
iG_PppbarP (pd, ubar_d(hd], pu, iSF_u, v_3[h3], -

P3);
// t-channel
std::complex<double> M_t =

iG_lamul, nul) * iDP_13(mul, nul, alphal, betal) *
iG_t (alpha2, beta2, alphal, betal)

iDP_24 (alpha2, beta?, mu2, nu2) * iG_2b(mu2,
// Apply off-shell form factors (two of them

nu2) ;
{_t *= pow2 (PARAM_REGGE: :Baryon_FF (pt.M2 (), pow2(M_)));

channel
complex<double> M_u

£6a(mul, nul) ¢ iDP_14(mul, nul, alphal, betal) *
iG_u(alphal, betal, alpha2, betaz)

107 23lalpha2 beta2, mZ, nuZ) + G 2bim2, m2);
{/ Apply off-shell form factors (cwo of

oV fowz (eARaN_REGGR: sBaryen FF (put2 (), pawz )

// Full amplitude: iM =
const std: l:vmp1=x<doub1=> W
1ts.hamp.push_back (M) ;

= i)l
0t + M)

1 M
(-zi) *

"
/{2 x vestor meson (sho pair, phi pais ...)
i

else if (SPINMODE
const int pdg = ]ts.decaytree[ﬂ]-?-pdgr

double gl
double g2

// Couplings (rho770 meson)
if 113
gl = Param.gPrhorho[0];
92 = Param.gPrhorho(1];

// Couplings (phil020 meson)
else if (pdg == 333) {
gl = Param.gPphiphi(0];
92 = Param.gPphiphi(1];

Index<’e’, 4> rho3;
Index<’£', 4> rhod;

// t-channel blocks

complex<double>, 4, 4, 4, 4> iG_tA
complex<double>, 4, 4> Dv_t

iG_Pvv(et, -p3, gl,
iD_V(pt, M, lts. pfxna][ﬂ] M20);
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o

const Tensord<std

complex<double>, 4, 4, 4, 4> iG_tB = iG_Pvv(pd, pt, gl, g2);

complex<double>, 4, 4, 4,
const Tensor2<std: :complex<double>, 4, 4>
const Tensord<std::complex<double>, 4, 4, 4,

iG_Pvv(pd, pu, gl, 92);
iD_V(pu, M_, l\:s.pﬂnal[ﬂ] M20);
iG_Pvv(pu, -p3, gl,

"

// TENSOR LORENTZ INDEX CONTRACTION BLOCK

// This is done in pieces, due to template <>
// argument deduction constraints

mq:lex(dnuhle>, 4, @ mt;

Tensor2<std:
: ex<double>, 4, 4> M_u;

Tensor2<std

// t-channel

// upper block
Tensor2<std: :complex<double>, 4, 4> A;
A(rhol, rho3) =
iG_1a(mal, nul) * iDP_13(mul, nul, alphal, betal) * iG_tA(rhol, rho3, alphal, betal);
// Lower block
Tensor2<std: :complex<double>, 4, 4> B;
B(rhod, rho2)
1G_2b(mu2, nu2) * iDP_24(alpha2, beta2, mu2, nu2) * iG_tB(rhod, rho2,
// Apply off-shell form factors (two of them)
M_t (rho3, rhod) = A(rhol, rho3) * iDV_t(rhol, rho2) * B(rhod, rho2) *
Pow2 (PARAM_REGGE : :Meson_FF (pt.M2 (), pow2 (M_)));

alphaz, beta2);

}
// u-channel
{

// Upper block
+scomplex<double>, 4, 4> A;

iG_la(mul, nul) * iDP_14(mul, nul, alphal, betal) * iG_uA(rhod, rhol, alphal, betal);

complex<double>, 4, 4> B;

G_2b(mu2, nu2) * iDP_23(alpha?, beta2, mu2, nu2) * iG_uB(rho2, rho3, alpha2, beta2);
// Apply off-shell form factors (two of them)
M_u(rho3, rhod) = A(rhod, rhol) * iDV_u(rhol, rho2) * B(rho2, rho3) *
Pow2 (PARAM_REGGE : :Meson_FF (pu.M2 (), pow2 (M_)));
)

(-i)*(

// Total amplitude: iM = [ ] <>
omplex<double>, 4, 4> M;

Mt V) o+ My, VD)

FOUACH 2_END;

// calculate helicity amplitudes

// Switch both Lorentz indices up
{/ M(alphat, betal) = Mimal, nul) « GT(mul, alphal) ¢ gT(nul, betall;

const. st helamp nlPolsum(M, p3, pd);
1ts. hamp insert (Lts.hamp.end (), helamp.begin (), helamp.end());
[

FOR_PP_HELICITY_END;

[/ et total amplicude squared 1/4 \un b |3
double SumAmp? ~

for (const auto 6
SumAmp? /= 4

indices (lts.hamp)) { SumAmp2 += mat!
// Initial state helicity average

abs2 (1ts.hamp[il); }

return SumAmp2; // Amplitude squared

: // (11! THIS FUNCTION UNDER DEVELOPMENT >>>]
Vi

// 2 - 6 amplitudes
77

// return value: matrix element squared with helicities summed over
77 des-hanp: individual helicity amplitudes

aupre ME6 (gra:: slts) const {
{{ Free Lorent: indices [second paraneter denotes the range of index]
Index<’a’, 4> mu:
::Index<'b’, 4> nulr
Frensor::Index<’c’, 4> rhol;
Index<’d’, 4> rho2;
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if (ha 1= hi || Bb 1= h2) { continue; }

st

complex<double> amp = 0;

// Different permutations
const MMatrix<int> R = ({0, 1, 2, 3}, (0, 2, 1, 3}, {0, 3, 2, 1}, {2, 1, 0, 3}};

for (std::size_t pind = 0; pind < 1; ++pind) (
Va

// Full proton-Pomeron-proton spinor structure (upper and lower vertex)
a

const Tensorz<st
const Tensorz<std::

complex<double>, 4, 4> iG_la

G_Ppp(pl, pa, ubar_1(hll, u_alhal);
complex<double>, 4, 4> iG_2b

iG_Ppp(p2, Pb, ubar_2[h2], u_b[hb]);

const MavVec p3 = pf([R[pind] (011 + pf(R[pind] [11];
const MdvVec pd = pf[RIpind] [2]] + pf[Rlpind] [31];

// Momentum convention of sub-diagrams
Vi

7 - - anti-particle p3
a

// | \hat(t} (arrow down)

al

/= ~ particle pd

7

a < particle pd

/7

|
7/ | \nat(u} (arrow up)
Va

Va > anti-particle p3

pa - pl - p3; //
const M4Vec pu = pd4 - pa + pl;

const double s13 = (lts.pfinalll] + p3).M2(
(1ts.pfinall2] + pd).M2(
(lts.pfinalll] + pd).M2(
const double s23 = (lts.pfinal(2] + p3).M2(

annel Pomeron propagators
const Temsord<std::complex<double>, 4, 4, 4, 4> iDP_13 = iD_P(s13, lts.tl);
const Tensord<std::complex<double>, 4, 4, 4, 4> iDP_24 = iD_P(s24, lts.t2);

// u-channel Pomeron propagators
const Tensord<st. mplex<double>, 4, 4, 4, 4> iDP_14
const Tensord<std::complex<double>, 4, 4, 4, 4> iDP_23

iD_P(s1d4, lts.tl);
iD_P(s23, 1ts.t2);

// t-channel blocks

const Tensord<std::complex<double>, 4, 4, 4, 4> iG_tA = iG Pvv(pt, -p3, 92,

const Tensor2<std: :complex<double>, 4, 4> 0V.¢ - A0 v(pr, M, heoprinal(0].20);
const Tensor<std::complex<double>, 4, 4, 4, 4> iG_tB = iG_Pvv(pd, pt, gl, g2);

// u-channel blocks

const Tensord<std: :complex<double>, 4, 4, 4,
const Tensor2<std: :complex<double>, 4, 4>
const Tensord<std::complex<double>, 4, 4, 4,

iG_Pvv(pd, pu, gl,
iD_V(pu, M_, us.pnnalw] M200);
iG_pvv(pu, -p3, g1,

// TENSOR LORENTZ INDEX CONTRACTION BLOCK

// This is done in pieces, due to template <>
// argument deduction constraints
Tensor2<std: :complex<double>, 4, 4> M_t;
Tensor2<std: :complex<double>, 4, 4> M_u;

// t-channel

// upper block
Tensor2<std: :complex<double>, 4, 4> A;
iG_1a(mal, nul) * iDP_13(mul, nul, alphal, betal) * iG_tA(rhol, rho3, alphal, betal);

complex<double>, 4, 4>

iG_2b(mu2, nu2) * iDP_24(alpha2, beta2, mu2, nu2) * iG_tB(rhod, rho2,

// Apply off-shell form factors (two of them)

M_t (rho3, rhod) = A(rhol, rho3) * iDV_t(rhol, rho2)
Pow2 (PARAM_REGG!

alphaz, beta2);

B(rhod, rho2) *
Meson_FF (pt.M2(), pow2(M.)));
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FTensor::Index<’g’, 4> alphal;
4> betal;

FTensor::Index<’1l’, 4> nu2;
// Kinematics
const Mavec pa
const MiVec pb

1ts.pbeaml;
1ts.pbeam?;

const Mavec pl
const Mavec p2

lts.pfinal(l];
1ts.pfinal(2];

st

vector<Mivec> pf(1);

// Intermediate boson/fermion mass
double M_ = 0.0,

if (lts.decaytree.size() == 2
PEI0] = lts.decaytree[0].legs[0].pd;

PE(1] = lts.decaytree(0].legs(1].p4;
pE(2] = lts.decaytree(1].legs(0].p4;
PE(3] = lts.decaytree(1].legs(1].p4;

M_ = 1ts.decaytree[0].legs[0].p.mass;

)

if (lts.decaytree.size() == 4) {
PE[0] = lts.decaytree(0].pd;
PE[1] = lts.decaytree[1].pd;
PE[2] = lts.decaytree(2].pé;
PE[3] = lts.decaytree(3].pd;

M_ = lts.decaytree[0].p.mass;

spinors (2 helicities)
: . 2>

ua = spi (pa, "u');

. 2> ub i (Pb, "u");
const std::array<std:: L 2> (p1, "ubaz);
const. st : 2> Spinorstates (p2, “ubar');
V4
// Reset

1lts.hamp.clear ();

// High Energy Limit proton-Pomeron-proton spinor structure
const Tensor2<std: :complex<double>, 4, 4> iG_la = iG_PppHE(pl, pa);
const Tensor2<std::complex<double>, 4, 4> iG_2b = iG_PPpHE(p2, pb);

int PDG =

if (s decaytree.size() == 2) { PDG = lts.decaytree(0].p.pdg;

4 4

or phi->KK, based on daughters

BDG = (lts.decaytree(0].p.mass) < 0.2 2 113 : 333;
)

double gl = 0.0;
double g2 = 0.0;

{{ Couptings (zho770 neson)
if (PDG == 113) {
gl = Paxam-ql’xhorhﬂlﬂ]r
92 = Param.gerhorholl];

)
[ Couptings (phi1020 meson)
else if (P i
a1 Param.quh)phl[Q],
92 = Param.gPphiphi[1];
)

FTensor:
FTenso

:Index<’e’, 4> rho3;
Index<'f’, 4> rhod;

// Two helicity states for incoming and outgoing protons
FOR_PP_HELICITY;

// Apply proton leg helicity conservation

/ No helicity flip (high energy limit)
// This gives at least 4 x speed i

provement
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)

// u-channel

// upper block
d::complex<double>, 4, 4> A;

i6_la(mul, nul) * iDP_14(mul, nul, alphal, betal) * iG_uA(rhod, rhol, alphal, betal);

complex<double>, 4, 4> B;

G_2b(mu2, nu2) * iDP_23(alphaz, beta2, mu2, nu2) * iG_uB(rho2, rho3, alpha2, beta2);
// Apply off-shell form factors (two of them)
M_u(rho3, rhod) = A(rhod, rhol) * iDV_u(rhol, rho2) * B(rho2, rho3) *

Pow2 (PARAM_REGGE : :Meson_FF (pu.M2(), pow2 (_)));

[/ Vestor - P becay block
Tensor2<std x<double>, 4, 4> DECAY
C5_wepeps (52 Ripind] (011, ptlRlpind] (1], pf(R(pind] (211, pE(Ripind](3]1}, PDG);

7/ add
amp += (-zi) * (M_t(rho3, rhod) + M_u(rho3, rhod)) * DECAY(rho3, rhod);
) // permutations

1ts.hamp.push_back (amp) ;
FOR_PP_HELICITY_END;

 indices (1ts.hanp)) { Sumhmp2
// Initial state helicity average

::abs2(lts.hamp(il); }

"
// *** CONTROL CASCADE SAMPLING ***
1lts.FORCE_FLATMASS2 = true;
1ts.FORCE_OFFSHELL = 3.0,

lts.decaytree[0].PS_active = true;
lts.decaytree(1].PS_active = true;
7"

return SumAnp2; // Amplitude squared

// [<<< THIS FUNCTION UNDER DEVELOPMENT !!1]

// External massless spin-1 polarization sum for outgoing states
a

// Input tensor M_{\mu \nu \kappa \rho} (indices down)
7/

: L 4, 4> : iMassl 1Pols
complex<double>, 4, 4, 4, 4> &M, const MiVec &p3, const MdVec &pd) const
4> rho3;

4> mu3;

:Index<’d’, 4> mud;

std: :vector<Tensor2<std: :complex<double>, 4, 4>> hamp;
Tensor2<std: :complex<double>, 4, 4> £

// Massless polarization vectors (2 helicities)
oL INDEX_UP
omplex<double>, 4>, 2> eps_3_conj
“coni", INDEX_UP);
omplex<double>, 4>,
“con3”, INDEX_UP);

true;

rray<Tensorl<std

MasslessspiniStates (p3,

const std::array<Tensorl<std
MasslessSpinlStates (pd,

2> eps_

i_conj =

// Loop over states
for (const auto &h3
for (const auto &h4
// Autocontraction
temp(mu3, mud) = eps_3_conj[h3] (rho3) * eps_d_conj(ha] (rhod) * M(rho3, rhod, mu3, mud);
hamp.push_back (temp) ;

indices (eps_3_conj)) {
indices (eps_4_conj)) (

return hamp;
)

// External massless spin-1 polarization sum for outgoing states
a

[
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: // Input tensor M_{\mu \nu) (indices down)
7,

e : 1Pols

const Tensor2<std::complex<double>, 4, 4> &M, const MiVec &p3, const MdVec &pd) const {
Index<'a’, 4> nod;

Index<'b’, 4> hod;

compiex<doubler> hanps

// Massless polarization

const bool INDEX_UP = true;

const std: sarray<Tensori<std: sconplex<doubler, 4>, 2> eps_3_con)
MasslessSpinliStates (p3, ", INDEX_UP);

const otd: sareay<Tonsorl<otd: scomploxcdoubler, 43, 2> eps_i_con)
MasslessspinlStates (pd, "conj’, INDEX_UP);

vectors (2 helicities)

// Loop over massive Spin-1 helicity states
for (const auto &h3 : indices(eps_3_conj)) {
for (const auto &h4 : indices(eps_4_con)) (

/ Autocontraction

td: :complex<double> amp = eps_3_conj(h3] (rho3) * eps_d_conj(hd] (rhod) * M(rho3, rhod);
Ramp - push. back anp) 7
b

return hamp;

// External massive spin-1 (vector) polarization sum for outgoing states

// Input tensor M_{\mu \nu \kappa \rho} (indices down)
V4

4, 0> : inlpolsum(
camplnx(da\lhln L 4, 4, 4, 4> aM, const MVec &p3, const MdVec &pd) const {
4> rho3

4> rhos;

4> mu3;

FTensor::Index<'d’, 4> mud;
std::vector<Tensor2<std: :complex<double>, 4, 4>> hamp;
Tensor2<std: :complex<double>, 4, 4> temp;

P

// Massive polarization vectors (3 helicities)
oL

DEX_UP = true;
rray<Tensor<atdsscomplexcdoubler, 42, 3 eps3con
MassiveSpinlstates (p3, 'coni”, INDEX_UP);
const std: ay<Tensorl<std::complex<double>, 4>, 3> eps_t
MassiveSpinlstates (pd, "coni”, INDEX_UP);

_conj =

// Loop over states
for (const auto &h3 : indices(eps_3_conj)) {
or (const auto &hd : indices(eps_4_cond))

temp (mu3, = eps_3_conj[h3] (rho3) * eps_4_conj(hd] (rhod) * M(rho3, rhod, mu3, mud);
hamp.push_back (temp) ;

)
return hamp;

// External massive spin-1 (vector) polarization sum for outgoing states
Vi

// Input tensor M_{\mu \nu \kappa \rho} (indices down)
77

1Polsul

;complex<doubler, d, 4> éM, const MiVec p3, const Mivec ipi) const. (
o>

stds ivector<std: : complex<double>> hamp,

// Massive polarization vectors (3 helicities)

const bool

const std::array<Tensorl<std::complex<double>,
MassiveSpinlstates (p3, "coni”, INDEX_UP);

const std::array<Tensorl<std::complex<double>, 4>, 3> eps_d_conj
MassiveSpinlStates (pd, "coni”, INDEX_UP);

INDEX_UB = true;
4>, 3> eps_3_conj

// Loop over massive Spin-1 helicity states
for (const auto &h3 : indices(eps_3_conj)) {
for (comst auto &hd : indices(eps_d4_cond))

const std::complex<double> amp = eps_3_conj[h3] (rho3) * eps_4_conj(hd](rhod) * M(rho3, rhod);
hamp. push_back (amp) ;
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Tensorl<std: :complex<double>, 4> T;
for (const auto &mu : LT) {

// \bar(spinor) (Gamma Matrix] \spinor product

Timu) = zi * e * matoper::VecMatVechultiply (ubar, gamma_lolmul, w);

)
return T;

// Gamma-Proton-Proton vertex iGamma_\mu (p’, p)
// contracted in \bar{spinor} iG_\mu \bar{spinor}

// Input as contravariant (upper index) 4-vectors
Va

Tensorl<std: :complex<double>, 4> MTensorPomeron:

const MiVec aprime, const MiVec &p, const std::vector<std
vsctorcatd: scomplex<doubles> eu) const. {

const double t = (prime - p).M:

iG_ypp (

omplex<double>> &ubar,

20
lpha QED() * 4.0 * PI); // ~ 0.3, no running

for (const auto emu :
omplex<doubler> SUM(, 4, 0.0);
UM += sigma_lo(mu) [nu] * psum(nu); }
A S EL(E);

Tensori<sta: scomplex<doubler, 4> T;
{

mp) * F2(t);

// \bar(spinor} (Gamma Matrix] \spinor product
T(mu) = matoper::VecMatVechultiply (ubar, G, u);

return T;

gamma - electron - fermion propagator - positron - gamma vertex
// iGamma_{\mu \nu}
Va

: . G_yeebary (

const std::vector<std: :complex<double>> Gubar, const MMatrix<std::complex<double>> &iSF,
const. veetor std: scomplexcdouble>> &) const

const double msqrt (qed::alpha QED() * 4.0 * PI);
Conet otd::complex<double> vertex = 21 - o)

// = 0.3, no running

Tensorz<atd: scomplex<double>, 4, 4> T;
fon et wbe ey 1
const std:

: 1hs - matoper::VecMatMultiply (ubar, gamma_lo[mu] * iSF);

for (const auto &nu : LI)
T(ma, nu) = verte:

)

(
% * matoper::VecMatVecMultiply (lhs, gamma_lo[nu], v) * vertex;

return T;

Va - 3 3 vertex times \delta”{lambda_prime,
// \lambda} (helicity conservation)

// ("x 2 faster evaluation than the exact spinor structure)
a> +1G_p)

HE Mavec sprime,
const Mdvec p) const {

const. uives prime + p;

Comat tds scomplex<double> FACTOR 3.0 * Param.gPNN * F1((prime - p).M2());
Tensor2<std: :complex<double>, 4, 4> T;

FOR_EACH_2 (LT) ;

T(u, v) = FACTOR * (psum & u) * (psum % v);

FOR_EACH_2_END;

return T;

// Pomeron-Proton-Proton [-Neutron-Neutron, -Antiproton-Antiproton] vertex
// contracted in \bar{spinor) G_{\mu\nu} \bar(spinor}

7
7/ i\Gamma_{\mu\nu} (0%, p)
7

// Input as contravariant (upper index) 4-vectors

: 4>
const MaVec &prime, const MiVec Gp, const std
const std::vector<std: :c

const double t

6_Bpp(

ector<std: :complex<double>> &ubar,
complex<double>> &u) const (

(prime - p).1M20;
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// Polarization sum (completeness relation applie

// already simplified expression => second terms Vinishes and leaves only glul (k] * g(v][l]
double Amp2 ;

FOR_EACH_4(L1) ;

omplex<double> contract = st.
:sreal (contract);
Y

conj(M(u, v)) * M(k, 1) * glul(k] * g[vI[1];
// real for casting to double

ey

hamp. push_back (msqrt (Amp2) ) ; // Phase information lost here
"/

return hamp;

// 2xvector -> 2xpseudoscalar decay block
Va

: L4, 4>

ector<Mivec> &p,

+iG_vv2psps (const std:
int PDG) comst {

Flensor::Index<’e’, 4> rho3;
FTensor::Index<'f’, 4> rhod;
FTensor::Index<’g’, 4> kappad;
Index<'h’, 4> kappad;

// rho(770)0

.M, W, 1.3957061E-01, BR);
} else if (eDG 7/ phi (1020)0
const double BR = 0.483; // K+K-

u = 1.019461E+00;

w 4.2498-03;

a1 GDecay (1, M, W, 4.93677E-01, BR);
} els

invalid argunent (tensosEoneron: 10 vuzpsps: Dnsupposted vectos meson PG = © ¢
a.

::to_string (BDG)) ;

INDEX_UP = true;
complex<double>, 4, 4> iD.V1 = iD_VMES(p(0] + p(1], M, W, INDEX_UP);
omplex<double>, 4, 4> iD_V2 iD_VMES (p(2] + p(3], M, W, INDEX UP);

const Tensor2<std.

7/ D couplings
const Tensorl<std.
const Tensorl<std.

omplex<double>, 4> iG_D1

16_vpsps (p(0], PI1], M, g1);
omplex<double>, 4> iG_D2

iG_vpsps (p2], P31, M, g1);

Tensor2<std: :complex<double>, 4, 4> BLOCK;
BLOCK (rho3, rhod) = iD_V1(rho3, kappa3) * iG_D1(kappa3) * iD_V2(rhod, kappad) * iG_D2 (kappad);

return BLOCK;

/7 Vertex functions

// Gamma-Lepton-Lepton vertex

// contracted in \bar{spinor} G_\mu \bar{spinor}
7

// iGamma_\mu (p",p)

Vi

// High Energ,

77 ubar (67, \1ombda+) \ganma_\mu u(p, \lambda = (b + p)_
// \delta_{\lambda’, \lambdal

// Input as contravariant (upper index) d-vectors
a

Tensorl<std: : complex<double>, 4> MTensorPomeror
const MiVec &prime, const MiVec &p, const std::vector<std
const std: ivector<std: :complex<double>> u) const (
// const double 2 = (prime-p).M2()
const double e = msqrt (qed::alpha_QED() * 4.0 * BI); // ° 0.3,

116G yee(

omplex<double>> ubar,

no running
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const MiVec psum = prime + p;

Tensor2<std: :complex<double>, 4, 4> T;

const std: :complex<double> FACTOR = -zi * 3.0 * Param.geNN * F1(t);
// Feynman slash
const MMatrix<std:

omplex<double>> slash = FSlash(psum);

// Aux matrix
MMatrix<std

complex<double>> A;

for (const auto &mu : LI) {
or (const auto &nu : LI)
A = (gamma_lo[mu] * (psum % nu) + gamma_lo[nu] * (psum § mu)) * 0.5;
if (mu == nu) { A = A - slash * 0.25 * g(mu] [nu];

// \bar(spinor} [Gamma mum \spinor product
T(mu, nu) = FACTOR * gra::mato VecMatvechultiply (ubar, A, u);
)
return T;

4/ Pomexon x outgoing proton spinor ubar x
<antiproton/proton fermion propagator>

7 x outgoing antiproton s v x Pomeron vertex function
Va

// 16 {\mu_2\nu_2\mu_1\nu_1}
4

: Tensord<std::complex<double>, 4, 4, 4, 4> MTensorPomeron::iG_PppbarP (
const Mdvec sprime, const std:
const MMatrix<std:
const MdvVec &p) const {
const. std:sconplex<aoubler he_FACTOR
const st

omplex<double>> fubar, const MiVec &pt,
omplex<double>> §iSF, const std::vector<std::complex<double>> &v,

h

~zi * 3.0 * Param.gPNN * F1((prime - pt).M2());
complex<double> rhs_FACTOR = -zi * 3.0 * Param.gPNN * FL((pt - p).M20);

const. Mevec Lns_paun - prine + pt;
const MaVec rhs_psum = pt + p;

// Feynman slashes
const MMatrix<std

omplex<double>> lhs_slash = FSlash(lhs_psum);
const MMatrix<std

omplex<double>> rhs_slash = FSlash(rhs_psum);

// Bux matrices
Matrix<std: :complex<double>> lhs_A;
MMatrix<std::complex<double>> rhs_A;

Tensord<std: :complex<double>, 4, 4, 4, 4> T;
for (const auto &mu2
for (const auto &nu:

(
s_A = (gamma_lo(mu2] * (Ihs_psum % nu2) + gamma_lo(nu2] * (lhs_psum % mu2)) * 0.5;
if (mu2 u2) ( lhs_A = lhs_A - lhs_slash * 0.25 * g(mu2) (nu2]; )

/ Fermion propagator applied in the middle
const std::vector<std::complex<double>> ubarM = matoper::VecMatMultiply (ubar, lhs_A * iSF);

for (comst auto &mul : LI) {
for (const auto &nul : LI) {
rhs_A = (gamma_lo[mul] * (rhs_psum % nul) + gamma_lo[null * (rhs_psum % mul)) * 0.5;
if (mul == nul) { rhs_A = rhs_A - rhs_slash * 0.25 * glmul] [null;

// \bar(spinor} [Gamma Matrix] \spinor product
T(mu2, nuz, mul, nul)
1hs_FACTOR * matoper:

‘ecMatVechultiply (ubarM, rhs_A, v) * rhs_FACTOR;

// Pomeron (\mu\nu) - Pomeron (\kappa\lambda) - Scalar/Pseudoscalar resonance
// vertex function: i\Gamma_{\mu\nu, \kappa\lambda, \rho\sigma}
Va

// Input as contravariant (upper index) d-vector, MO the resonance peak mass
4

G_PPS_total (
string mode,

L 4,04, 4,
const MévVec sql, const MéVec §q2, double MO, const std:
const std::vector<double> &g_PPS) const {
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1495:  // Form FACTOR
const double LAMEDA = 1.0; // Gev const MaVec ql_q2 = gl - a2;
const double F_tilde = FM(GL.M2(), 1.0) * FM(q2.M2(), 1.0) * F((ql + G2).M2(), MO, LAMBDA); const MaVec g = gl + q2;
// Tensor structures const std: :complex<double> FACTOR = zi * g_PPPS / (2.0 * S0);
Tensord<std: :complex<double>, 4, 4, 4, 4> T; Tensord<std: :complex<double>, 4, 4, 4, 4> T;
if (mode == " B EOR_EACH_4 (LI) ;
static const Tensord<std::complex<double>, 4, 4, 4, 4> iG0 = MIensorPomeron::iG_PPS_0(); T, v, Ko 1) 0.0;
const. Tensoré<std: scomplexcdonble>, 4. 4, 4, 4 iel =
TensorPomeron: :1G_PPS_1(ql, a2, 9_PPS[11); // Contract r and s indices
for (const auto &r : LI)
FOR_EACH_4 (LT) ; for (const auto &5 : LT) {
T(u, v, K, 1) = (@_PES[0] * iG0(u, v, K, 1) + i6l(u, v, k, 1)) * F_tilde; /7 Note
FOR_EACH_4_END; Tia, v, k, 1) += FACTOR *
(g{ul (k] * eps_lo(v, 1, r, s) + g(v][k] * eps_lo(s, 1, x, ) +
) else if (mode == "pseudoscalar’) { glul[1] * eps_lo(v, k, =, 5) + g[v][1] * eps_lo(u, k, r, s)) *
Conet. Tensord<atd: seomplexcdoubles, 4, 4, 4, 4> 100 = al_azlrl * alsl;
GPPes 0(al, a2, g PPSIol); }
complex<: L 4,4, 4, 25 561 = )
15152 G_PPPS_1(q1, @2, g_PES(11); FOR_EACH_4_END;
15162
; return T;
(u, v, K, 1) = (160(a, v, k, 1) + i6l(u, v, k, 1)) * E_tilde; )
FOR_ERCH 4_END;
// Pomeron-Pomeron-pseudoscalar coupling structure #1
) else ( 7/ i6_(\ms \nu \kappa \lambda} ~ (1,8) = (3,3)
st alid_argument (

thro

TensorPomeron: :1G_PPS_total

)

const double
const std::complex<double> FACTOR

1.0; // Mass scale (GeV)
2.0 % zi * 50;

Unknown mode (should be scalar or pseudoscalar)

Vi
/7 Input
Va

as contravariant (upper index) d-vectors

// iG_{\mu \nu \kappa \lambda \rho \sigma}
a

A +1G_PPPS_1 (const Mavec &ql,
return T; € mavec sq2,
! double _PPPS) const {
const double so 1.0; // Mass scale (GeV)
1529: // Pomeron-Pomeron-Scalar coupling structure #0 alqz =al - q2;
iG_{\mu \nu \keppa \lambda} - (1,5) = (0,0) 1+ az;
4 const double algz = ql * g2
Input as contravariant (upper index) 4-vectors td: :complex<double> FACTOR = zi * g PPES / gra::math::pow3(SO);
/
Apply coupling g_PPS[0] outside this! Tensord<std: :complex<double>, 4, 4, 4, 4> T;
4
L 4, 4,4, 4> :1G_PPS_0() const { FOR_EACH_4 (LT) ;
const double s0 1.0; // Mass scale (GeV) T, v, k, 1) = 0.0;
const std: :complex<double> FACTOR = zi * $0;
// Contract r and s indices
Tensord<std: :complex<double>, 4, 4, 4, 4> T; (
FOR_EACH_4 (LT) ; «
T(u, v, k, 1) = FACTOR * (g[ul[k] * g[vI[1] + glul[l] * gIvI[k] - 0.5 * glul[v] * g[kI[11);
FOR_EACH_4_END; T(u, v, k, 1) += FACTOR *
(eps_lofv, 1, £, s) * ((gl & k) * (@2 % w - qlg2 * glul (k]) +
return T; eps_lofu, 1, r, ) * ((ql £ k) * (a2 % v) - qlg2 * glvl(k]) +
eps_lo(v, k, r, s) * ((gl ¥ 1) * (@2 % w - qlgz * glul(1]) +
eps_lo(u, k, r, s) * ((al ¥ 1) * (@2 ¥ v) - qla2 * glvl[1])) *
// Pomeron-Pomeron-Scalar coupling structure #1 alaz(x] * alsl;
7/ 16_{\ma \nu \kappa \lambda) - (1,5) = (2,2) }
7 )
i // Input as contravariant (upper index) 4-vectors FOR_EACH_4_END;
a
: L4 44, 4> :1G6_PPS_1(const Mavec &ql, const MdVec &q2, return T;
double g_PPS) const ( )
const double S0 = 1.0; // ass scale (GeV)
const double ala 1+ a2; 7
const std: :complex<double> FACTOR = zi * g BPS / (2 * 50);
// Pomeron (\mu\nu) - Pomeron (\kappa\lambda) - Tensor resonance (\rho\sigma)
Tensor4<std: :complex<double>, 4, 4, 4, 4> T 7/ vertex function: i\Gamma_{\mu\nu, \kappa\lanbda, \rho\signa}
FOR_EACH_4 (LT) ; 7
Tia, v, K, 1) = FACTOR * ((@L % k) * (@2 + w * g[v][1] + (gL % k) * (@2 & v) * glu] (1] + // Input as contravariant (upper index) d4-vector, MO the resonance peak mass
(@l % 1) * (a2 %w *glvilk] + (ql %1) * (a2 %v) * glullk] - /7
2.0 * qlaz * (glul (k] * glvI[1] + glvI[k] * glul(1])); :1G_PPT_total (const MVec &ql, const Mivec &q2,
FOR_EACH_4_END; double M0,
const std: :vector<double> 4g_PPT) const
return T; // Form FACTOR
const double LAMEDA = 1.0; // GeV
const double F_tilde = FM(qL.M2(), 1.0) * FM(q2.M2(), 1.0) * F((ql + q2).M2(), M0, LAMBDA);
// Pomeron-Pomeron-pseudoscalar coupling structure #0
: // i6_{\mu \nu \kappa \lambda) - (1,5) = (1,1) // Kinematics independent tensor structure [0
static const MIensor<std::complex<double>> iG0 = iG_PPT_00();
7/ Input as contravariant (upper index) 4-vectors
7/ // Kinematics dependent tensor structures [l ... 6]
L4, 4, 4, 6 G_PPPS_0 (const MAVec &ql, st : i6x;
nst MiVec &q2,
double g_PPPS) const ( const double EPSILON = le—
1577:  conmst double SO = 1.0; // Mass scale (GeV) // For speed, we do not calculate unnecessary here
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1661:  if (std::abs(g_PPT[1]) > EPSTLON) iGx.push_back (iG_PPT_12(al, a2, g_PPT(1], 1)); 1744:  const double al * qz;
const std: :complex<double> FACTOR = -2.0 * zi / S0 * g_PPT;
i€ (std::abs(g_PPT(2]) > EPSILON) iGx.push back (G_PPT_12(ql, g2, g_PPT(2], 2));
// Coupling structure 1 or 2
if (std::abs(g_PPTI3]) > EPSILON) iGx.push_back(iG_PPT_03(al, 42, g_PPT31)); const double sign = (mode 1.0

abs (g_PPT(4]) > EPSILON) iGx.push_back (iG_PPT_04(ql, 2, g_PPT(4])); // Init with zeros!
MTensor<std: icomplex<double>> T = Mlensor ({4, 4, 4, 4, 4, 4}, std::complex<double>(0.0));
+:abs (q_PPTIS]) > EPSILON) iGx.push_back (iG_PPT_05(ql, 42, g_PPT(5])); FOR_EACH_6 (LT) ;
const std::vector<size_t> ind = {u, v, k, 1, , s);
if (std::abs(g_PPT(6]) > EPSILON) iGx.push back(iG_PPT_06(ql, q2, g PPT(6]));
/7 P lated tensor 1,72,72 used here
// Construct total vertex by summing up the tensors T(ind) += qlaz * T1(ind);
MTensor<std: :complex<double>> T = MTensor ({4, 4, 4, 4, 4, 4}, complex<double> (0.0)) ;
for (auto const sul : LI) {
FOR_EACH_6 (LT) ; for (auto const &rl : LI) {
7/ Note
// Indexing T(ind) += sign * g2[ull * (gl § r1) * T2((u, v, k, 1, ©, s, ul, r1});
const std::vector<size_t> ind = {u, v, k, 1, , s); }
)
// For number [0], we apply coupling here for (auto const gul : LI) {
T(ind) = iG0(ind) * g_PPTI01; for (auto const &sl : LI) (
Note
// For number [1-6], couplings have been already applied, just loop over T(ind) += sign * gllul] * (g2 § s1) * T3({u, v, k, 1, r, s, ul, s1});
for (const auto &i : indices(iGx)) { T(ind) += iGx[i] (ind);
// apply form factors for (auto const &rl : LI) {
T(ind) *= F_tild for (auto const &sl : LI) {
FOR_EACH_6_END; /7N
Tlind) += (ql % r1) * (g2 % s1) * R_DDDD(u, v, k, 1) * RDDUU(r, s, rl, sl);
return T;
)
// Pomeron-Pomeron-Tensor coupling structure #0 T(ind) *= FACTOR;
/7 460\ \ni \kappa \lanbda \rho \signa) * (1,2) = (0,2) FOR_EACH_6_END;
7 is is x tics i can be pre-calcul return T;
Vi )
// Remember to apply g_PPT (coupling constant) outside this
V4 // Pomeron-Pomeron-Tensor coupling structure #3
T :iG_PPT_00() const (1,5) = (2,4)

:1G_PPT_03 (const M4Vec &ql, const MiVec &q2,

double g_PPT) const
// Init with zeros! const double s0 1.0; // Mass scale (GeV)
MTensor<sta: :compiaxcdoubles> T = WTensor ({4, 4, 4, 4, 4, 41, complex<double> (0.0)); const std: :complex<double> FACTOR = -zi / SO * g_PPT;
FOR_EACH_6 (LT) 7 Tensor3<double, 4, 4, 4> A;
const std::vector<size t> ind = {u, v, k, 1, 1, s); Tensor3<double, 4, 4, 4> B;
Tensor3<double, 4, 4, 4> C;
for (auto const &vl : LI) Tensor3<double, 4, 4, 4> D;
for (auto const &al
for (auto const &ll // Manual contractions
for (auto const &rl : LI) FOR_BACH_3 1)
for (auto const &sl : LI)
for (auto const ul
if (v 1= al ul) { continue; } // speed it up sLn g
/ Not.
// Note += Atu, v, k) += q2[x] * RDDDD(u, v, %, k);
T(ind) += FACTOR * R_DDDD(u, v, ul, vl) * RDDDD(k, 1, al, 11) * Blu, v, k) += qllx] * RODDD(u, v, %, k);
RDDDD(x, s, rl, s1) * glvillall = g[111(r1] * glsl][ull; )
) FOR_EACH_3_END;
)
) // Final rank-6 tensor
) MIensor<std: : complex<double>> T = MTensor((4, 4, 4, 4, 4, 4], std::complex<double>(0.0));
) FOR_EACH_6 (LT) ;
) const std::vector<size_t> ind = {u, v, k, 1, £, s);
FOR_EACH_6_END; for (auto const &vl : LI) {
for (auto const &1l : LI) (
return T; // ot
) Tiind) += (A, v, v1) * B(k, 1, 11) + A, v, 1) * B(x, 1, v1)) * RUUDD(v1, 11, T, s);
2 )
1733: // Pomeron-Pomeron-Tensor coupling structures #1 and #2 )
4: // iG_{\mu \nu \kappa \lambda \rho \sigma} T(ind) *= FACTOR;
I/ s = 2,00 - (2,2) I
U7 (1) = (2,00 + (2,2)
// NAIVE Loop
: +46_PPT_12 (const Wivec cql, const wives G2, for (auto const &vi
g_PPT, int mode) const ( for (auto const &al
i€ (1(mode == 1 || me 2) ¢ for (auto const &1l :
ehrow erdr:invalia argument ("NTensorPoveron: :1G_PPT_12: Error, mods should be 1 o 2%); or (auto const sul : LI) (

)
const double 50 =1.0; // Mass scale (GeV)

7/ Note
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(q2[ul] * R_DDDD(u,v,ul,v1) * glfal]
q2[al] * R_DDDD(u,v,a1,11) * gl[ul]

./src/MTensorPomeron.cc
T(ind) += FACTOR +

* R_DDDD (k, 1,a1,11) +
* R_DDDD (k, 1,ul, v1))

R_UUDD (v1,11,1,5);
i

FOR_EACH_6_END;

return T;

// Pomeron-Pomeron-Tensor coupling structure
// iG_{\mu \nu \kappa \lambda \rho \sigma} - (1,3) = (4,2)
/

:1G_PPT_04 (const M4Vec &ql, const MaVec &q2,
double g_PPT) const {

const double 50 1.0; // Mass scale (Gev)

const std::complex<double> FACTOR = -2.0 * zi / math::pow3(S0) * g_PPT;

const double e = al * a2

Tensorl<double, 4> 1D = {ql % 0, ql % 1, ql % 2, gl % 3};
Tensorl<double, 4> 2D = {g2 ¥ 0, a2 ¥ 1, a2 % 2, @2 ® 3};

Tensor4<double, 4, 4, 4, 4> A;
Tensord<double, 4, 4, 4, 4> B;

Tensor2<double, 4, 4> g

// Manual contractions (not possible with autocontraction)
FOR_EACH_4 (L) ;

A, v, k, 1) = 0.0;

B(u, v, k, 1) = 0.0;

/7 Not.
At v ko 1) = (vl 2 RDODD(, ¥, vl al) X gllull } RDODO(K, 1wl al);
Blu, v, k q2[ul]l * RDDDD(u, v, ul, al) * qllvi] * RDDDU(k, 1, vi, al);

)
FOR_EACH_4_END;

// Autocontractions
{

Frensor:iIndex<ar, 4> 1

C(r, s) = qlD(al) * g2_D(11) * RUUDD(al, 11, £, 8);

// Final rank-6 expression
MTensor<std: :complex<double>> T std: :complex<double> (0.0));
FOR_EACH_6 (LT) ;
T(u, v, K 1, r, s =

FACTOR * (A(u, v, k, 1) + B{u, v, k, 1) - 2.0 * glg2 * RDDDD(u, v, k, 1)) * C(x, s);

= MTensor ({4, 4, 4, 4, 4, 4},

// Note +

T(ind) * qlful] * R_DDDU(k,1,ul,al)

* gl{vl] * R_DDDU(k,1,v1,a1)
* (gl % al) * (g2 & 11) *

FACTOR * (q2[v1] * R_DDDD(u,v,v1,al)
g2([ul] * R_DDDD (u, v, ul,al)
2.0 * qlq2 * R_DDDD(u, v, k, 1))

FOR_EACH_6_END;
return T;

1908:
1909: // Pomeron-Pomeron-Tensor coupling structure #05
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al(0], alll], qlf2], ql(31}
a2(0), @2(1], az(2], a2(31}

Tensorl<double, 4> ql |
Tensorl<double, 4> q2_1

ek
v

Tensor2<double, 4, 4> A;
Tensor2<double, 4, 4> B;
Tensor2<double, 4, 4> C;

// Autocontractions
Ala, b) = q2_U(c) * q2_U(d) * RDDDD(a, b, ¢, d);
B(a, b) = ql_U(c) * ql_U(d) * R_DDDD(a, b, ¢, d);
= g1 U(c) * q2_U(d) * R_DDDD(a, b, ¢, d);
MTensox<std: :complex<double>> T = MTensor ({4, 4, 4, 4, 4, 4}, std::complex<double>(0.0));
FOR_EACH_6 (LI) ;

({u, v, k, 1, r, s}) = FACTOR * A(u, v) * B(k, 1)

FOR_EACH_6_END;

*cir, 8);

return T;

V4

- (Pseudo)Scalar - (Pseudo)Scalar vertex function

7/ 0 (scalar)
// i\Gamma
a

// Input as contravariant (upper index) d-vectors, meson on-shell mass MO
/.

0, pa_\nu iG*(\mu \nuj = 0

// Relations: p3_\mu iG*{\mu \nu)

Vs

std: scomplexcdouble> MTensoromerons 11G_f0ss (const Hivec Gpd, const HiVec épi, double M),
double gl) const {

const double SO = 1.0; // Mass scale (GeV)

// Form FACTOR
const double lambdad = 1.0; // GeV’d (normalization scale)
auto _£0ss = [&] (double q2) ( return std::exp(-pow2(q2 - MO * MO) / lambdad); );

return zi * gl * S0 * F_f0ss((p3 + p4).M20);

// £0 (Scalar) - Vector (Massive) - Vector (Massive) vertex function
/ i\Gamma_{\mu \nuJ
Vi

// Input as contravariant (upper index) d-vectors, meson on-shell mass MO
/

0

// Relations: p3_\mu iG*{\mu \nu) = 0, p4_\nu iG*{\mu \nu)
V4
Mivec sp3, const MiVec &pd,

const double p3pd
const double p3sq
const double pdsq

7 fuiessa, 0. 9 e, I
2.0 / math::pow3(s0) * F_;
Hiniie S

const double B
const std::complex<double> FACTORL
const std::complex<double> FACTOR2

Tensor2<std: :complex<double>, 4, 4> T;
FOR_EACH_2 (LT) ;
T(ur V) = FACTORL * (p3sq  peq * g[uI[v] - pisq ¥
3sq * (p4 3 u) * (pd % v) + p3pd * (P3 % u)
ACTORZ * ((pd % w) * (p3 % v) - p3pd * glul(v]);

B
FOR_EACH_2_END;

(B3 3w * (p3 & v)
s+

return T;
y

calar vertex function

// Vector (Massive) - Pseudoscalar - Pseudo

/ i\Gamma_\mu (k1, k:

Vi

// Input as contravariant (upper index) d-vectors

G_vpsps (const MiVec &k1, const MiVec &k2,
double M0, double gl) const {

4> MTensorPomeron

Va
Tensorl<std: : complex<double>,
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4 4 16
double M0, double gl, double g2) const {
const double 50 =1.0; // Mass scale (GeV)
const double LAMBDA = 1.0; // GeV.

24/32
// i6_{\mu \nu \kappa \lambda \rho \sigma) ~ (1,5) = (4,4)
7,
: G-PPT_05 (const Mavec iql, const Mavec &q2,
double g_PPT) const {

1.0 /7 s scale foen)
(50) * g_PPT;

const double s0
complex<double> FACTOR

zi / matl

(1101, qllll, ql(2], ql(3]};
4> g2 U = (q210), q2[1], q2[2], q2(31};
{al ¥ 0, gl ¥1, al %2, ql % 3);
(a2 %0, a2 %1, @2 %2, a2 % 3);

Tensora<double 4, & 4, 4> A
Tensor2<double, 4, 4>
Tensord<double, 4, 4, 4, 4> c,

Tensor2<double, 4, 4> D;

// Manual contractions (not possible with autocontraction)

omplex<double>> T = MTensor ({4, 4, 4, 4, 4, 4}, complex<double> (0.0)) ;

st

for (auto const sul : LI) {
for (auto const &vl : LI) {
for (auto const &rl : LI) {
// Note +=
A(u, v, £, 5) += g2_U(ul) * RDDDD(u, v, ul, vl) * q2.D(rl) * RUUDD(v, rl, r, s);
€k, 1, r, s) += gl_U(ul) * R_DDDD(k, 1, ul, v1) * gl_D(rl) * R_UUDD(vl, rl, r, s);

)
FOR_EACH_6_END;

// Autocontractions
0

ql_U(al) * gl_U(11) * RDDDD(k, 1, al, 11);
G2_U(al) * g2_U(l1) * RDDDD(u, v, al, 11);

)

// Final rank-6 expression
FOR_EACH_6 (LT) ;

T(u, v, k1, T, * Bk, 1) + Clk, 1, £, 5) * D(u, v));

s}) = FACTOR * (A(u, v, r, s)

FACTOR * (q2[ul] * (g2 % rl) * R_DDDD(u,v,ul,vl) * R_UUDD(vl,rl,xr,s) * qifal]

T
* g1[11] * R_DDDD(k,1,a1,11)
qlful] * (g1 & r1) * R_DDDD(k,1,ul,v1)

* RUUDD(v1,r1,1,5) * g2(al]
«q2r11] * RLODDD (v, v,a1,11));
)

)

FOR_EACH_6_END;
return T;

// Pomeron-Pomeron-Tensor coupling structure

// iG_{\mu \nu \kappa \lambda \rho \sigma} - (1,5) = (6,4)

$HGPFT06 (const MiVec ial, const Navec G2,
9_PPT) const {

const double = 1.0, // Hass scale (Gon)”
const std::complex<double> FACTOR = 2.0 * zi / math::powS(S0) * g_PPT;

FTensor::Index<'a’, 4> a;
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2076:  const MiVec p = k1 - k2;
2077
2078:  // Form FACTOR
2013:  const double LuMDA - 101 /7 Gev

const double F_ M(KLM2(), 0.5) * FM(k2.M20), 0.5) * F((kl + k2).M2(), MO, LAMBDA);
Complax<doubles FACTOR 5% zifgl *E

const std.

Tensorl<std: :complex<double>, 4> T;
Tor feonat avto tma s T { E(me) - EACTOR + (p % mu; )

return T;

// pseudoscalar - vector - vector vertex function
// i\Gamma_{\kappa\lambda} (k1,k2)
a
// Input as contravariant (upper index) 4-vectors, M0 is the pseudoscalar on-shell mass
2/
: L4 4> 16 p Mdvec sp3, const Mivec &pd,
double M0, double gl) const (

// Form FACTOR
const double LAMEDA = 1.0; // GeV

const double s0 1.0; // Mass scale (Gev)
complex<double> FACTOR = zi * g1 / (2 * S0) * F((p3 + pd).M2(), MO, LAMBDA);

const. st
Tensorl<std::complex<double>, 4> p3_ = (p3[01, p3[11, p3[2], P3[31};
Tensorl<std: :complex<double>, 4> pd_ = {pd[0], pd[1], pd(2], pa[3]};

Flensor::Index<’a’, 4> mu;
FTensor::Index<'b’, 4> nu;
FTensor::Index<’c’, 4> rho;
Flensor::Index<’d’, 4> sigma;

// contract
Tensor2<std

omplex<double>, 4, 4> T;
T(mi, nu) = FACTOR * p3_

(rho) * pd_(sigma) * eps_lo(mu, nu,

rho, sigma);

return T;

// £2 - pseudoscalar - pseudoscalar vertex function

// i\Gamma_(\kappa\lambda) (x1,X2)
77

// Input as contravariant MO is the £2 meson on-shell mass
4

(upper index) d-vectors, 1
+16_£3paps (conat. MiVe: k1, consy liVes ek,
{

S
uble MO, double gl) const
// Form FACTOR
1. LAMBDA = 1.0; // Gev.
const double so Loz Vass scale (Gev)
Klkz =kl
complex<double> FACTOR = -zi * ql /(2 % 80) * F((k1 + k2).M2(), MO, LAMBDA);

const double k1_k2_sq = k1 k2.M2();
Tensor2<std: :complex<double>, 4, 4> T;
T(u, v) = FACTOR * ((k1_k2 % u) * (k1_k2 % v) - 0.25 * glu][v] * kl_k2_sq);
FOR_EACH_2_END;

return T;

// £2 - vVector (massive) ctor (Massive) vertex function
7/ i\Ganma_(\mu\nu\kappa\Lambda) (k1, k2)
MO0 is the £2 meson on-shell mass

Vi
// Input as contravariant (upper index) 4-vectors,

:1G_£2vv(const MdVec §k1, const MiVec &k2,
double M0, double gl,
double g2) const {

L4 4, 4, 4>

const double SO = 1.0; // Mass scale (GeV)

const double LAMBDA = 1.0; // GeV

const Tensord<std: :complex<double>, 4, 4, 4, 4> GO = Gamma0 (k1, k2);
4, 4, 4> G2 = Gamma2(k1, k2);

const Tensord<std: :complex<double>, 4,

const std: :complex<double>
FM(KL.M2(), 0.5) * FM(K2.M2(), 0.5) * F((kl + k2).M2(), MO, LAMEDA);

const std::complex<double> FACTORL = zi * 2.0 / math::pow3(S0) * gl * F_;
const std::complex<double> FACTORZ = -zi * 1.0 / S0 * g2 * F_;

2158:  Tensord<std::complex<double>, 4, 4, 4, 4> T;
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FOR_EACH_4 (L) ;

T(u, v, k, 1) = FACTORL * GO(u, v, k, 1) + FACTORZ * G2(u, v, k, 1);
FOR_EACH_4_END;

return T;
£2 - gamm: vertex function
\Ganma{ms\na\Kappa \ Lanbda) (K1, K2)

/

Input as contravariant (upper index) d-vectors, MO is the £2 meson on-shell mass
Couplings g1,g2
/

Example couplings:
const double e = msqrt (ged::alpha_QED() * 4.0 * PI); // = 0.3, no running

const double a_f2yy = powZ(e) / (4 * PI) * 1.45; // Gev™(-3}
const double b_f2yy = pow2(e) / (4 * PI) * 2.49; // Gev*(-1}

ouble MO, double gl
Goupe 92) const {

// Form FACTOR

const double LAMEDA = 1.0; // GeV

const Tensord<std::complex<double>, 4, 4, 4, 4>

const Tensord<std: :complex<double>, 4, 4, 4, 4>

Ganmao (k1, k2);

co =
62 = Ganmaz (k1, k2);

const std: :complex<double> FACTOR =
zi * FM(KL.M2(), 0.5) * FM(k2.M2(), 0.5) * F((kl + k2).M2(), MO, LAMEDA);

Tensord<std: :complex<double>, 4, 4, 4, 4> T;
FOR_EACH_4 (LI) ;
T(u, v, k, 1) = FACTOR * (2.0 * gl * GO(u, v, k, 1) - 92 * G2(u, v, k, 1));
FOR_EACH_4_END;

return T;

: // Pomeron-Pseudoscalar-Pseudoscalar vertex function

2199: // i\Gamma_{\mu\nu} (p’,p)
// Input as contravariant (upper index) 4-vectors
L4, 4> :iG_Ppsps (const MiVec &prime, const MiVec &p,
double gl) const {
const Mavec psum

2240:
2241:

./src/MTensorPomeron.cc

const double M2
const std: :complex<double> FACTOR

* 2.0 * gl * FM((prime - p).M2(), 0.5);

Tensor2<std: : complex<double>,
FOR_EACH_2 (LT) ;
T(u, v) = FACTOR * ((psum % u) * (psum % v) - 0.25 * glul[v] * M2);

4, 1

// Pomeron-vector (massive) -Vector (massive) vertex function
// i\Gamma_({\alpha\beta\gamma\delta} (p*,p)

// Input MO is the vector meson on-shell mass
Vi

// Input as contravariant (upper index) 4-vectors
Va

: T P A Y

uble g1, double g2) const {
Gamma0 (prime, -p);
Gammaz (prime, -p);

const Tensord<std::complex<double>, 4, 4, 4, 4> GO =

const Tensord<std::complex<double>, 4, 4, 4, 4> G2 =

const std::complex<double> FACTOR = zi * FM((prime - p).M2(), 0.5);

Tensord<std: :complex<double>, 4, 4, 4, 4> T;

FOR_EACH_4 (L) ;
= FACTOR * (2.0 * gl * GO(u, v, k, 1) - g2 * G2(u, v, k, 1));

// Gamma-Vector meson transition vertex
// iGamma_{\ma \nuJ

29/32
FOR_EACH_2 (L1)

(u, v) = FACTOR * g(u] (v}
FOR_EACH_2_END;

return T;

1
// odderon propagator ip
3: 7/

: // Input as (sub)-Mandelstam invariants st

77

:iD_0(double s, double t) const {
const. s\:d::cemglex<dou.hle> FACTOR

+ Param.cta0 / pow?(Param.M_0) * std::pow(-zi * s * Param.ap_0, alpha O(t) - 1.0);

Tensor2<std: :complex<double>, 4, 4> T;
FOR_EACH_2 (LT) ;

T(u, v) = FACTOR * glul(v];
FOR_EACH_2_END;

return T;
)

462y (const uaVec Gkl const. Mives ek,

iG_Pvv(const MdVec éprime, const MiVec &p,
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2276: // Tensor Pomeron propagator: (covariant
Va

2293:

Va
// pdg = 113 / "rho0",
4

28/32

223 / "omega0®, 333 / "phio"

.4, 4> :1G_yV(double q2, int pdg) const {
const double e = msqrt (qed::alpha QED() * 4.0 * PI); // ~ 0.3, no runni
double ganmav = 0.0;

double v - 0.0;

// Vector Meson Dominance (VMD) type parameters
113) { rho

negct (4 ¥ P1 / 0.496);

0.770;

(pd 223) { // omega
msgrt (4 * P / 0.042);
0

33) { // phi
(-1.0) * msgrt (4 * PI / 0.0716);

else {
theow std: 1invalid axgunent ("MTensorPoneron: |1G.yV: Unknown vector meson pdy =
_string (pdg) ) ;

)

Tensor2<std: :complex<double>, 4, 4> T;
FOR_EACH_2 (LI) ;

, V) = -zi * e * powz(nV) / gammaV * glul(vl;
FOR_EACH_2_END;

return T;

Va
// Propagators

~ contravariant)
i\Delta_(\mu\nu, \kappa\lambda) (s, t) = i\Delta"(\ms\nu, \kappa\lambdal (s, t)

7 Input as (sub)-Mandelstam invariants: s,t

Symmetry relations

\Delta_{\mu\nu, \kappa\lambda} = \Delta_{\nu\mu, \kappa\lambda} =
\belta_{\mu\nu, \lambda\kappa) = \Delta_{\kappa\lambda, \mu\nu}

a
Contraction with g*{\mu\nu} or g*{\kappa\lambda} gives 0
4

4, 4, 4> :iD_P (double s, double t) const {
const. s\:d::cemplex<dcuble> r)\cmﬁ
1.0 05 * st w(-zi * s * Param.ap_P, alpha_P(t) - 1.0);

Tensord<std::complex<double>, 4, 4, 4, 4> T;
FOR_EACH_4 (LT) ;
T(u, v, k, 1) = FACTOR * (glul (k] * glvl(1] + glul[1] * glvl(k] - 0.5 * glul (vl * glkl(1]);
FOR_EACH_4_END;

return T;

// Tensor Reggeon propagator iD (£2-az-reggeon)
a

// Input as (sub)-Mandelstam invariants: s,t
Va

: 4, 4, 4, 4>
const std: :complex<double> FACTOR
1.0 / (4.0 * 5) * std::pow(-zi * s * Param.ap_2R, alpha_2R(t) - 1.0);

:iD_2R(double s, double t) comst {

Tensord<std: :complex<double>, 4, 4, 4, 4> T;

FOR_EACH_4 (LI) ;

(u, v, K, 1) = FACTOR * (g[ul (k] * g(v][1] + g[ul[1] * glvl(x] - 0.5 * glul(v] * g[k][1]);
FOR_EACH_4_END;

return T;

// Vector Reggeon ip ¢ x
a

2318: // Input as (sub)-Mandelstam invariants s,t
2319: //

2320 . :iD_1R(double s, double t) comst {
2321:  const st mplex<double> FACTOR =

2322 2i / pow? (Param.M_IR) * std::pow(-zi * s * Param.ap_lR, alpha_IR(t) - 1.0);
2323:

2324:  Tensor2<std::complex<double>, 4, 4> T;
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} else {
FOR_EACH_2 (LT) ;

(-glul[vl + (>3 w) * (p % v) /m2) *DeltaT - zi * (% u) * (p%v) / m2 * Delta_L;

FOR_EACH_2_END;
)

return T;

// Massive tensor propagator iD_{\mu \nu \kappa \lambda} or iD"{} with INDEX_UP == true
a
// Input as contravariant (upper index) 4-vector and the particle peak mass MO

// and full width Gamma
7/

iD_TMES (const MdVec &p, double MO,

bool  INDEX_UP) const {
const double m2

PM20);
// Inline auxialary function
auto ghat = [§] (int u, int v) {

if (INDEX_UP) {
return ~g(ul [v] + (plul) * (plv]) / m2;
else {
return —g[ul[v] + (p S W * (p % v) / m2;

i

2349: // Vector propagator b_(\ms \nu) == LD (\mu \nu) with (naive) Reggelzation
2350

e Input as contravariant 4-vector and the particle peak mass MO

2352: 7/

2353: 4 4 :iD_V(const MaVec &p, double MO,

2354:
const double m2
const double alpha

double 534) const {

// Typical Reggeon trajectory

: std::complex<double> MTensorPomeron:

const double s_thresh
const double phi texp((s_thresh - s34) / s_thresh) - PI / 2.0;

7/ Reggeization

complex<double> REGGEIZE = std::pow(std::exp(zi * phi) * s34 / s_thresh, alpha - 1.0);

:complex<double>, 4, 4> T;
FOR_EACH_2 (LT) ;

T(u, v) = ~glul(v] / (m2 - pow2(MO)) * REGGEIZE;
FOR_EACH_2_END;

return T;

// scalar propagator iD with zero width
2/

7
7/ Input as 4-vector and the particle peak mass MO0
7

:iD_MESO (const M4Vec 6p, double MD) const {

return zi / (p.M2() - pow2 (M0));

complex<double> MTensorPomeron
const std::complex<double> Delta

D_MES (const MdVec &p, double MO, double Gamma) const {
1.0/ (p.M2() - pow2(MD) + zi * MO * Gamma);

return zi * Delta;

bool INDEX_UP) const {

20);

// Longitudinal part (does not enter here)
const double Delta L = 0.0;

Tensor2<std: :complex<double>, 4, 4> T;
if (INDEX_UP)
FOR_EACH_2 (LT) ;

(-glul[v] + (plul) * (p[v]) / m2) * Delta T - zi * (plul) * (plvl) / m2 * Delta_L;
FOR_EACH_2_END;

+:1D_VMES (const MiVec &p, double MO, double Gamma,

: double MTen:

double MTensorP

const std::complex<double> Delta = 1.0 / (m2 - pow2(M0) + zi * MO * Gamma);

Tensord<std: :complex<double>, 4, 4, 4, 4> T;

FOR_EACH_4 (LT) ;

T(u v, k, 1) = zi * Delta *
(0.5 * (ghat(u, k) * ghat(v, 1) + ghat(u, 1) * ghat(v, k)) -
1.0 / 3.0 * ghat(u, v) * ghat(k, 1));

FOR_EACH_4_END;

return T;

z
// Trajectories (simple linear/affine here)

// Pomeron trajectory
double MTensorPomero:

alpha P (double t) const ( return 1.0 + Param.delta P + Param.ap P * t; |

: // odderon trajectory

v
double MTensorPomeron: :alpha_ o{dm:.ble ) const ( return 1.0 + Param.delta 0 + Param.ap 0 * t; }
// Reggeon (rho, omega) trajecto

double MTensorPomeron: :al) hq_ll(dou.bln ) const { return 1.0 + Param.delta IR + Param.ap_1R * t;
// Reggeon (£2,a2) traj

Goubie MEensoremeron. ‘alpha.2R (double t) const ( return 1.0 + Param.delta?R + Param.ap_2R * €

Vi
// Form factors

// Proton electromagnetic Dirac form FACTOR
double MTensorPomeron: :F1(double t) const { return form::Fl(t); }

// Proton electromagnetic Pauli form FACTOR
double MTensorPomeron: :F2 (double ) const { return form::F2(t); )

// Proton electromagnetic Dirac form FACTOR
double MTensorPomeron: :F1_(double t) const

return (1 - (t / (4 * pow2 (PDG:imp))) * form::mu_ratio()) / (1 - & / (4 * pow2 (BDG:tmp))) * GD(t);

(¢ Proton electzonagnetic Pauli forn i
double MTens 2_(double t) const
eturn (rormimn eatio gy 0 S e Ppow2 (PDG:

mp))) * GD(E);

// bipole form FACTOR
sorPomeron: 0D (double t) const {
const double m2D = 0.71; // Gei
return 1.0 / pow2(l - t / m2D);

// Meson form FACTOR (pion electromagnetic type)
omeron: :FM(double q2, double LAMBDA2) const { return 1.0 / (1.0 - q2 / LAMBDAZ);

// Resonance form factor
double MTensorPomeron: :F (double q2, double MO, double LAMEDA) const {
return std::exp(-pow2 (G2 - pow2 (M0)) / math::powd (LAMBDA));
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2491: } 2574:  // Different mixed index covariant/contravariant versions
2575:  // by contraction with g_{\mu\nu}
/ 2576:  R_DDDD = R;
// Tensor functions 2577:  R_DDDU(a, b, ¢, R(a, b, c, alfa) * gT(d, alfa);
2578:  R_DDUU(a, b, ¢, R(a, b, alfa, beta) * gT(c, alfa) * gT(d, beta);
// Output: \Gamma®{(0)}_{\mu\nu\kappa\lambda} 2579:  R_UUDD(a, b, c, Rlalfa, beta, ¢, d) * gT(a, alfa) * gT(b, beta);
7 2580
// Input must be contravariant (upper index) 4-vectors 2581 //
Va 2582:  // Pre-calculated tensor c for tensor
: s 4, 4, 4, 4> ::Gamma0 (const Mdvec &kl, 2583
const Mdvec &k2) const ( 2584:  auto FIX1 = (8]0 (
const double klk2 = k1 * k2; // 4-dot product MTensor<double> A = MTensor ({4, 4, 4, 4, 4, 4), double(0.0)); // Init with zeros!
Tensord<std::complex<double>, 4, 4, 4, 4> T; FOR_EACH_6 (LI) ;
FOR_EACH_4 (LI); const
Tlu, v, k, 1) = (klk2 * glul(v] - (k2 % u) * (k1 & v))

ector<size_t> ind = {u, v, k, 1, 1, s};

- )0

(1 % k) * (k2% 1) + (k28 k) * (k1 % 1) - 0.5 * klk2 * g[k] [1]);

FOR_EACH_4_END;
A(ind) += RDDDD(u, v, rl, al) * RDDDU(k, 1, s1, al) * RDDUU(x, s, rl, sl);

return T; )

}

}
// output: \Gamma{(2) }_{\mu\nu\kappa\lambda) FOR_EACH_6_END;
Va

return

: // Input must be contravariant (upper index) d-vectors
4

L4 4,4, 4> 1 :Ganna2 (const MaVec k

et Mavec 2] const. (

const double KIk2 = K1+ k2; /7 4-dor prodnct

Tensord<std: :complex<double>, 4, 4, 4, 4> T;

FOR_EACH_4 (LT) ;

TG vk, 1) = k1k2 * (glul (k] * glvI[1] + glul[l] * glvl[k]) +
glul[v) = ((k1 % k) * (k2 % 1) + (k2 % k) * (k1 % 1))
(1§ v) * (2 8 1) *glul(k] - (kI %v) * (k2 %K)

2599:  auto FIX2 = [&10) [
0 MTensor<double> A

= MTensor ({4, 4, 4, 4, 4, 4, 4, 4}, double(0.0)); // Init with zeros!

LD |
*glu] (1] - Alw, v, k, 1, r, s, ul, £l}) +=
(k2 % w) * (k1%1) *glvllk] - (k2 5w * (kI $ k) * glvl[l] - RDDDD(u, v, ul, al) * RDDDU(k, 1, s, al) * RDDUU(r, s, rl, sl);
(k1k2 * glullv] - (k2 % w) * (k1 % v)) * glkl[1]; i
FOR_EACH_4_END; )
!
return T;
) FOR_EACH_6_END;
zeturn A;
// Pre-calculate tensors for speed
7

// 1. Minkowski metric tensor 2616:  auto FIX3
// 2. Auxialary (helper) tensor MTensor<double> A = MTensor ({4, 4, 4, 4, 4, 4, 4, 4}, double(0.0)); // Init with zeros!
// 1/2 g_{\mu\kappa) g_{\nu\lambda} + 1/2 g FOR_EACH_6 (L1) ;
: // g_{\mu\nu}g_(kappa\lambda} for (auto const sal : LI) {
V4

_{\mu\lambda}g_{\nu\kappa} - 1/4

void MTensorPomeron: :CalcRTensor ()
// Minkowski metric tensor (+1,

FOR_EACH_2 (1T) ;

9T(u, v) = glultvl;

FOR_EACH_2_END;

A({u, v, k, 1, r, s, ul, s1}) +=
R_DDDD(u, v, rl, al) * R_DDDU(k, 1, ul, al) * R_DDUU(r, s, rl, s1);
7/ Covariant [lower index] 4D-epsilon tensor

const MTensor<int> etensor = math::EpsTensor (4);

FOR_EACH_4 (LT) ;
std::vector<std::size_t> ind =

(v, v,
eps_lo(u, v, k,

1
= static_cast<double> (etensor (ind));

FOR_EACH_4_END; 2635: T3 = FIX30);
2636: )
[/ Free Lorencs indices [second parenctes denotes the xange of index] 26371
2638: ) // namespace gra

FT&nsar::Index(’g . 4> alfa;
FTensor::Index<'h’, 4> beta;

// Contravariant version
eps_hi(a, b, c, d)
eps_hi(a, b, ¢, d)

(make it in two steps)
eps_lo(alfa, beta, ¢, d) * gT(a, alfa) * gT(b, beta);
eps_hila, b, alfa, beta) * gT(c, alfa) * gT(d, beta);

7

// Aux tensor
Frensor:  Tensoricdouble, 1, 4, 4, 4 &

R, b, ¢,

0.5+ qua, ©) * gT(b, d) + 0.5 * gT(a, d) * gT(b, ) + 0.25 * gT(a, b) * gT(c, A
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// Photon and other fluxes g_mutex.unlock () ;
MULTITHREADING UNLOCK G6

7,
/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT> // pdf factorization scale

const double Q2 = lts.s_hat / 4.0;
2/ o

: #include <complex>
#include <random>

// Bvaluate gamma pdfs
0.0;
: #include <vector>

0: ¢
7/ // pivide x out
| Hinclude "Graniitei/MFlux.nt £1 = lts.GlobalPdfPtr->xfxQ2 (PDG::PDG_gamma, 1ts.xl, 02) / lts.x1;
: £2 = lts.GlobalPdfPtr—>xfxQ2 (PDG::PDG_gamma, 1ts.x2, Q2) / lts.x2;
) cateh (...) ( throw std::invalid_argument ("ApplyLUXfluxes: Failed evaluating LEAPDE"); )

: namespace gra {
namespace flux

const double phasespace
const double tot

1.0 / (ts.x1 * 1ts

: x2);
using math::abs2; £l + £2 + ampz * phasespace;
8

using math::msart;

0: // Apply non-collinear EPA fluxes at cross section
i // Use with full 2 -> N kinematics
2

uble amp2, gra:: 1ts)
const double gammafluxl = lts.excitel

return tot;
lever )

// namespace flux
) // namespace gra

ra: :InconPlux(lts.xl, lts.tl, lts.qel, lts.pfinall1].M2())
| Torms ConFrum ite xt, 16aeh, lts.qtl);
const double gammaflux2 = lts.excitez

form::IncohFlux (lts.x2, lts.t2, lts.qe2, lts.pfinall2].M2())
::CohFlux(lts.x2, lts.t?, lts.qt2);

// const double phasespace = Its.s / lts.s_hat;  // This gives problems at

low masses
const double phasespace = 1.0 / (lts.xl * lts.x2);

// Consistent with kt-factorization
// Combine all
const double fluxes

- gammativa « gamarluz * phasespace;
const double tot = f

luxes * amp2
a
// Apply fluxes to helicity amplitudes

const double sqrt_fluxes = msqrt (fluxes); // to "amplitude level”

for (const autos i : aux::indices(lts.hamp)) { lts.hamp[i] *= sqrt_fluxes; }
Y

return tot;

7/ apply ollinear - 1
: // Use with Lcll)near kinenatics

double
// Evaluate gamna pdfs

(coherent flux) at cross section level

amp2, gra::LORENTZSCALARS lts) {

ZFlux (1ts.x1);
21k 1ts x2)
o) drend + ire.

52+ inp2 * phassspace;

- fo
Conmt Gouble £2 - o
const double phaseapace = 1.
const double tot

return tot;

)

: // Apply Gamma-Gamma LUX-pdf (use at \mu > 10 GeV) at cross section level

[/ Use with coliinear kinemaci
double amp2, gra
7/ M HULTITRRERD NG 100K BEDED Son TNITIAZSZATION 66
gra::g_mutex.lock(

s) {

// Not created yet

if (lts.GlobalPdfPtr == nullptr) {
std::string pdfname = lts.LHAPDFSET;
retry
oy (
Lus.GlobaledfPLs = LAARDE: nkED (pdfnane, 0);
lts.pdf_trials = 0; // f
} cateh (..

++1ts.pdf_trials;
std::string str = "ApplyLUXfluxes: Problem with reading LHAPDF '
AutoDounlosdLiAZDE (ptaane) ; // Try autodounload
gr: wtex.unlock () ; / Remember before throw, otherwise deadlock
e (ita pat iriats e 2) ( // too many failures
throw std::invalid_argument (str);
} else
goto retry;

+ pdfname + " ';
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1: // GRANITTTI Monte Carlo main class
7

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

/) crr
#include <algorithm>

1
17: #include <stdexcept>
18: #include <string>
19: #include <thread>
#include <vector>

211
22: // own
#include "Graniitti/MAux.h"
#include "Graniitti/MContinuum.h"
#include "Graniitti/MFactorized.h"

#include "Graniitti/MGraniitti.h"

clude "Graniitti/MKinematics.h"
#include "Graniitti/MMath.h"
#include "Graniitti/MNeuroJacobian.h"

#include "Graniitti/MProcess.h'
#include "Graniitti/MQuasiElastic.h”
#include "Graniitti/MTimer.h"

Ere

35: // HepMc3

36: #include "HepMC3/GenEvent.h"
37: #include "HepMC3/WriterAsciifiephC2 h”
38: #include "HepMC3/WriterHEPEVT.h

39
40: // Libraries

41: #include "json.hpp"
42: #include "rang.hpp”

43:
44: namespace gra (
st

v
// GLOBALS from MGlobals.

initialized by MGraniitti()

// Model tu
{atring MoDELEARAY;

std:

: using json = nlohmann::json;

indices;

61:
6.

// Constructor
MGraniitti::MGraniitti() {
7/
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: void MGraniitei

: void MGraniitt:

2/24

i< pvec.size(); ++i)

<< std

tcout << ""MGraniitti [DONE]" ndl;

PrintRistograms () {
HistogramFusion () ;
proc->PrintHistograms ();

// Unify histogram bounds across threads,
nifyHistogramBounds () (
// Loop over all 1D histograms
for (auto const Expoine ¢ proc->h1) (
int  xbins
double xmin
double xmax

it

ize_t p = 1; p < pvec.size(); ++p)

for (std:isize_t < pvec.size(); ++p)
pvec [p]->h1 [xpoint . Ehebe) ResctBounds (xbing, xnin,
)
)
// Loop over all 2D histograms
fox lauto const Gxpoint : proc-ha) (
int  xbins
double wmin = 0}
double xmax = 0;
int  ybins = 0;
double ymin i
double ymax
// Fuse buffer values [start index 1]
for (std:isi 1; p < pvec.size(); ++p)
Bro-sha (xpoint Eiret] Fusebaffor (pves (p] +h2 [xpoi
}

proc->h2 [xpoint.first].FlushBuffer ();
proc->h2 [xpoint.first].GetBounds (xbins, xmin,
proc->h2 [xpoint.first] .ResetBounds (xbins, xmin,

{{ 1eop over processes and set histogran bounds [ste
for (std = 1; p < pvec.size(); ++p)
pvec[p]->h2 [xpoint . first] .ResetBounds (xbins,

)

// Fuse histograms for N-fold statistics
void MGraniitti::HistogramFusion ()
if (hist_fusion_done ‘
// START with process index 1, because 0 is the base
for (std: < pvec.size(); ++i)
// Loop over all 1D histograms
for (auto const &xpoint : proc->hl)
proc->hl[xpoint . first] = proc- >hl[xpo:nt first]

izet i=1

'
// Loop over all 2D histograms
for (auto const &xpoint : proc->i

{/ oo over processes and set histogran bounds (start

proc- ) [xpoint.first]

// Init program globals

gra: :MODELPARAM
globalExceptionPtr

"nulln;
= nullptr;

proc->h2 [xpoint . first]
}

)
hist_fusion_done = true;
«

// Print general layout
PrintInit();

// Destructor
MGraniitti:: MGraniitti() {
// Destroy processes

./src/MGraniitti.cc
167:

3/24

// Just before event generation
// (in order not to generate unnecessary empty files
// if file name / output type is changed)
InitFileoutput ();
CallIntegrator (NEVENTS) ;

)

)

// This is called just before event generation
// Check against nullptr is done below, because if the output is already

is not
Tnitrilecutput () {
)t

"") { // OUTPUT must be set
throw std::invalid_argument ("MGraniitti

)

InitFileOutput: OUTRUT £il.

FULL_OUTPUT_STR

etBasePath(2) + "/output/" + OUTBUT +

7"
// Generator info
runinfo = make_shared<HepMC3:

:GenRunInfo> () ;

struct HepMC3::GenRunInfo::ToolInfo generator = {
std::string(”
std::to_string (aux

runinfo->tools () .push_back (generator) ;

struct HepMC

GenRunInfo::ToolInfo config "1.0v,

(FULL_INPUT_STR,
std::string ("

runinfo->tools () .push_back (config) ;

V4

if (FORMAT

“hepne” G outputieptcd

nullptr) {

} else if womn

3:
hepm2" &4 outpuLHeptc? == nullpte)
std: imake._ Hep
nullptr)

// Return process numbers available
std::vector<std::string> MGraniitti
cout << ran
std::icout << "Available processes: ";
std::icout << rang::style::reset << std:
cout << std::endl;

GetProcesshumbers () const {

endl << std::endl;

cout << rang
vector<st

bold << "2->3 x 1->(N-2) LIPS
1istl = proc_F.ProcPtr.PrintProcesses();

tibold <<
list2

"2->N LIPS:" << rang: treset
= proc_C.ProcPtr.PrintProcesses();

old
list3

Quasielastic st
= proc_0.ProcPtr.PrintProcesses();

cout << rang::
vector<st
std::icout << std

tibold << "2->1 x (1->M) collinear:" << rang:

list4 = proc_P.ProcPir.PrintProcesses();

// Concatenate all
listl.insert (listl.end(),
listl.insert (listl.end(),
Llistl.insert (Listl.end(),

Llist2.begin(),
1ist3.begin(),
Listd.begin(),

list2.end());
list3.end());
listd.end();

return listl;

// (Re)assign the pointers to the local memory spa

: void MGraniitti::InitProcessMemory (std::string process,
// These must be here!

PROCESS = process;

unsigned int seed)

// <> process

(FULL_OUTPUT_STR,

> (FULL_OUTPUT_STR,

set

ename not set!");

"+ FORMAT;

teering card") };

runinfo) ;

runinfo) ;

(
(FULL_OUTPUT_STR) ;

reset << std::endl;

i
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2: void MGraniitt:

: void MG

: void MGraniitti::ReadInput (const std:

} else
sta:

( delete pveclil; }

50 the histogram fusion is possible

roeshi (xpolnt . first] Fusebutfer (pvee b vhi [xpoint. £irst]);
)

proc->hl [xpoint.first] .FlushBuffer ();
proc->hl[xpoint.first].GetBounds (xbins, xmin, xmax);
Proc->hl[xpoint.first].ResetBounds (xbins, xmin, xmax); // New start

index = 1]

xmax) ;

nt.first]);

ybins, ymin,
. ybins,

ymax) ;
ymin, ymax);
rt index = 1]

xmax, ybins,

ymin, ymax);

+ pvec(il->hl(xpoint.first];

+ pvec(il->h2 (xpoint.first];

have been "

)

// Generate events
void MGraniitti::Generate ()
if (NEVENTS > 0) { // Generate events

4/24
if (proc_Q.ProcPtr.ProcessExist (process)) {

proc_Q = MQuasiElastic(process, syntax);

proc &proc_¢

// <F> processes

} else if (proc_F.ProcPtr.ProcessExist (process)) (
MFactorized (process, syntax);

&proc_F;

/ <C> processes
} else if (proc_C.ProcPtr.ProcessExist (process)) {
MCont inuum (process, syntax);
sproc_C;

/ <P> processes
} else if (proc_P.ProcPtr.ProcessExist (process)) {

proc_P = MParton(process, syntax);
proc_p;
g str = "MGraniitei

3 ebrosasamammers 0

throw std::invalid_argument (str);
)

// Set random seed
proc->random. SetSeed (seed) ;
)

void MGraniitti

nitMultiMemory ()
{/ ** Init multitheading memocy by making copies of ti
for (std. _t i=0; i< pvec.size(); ++i) { delete
pvec.resize (CORES, nullptr);

// create new pr s for each thread
for tine 1= 05 5 < coned; o) (
if (proc_Q.ProcPtr.ProcessExist (PROCESS)) (
pvec(i] = new MQuasiElastic(proc_0);
} else if (proc_F.ProcPtr.ProcessExist (PROCESS)) (
pvec(i] = new MFactorized(proc_F);
} else if (proc_C.ProcPtr.ProcessExist (PROCESS)) (
pvec(i] = new MContimuun(proc_C);
} else if (proc_P.ProcPtr.ProcessExist (PROCESS)) (
pvec(i] = new MParton (proc_P);
}

// RANDOM SEED PER THREAD

for (int < CORES;
const unsigned int tid = 1+ 1;
// Deterministic seed
const unsigned int thread_seed

static_cast<unsigned int>(std::max(0,

pvec(i])->random.SetSeed (thread_seed);

)

(IMPORTANT!)
)4

// SET main control pointer to the first
// (needed for printing etc.)
proc = pvec(0];
Pproc->PrintInit (HILJAN);

)

one

[/ St simple HC paraneters
SetMCParam (MCPARAM &in)

{ meparam = in;

/7 set

AS parameters

sin)

// Read parameters from a single JSON file

sstring sinputfile,
// Save it for later use
FULL_INPUT_STR = inputfile;

std::cout << rang::fg:igreen << "MGraniitti::ReadInput
<< std::endl
<< std::endl;

ReadGeneralParan (inputfile) ;
ReadProcessParam (inputfile,
£ :MODEL

cmd_PROCESS) ;
PARAM) ;

arameter initialization

string inpul

InitProcessMemory: Unknown PROCESS: "
// This is done by main program

(int) pvec[i]->random.GetSeed ())

{ vparam

+ process;

he process **
pveclil; }

* tid);

)

const.

"+ inputfile << rang:

tfile)

// New start

std::string cmd_PROCESS)

:fq::reset



./src/MGraniitti.cc 5/24

// Read and parse
etInputData (inputfile);

const std::string data = gra
3
try (
3 = json::parse(data);
)caten () (
+ inputfile +

MGraniitti::ReadGeneralParam: Error parsing
heck for extra/missing commas)";
throw std::invalid_argument (str);

tring str =

// JSON block identifier

const std::string XID = "GENERALPARAM';

// Setup parameters (order is important)
(3.t (XID) .at ("NEVENTS")) ;
SetOutput (j.at (XID) .at ("OUTPUT") ) ;
SetFormat (j.at (XID) .at ("FORMAT")) ;
Socwelghted(].at (XID) at ("WEIGHTED') )

"

Setcczes{j ot (D) \at (rCORESN1);

// Save for later use
gra: = j.at (xID) .at ( ;

// General model parameters initialized from .json file

string sinputfile) const {

stds:

const std::string fullpath

GetBasePath(2) + "/modeldata/" + inputfile + "/GENERAL.json';

// Read generic blocks
PARAM_SOFT: :ReadParameters (fullpath);
PARAM_STRUCTURE: : ReadParameters (fullpath) ;
PARAM_F eadparameters (fullpath) ;
EARMM_NSTAR  :Readaramerers (Fulipaths

// The rest are handled by spesific amplitude classes

() after this
tfile, const std::string cmd_PROCESS) (

i ca11
std:sstring |

// Process parameter
void MGraniitti

// Read and parse
const std::string data = gra::au
3

GetInputdata (inputfile);

Jn e perse dacas
)caten ()
letring ser -

+ inputfile +

MGraniitti::ReadProcessParam: Error parsing
Check for extra/missing commas)";

throw std::invalid_argument (str);

const std::string XID = "PROCESSPARAM';
i
// Initialize process
ng fulistring
Tt ena Pkoczss null")

3.at (X1D) . [y SR——
commandline override

V4
// First separate possible extra arguments by 0.
std::vector<std::size t> markerpos = indoceurance (fullstring, "6"

n);

fullst

bstr (0, mark ) - s

7/ Now separate process and decay parts by "->"
string PROCESS_PART
sm;;sumg DECAY_PART

std::isize_t pos -0
std::isize_t posl = fullstring.find("->");
std::isize_t posz fullstring.find("e>"); // ISOLATEd Phase-Space

// Try to find ->

npos) 7 posl

pos = (posl

bool density_touched false;

Mdatrix<std
v _(RESONANCES [RESNANE p.spnx2
stomnczsmasnmz] rho.size_row();
MMatrix<std ex<double>> (N, N, 0.0);

lex<double>> newrho(l, 1, 0.0);
«

1= 0)

const int

{{ poep over keyival argunents
for (const auto yotax(i].arg) {

std::stod (x.second) ;

if (x.
RESONANGES (RESNANE] .p.mass

" << RESONANCES [RESNAME] .p.mass << rang::fg

if (x

nasommczsmzswmm > wideh = std: sstod (x.second);
ang::fg:igreen << "GR[

i iane ™ X Remowanezs (REGNANE] . p.width << rang

<< std::endl;

n < RESONANCES [RESNAME] .g_Tensor.size(); ++n) (
. ("g" + stdiito_string(n))) {

RESONANCES (RESNAME .o Tensor (n] ::stod (x.second) ;

couplings_touched

- true;

)
[/ set diagenal spin density elements

; (newrho.size_row()
(newrho.size_row() - 1) / 2;
("32" + std::to_string(n)))
d (x. second) ;

-1 /2 )

const double value - std

if (value < 0)

{
throw std::invalid_argument ("MGraniitts @R[] 32 value < 0");

ReadProcessParam.

}
newrho [newrho.size_xow() - 1 - J - nl[newrho.size_row() - 1 - J - n] = value;
-1 -3+ nlnewrho.size_row() - 1 - J + n] = value;

newrho [newrho. size_row ()
density_touched = true;
)
)
// Normalize the trace and save it
if (density_touched)
const std::complex<double> trace = newrho.Trace();
if (std::abs(trace) > 0)
newrho = newrho * (1.0 / trace);
) else {
throw std::invalid_argument (
"MGraniitti::ReadProcessParam: GR[] Spin demsity error with <= 0 trace");
)
RESONANCES [RESNAME] .rho = newrho;
std:icout << green << "GR[" << RESNAME
in density set:" << s ndl;
RESONANCES (RESNAME] . tho .Beint (1]
std::icout << rang::fg:ireset << std::endl;
)
// Print new coupling array
if (couplings_touched) (
< rang::fg:igreen << "GR[" << RESNAME
< "] new production couplings set: g_Tensor = [
_t k = 0; k < RESONANCES [RESNAME] .g_Tensor.size(); ++k) (
SE7, RESONANCES [RESNAME] .g_Tensor [k]);
P! stoNAchs[REstz],q Tensor.size() - 1) { stdiicout << ', ; )

)
)
proc->setResonances (RESONANCES) ;

// Setup resonance branching (final step!)
proc->setupBranching () ;
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npos; // Try to find &

pos) 7 pos2 :

if (pos
PROCESS_PART - fullatring. substr (0,
DECAY_PART = fullstring.substr(pos + 2);
) else {
PROCESS_PART
)

// beginning to the pos-1

pos - 1);
// from pos+2 to the end

// No decay defined

fullstring;

// Trim extra spaces away
gra::aux::TrinExtraSpace (PROCESS_PART);

gra::aux::Tringxtraspace (DECAY_PART);

InitProcessMemory (PROCESS_PART, 3.at (XID).at ("RNDSEED"));

"
// SETUP process: process memory needs to be initialized before!

prQCf>SstLHAPDF (3.at (XID) .at ("LHAPDE")) ;
3.at (XID) .at )

Proc->SetExcitation (.at (XID) .at ('NSTARS

proc->SetHistograms (j.at (XID) .at ("HIST"));

(p std::string: npos)
1 PRoC S PART  £Lnd (+cbor)
PROCESS_PART. £ind ("<#>")
throw std::invalid_argument (
"MGraniitti::ReadProcessParam: Phase space "
isolation arrow ’&>' to be "
used only with <F> or <p> class!");

i

}
Proc->Set ISOLATE (true) ;

v
// Decaymode set:
procs Setbacayiode (DECAY_PART) ;

// Read free resonance parameters (only if needed)
ARAM_RES> RESONANCES;

sta: i1 , ori
if (PROCESS_PART.find('RES') != std::string::npos) (
/ From .json input
std::ivector<std::string> RES = j.at (XID).at ("RES");

// @ command syntax override
for (const auto &i : indices(syntax)) {
RES')

tring> temp;
syntax[i] .axg)
true' || x.second
temp.push_back (x.first); // £0_980,
)

)
RES = temp;
}

// Read resonance data
0; i < RES.size(); ++i) {

"RES_" + RES[i] + ".json’;
= gra::form::ReadResonance (str,

str

const std::string
RESONANCES (RES (1] ] proc->randon) ;

// @ Command syntax override "on-the-flight parameters”
for (const auto &i : indices(syntax))
if (syntax(i].id == "R")
// Take target string
tring RESNAME;
if (syntax[i].target.size() == 1) {
NAME = syntax[i].target(0];
) else if (syntax[i].target.size() == 0)
throw std::invalid_argument ("@Syntax erzor
} else if (syntax[i].target.size() > 1) {
throw std::invalid argument ("@Syntax error

invalid R[] without any target []

invalid R[] with multiple targets inside [1");

// Do we find target
[

it £ind (RESNAME) a0)
throw std::invalid_argument ("@Syntax error: invalid R[" + RESNAME + "] not found");
)
bool couplings_touched = false;
8/24
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// Command syntax parameters
for (const auto i : indices (syntax))
{ Proc->SetFLATAMP (std;

toi (syntax[i] .arg["_SINGLET.

i
if { proc->SetFLATMASS (syntax (1] .arg("_STNGLET '] rue
if ) { proc->SetOFFSHELL (std::stod(syntax(i].arg("_SINGLET_"])); }

"eru
"eru

{ proc->SetSPINGEN (syntax [i]
{ Proc->SetSPINDEC (syntax [i] .arg['_SINGLET |

.arg["_SINGLET_
&

if (syntax[i].id ==
if (syntax(i).id

if (syntax[i].id { Proc->SetPRAME (syntax[i].arg["_SINGLET_ "]); }
{ proc->SetJMAX (std::stoi (syntax[i].arg["_SINGLET_"1)); )

if (syntax[i].id

// Always last (we need PDG tables)
std::vector<std::string> beam = j.at (XID).at ("BEAM");
vector<double> energy = 3.at (XID) .at ("ENERGY") ;
proc->SetInitialState (beam, eneray);

Now rest of the parameters
ReadIntegralParam(inputfile);

ReadVetoCuts (inputfile);
)

[ e gneegrator paraeter initialization
iitei: st

tfile) {

us:ng namespace gra::aux;

// Read and parse
a

tring data = gra GetInputbata (inputfile);
3

parse (data);
)
"MGraniitti::Readintegralraram: Error parsing " + inpucfile +
Check for extra/missing commas)

(@
throw std::invalid_argument (str);

"INTEGRALPARAM" ;

)
const std::string XID

// Mumerical loop integratior
const int ND = j.at (XID). at("PoMLooP") e
AssertRange (w0, {-10, 10}, .00} true);
proc->E D eait

// FIAT (naive) MC parameters
at (XID) .at ["FLAT") .at ("PRECISION');
ResertRange (mpam. PRECISION, (0.0, 1.0}, VFLAT: :PRECTSION'
mpam.MIN_EVENTS = j.at (XID) .at ("FLAT") .at ("MIN_EVENTS")
AssertRange (mpam.MIN_EVENTS, (10, (unsigned int)le9},
SetMCParam (mpam) ;

c: mpam;
mpam. PRECISION
true);

FLAT: :MIN_EVENTS", true);

try (

J.at (XID) .at ("VEGAS") .at ("BINS") ;
ch (...)

MGraniitel Did not found VEGAS parameter block "

out <<
rom json input, using default

ReadIntegralParam

// Did not find VEGAS parameter block at all, use default

turn;

// VEGAS parameters
VEGASPARAM vpan,
vpam.BINS = j.at (XID) .at ("VEGAS") .at ("BINS");
AssertRange (vpam.BINS, (0, (unsigned int)1e9}, "VEGAS
if ((vpam.BINS % 2) != 0) {
theow std: :invalid azgunent ('VEGAS: :BINS 4+ std::to_string(vpam.BINS) +
uld be even number”);

BINSY, true);

vpam.LAMEDA = j.at (XID) .at ("VEGAS") .at ("LAMEDA") ;
10.0}, "VEGAS::LAMEDA", true);
at ("NCALL") ;
AssertRange (vpam.NCALL, {50, (unsigned int)led},
vpam.ITER = j.at (XID).at ("VEGAS") .at ("ITER");
AssertRange (vpam.ITER, {1, (unsigned int)led}, "VEGAS::ITER
vpam.CHIZMAX = j.at (XID) .at ("VEGAS") .at ("CHIZMAX") ;
AssertRange (vpam.CHIZMAX, (0.0, 1e3}, "VEGAS::CHIZMAX"
vpam.PRECISION = 3.at (XID) .at ("VEGAS") .at ("PRECISION") ;

VEGAS: :NCALL", true);

true);

true);
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if (PROCESS.Eind("<F>")
/ Syaten sapldity
st r<double> ¥;
£y
std::vector<double> temp
¥

AssertRange (vpam.PRECISION, (0.0, 1.0}, "VEGAS::PRECISION', true);
vpam.DEBUG = j.at (XID) .at ("VEGAS') .at ("DEBUG") ;
RssertSet (vpam.DEBUG, (-1, 0, 1), "VEGAS::DEBUG', true);

3.at (XID) .at ("<F>") .at ("Rap") ;
= temp;

SetvVegasparam (vpan) ;

} cateh (...) {
throw std: :invalid_argument (
MGraniitti::ReadGenCuts: <F> phase space class requires from user
\"GENCUTS\" : { \"<F>\" : { \"Rap\" : [min, max] }}");

// Generator cuts
void MGraniitti: stdsistring sinputfile) |
/ Read and parse
const std::string data = gra::
3

GetInputdata (inputfile);
geuts.¥_min

geuts. ¥_ma

gra::au

Yiol;

Yl;
AssertCut (Y, "GENCUTS::<F>::Rap’, true);

/7 Syaten mazs
ector<double> M;

ReadGenCuts: Error parsing " + inputfile + " (Check for extra/missing commas)";

throw std::invalid_argument (str); “ ¢
) std::vector<double> temp = 3.at (XID).at ("<F>") .at ("M");
const std::string XID = "GENCUTS'; u © e
) caten (... {
gra: 1GENCUT gouts; throw std::invalid_argument (

‘MGraniitti::ReadGenCuts: <F> phase space class requires from user: "

\"GENCUTS\" : { \"<F>\" : { \"M\" : [min, max] }}");

/ Continuum phase space class
if (PROCESS.find("<c>") I= st
// Daughter rapidit.

std: :vector<double> rap;

geuts.M_min = M[0];
geuts.M_max = M[1];
gra::aux::AssertCutRange (M, (0.0, 1e32), "GENCUTS::<F>::M', true);

vector<double> temp = j.at (XID).at ("<C>") .at ("Rap");
rap mp; /( Tuts is optional, foruerd leg pt
} cateh (...) { ector<double> pt.
throw std::invalid argument (
[MGraniitti: ReadGenCuts: <C> phase space class requires from user
T\"GENCUTS\" : { \"<C>\" : { \"Rap\" : [min, max] }}");

vector<double> temp - 3.4t (XID) .at (*<>") .at (P

Pt
) } cateh (...) {
geuts.rap_min = rap[0]; // Do nothing
geuts.xapmax - rapil];

ssertCut (rap, "GENCUTS::<C>::iRap", true);

if (pt.size() 1= 0) {
geuts. forward_pt_min = pt(0];
geuts. forward_pt_max = pt

// This is optional, intermediate kt 11;
ssertCutRange (pt, {0.0, 1e32}, "GENCUTS::<F>::Pt’, true);

std: :vector<double> kt;

st

vector<double> temp = j.at (XID).at ("<C>").at ("Kt");

Kt [ This is optional, forvard leg excitation
} cateh (...) { tvector<double
// Do nothing

d::ivector<double> temp = 3.at (XID).at ("<E>").at ("Xi");
2

)
if (kt.size()
geuts.ke_min
geuts.kt_max = g (11;
gra::iaux::AssertCutRange (kt, {0.0, le32}, "GENCUTS::<C>::Kt", true);
)

X1
} cateh (...) {
// Do nothing

}

if (Xi.size() 1= 0) (
geuts.XI_min = Xi[0];
geuts.XI_max

// This is optional, forward leg pt
io :iAssertCutRange (Xi, {0.0, 1.0}, "GENCUTS::<F>::Xi", true);

std: tvector<double> pt.

vector<double> temp = j.at (XID).at ("<C>").at ("Pt");

= temp;

ot
} eateh (...) {
7/ Do nothing
b
if (pt.size() 1= 0)
gcuts. forward_pt_min = pt[Olv
gouts. forward_pt_max 115
i TheseteautRangt (Bt (0.0, 16321, "GENCUTS: :<Cr:iper, true)s
+

// Quasielastic phase space class
1£ (PROCESS. £ind ('<g>") 1= stas
ector<double> Xi;

ReadGenCuts: <g> phase space class requires from user
CA"<@>\" ¢ { \"Xi\" : [min, max] }}");

// This is optional, forward leg excitation
std: :vector<double> X )
try ( geuts.XImin

: geuts.XI_max =
gra:iaux::AssertCutRange (Xi, (0.0, 1.0), "GENCUTS::<Q>::Xi", true);

vectorcdouble> temp = 3.at (XID) .at ('<C>") .t ("Ki%);

x5
) cateh (...) {
// Do nothing
}
if (Xi.size() 1= 0) {
geuts.XImin = Xi[0];
geuts XI_nax = Xil1);
gra::aux::AssertCutRange (Xi, {0.0, 1.0}, "GENCUTS::<C>::Xi', true);

)

proc->SetGenCuts (geuts) ;

// Fiducial cuts
void MGraniitti::ReadFidCuts (const std

// Read and parse
ctring data = gra

3

tring &inputfile) {

) ux: :Get Inputbata (inputfile) ;

// Factorized phase space class
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Joons paree data);
: parse (daca);

«

r.ring Str = "MGraniitti::ReadVetoCuts: Error parsing " + inputfile +
" (Check for extra/missing commas)

sinvalid_argument (str);

MGraniitti::ReadFidCuts: Error parsing " + inputfile + " (Check for extra/missing commas)";
invalid_argument (str);

throw std:

// Fiducial cuts
DcuT // Fiductal cuts
ToCUT

gx: o7
omat seas atring Db & "vETOCUTS";
ez

) veto.active = 3.at (XID).at ("active’);
zeturn; // Did not find cut block at all ) cateh

o)t
return; // Did not find cut block at all

{/ Find domains
for (std. i< 100; ++i)
const. s\:d::s[r)nq wotsr - std::to_string(i);

// Particles
¢

std::vector<double> eta = j.at (XID) .at ("PARTICLE").at ("Eta’);
fouts.eta_min

fouts.eta_max =
ssertCut (eta,

domain;
ector<double> eta;
ector<double> pt;

FIDCUTS: :PARTICLE: :Eta”, true);

::vector<double> rap
fouts.rap_min
feuts. zap nax

ssertcut (rap,

3.at (XID) .at ("PARTICLE") .at ("Rap") ;

// try to find new domain
try (

FIDCUTS: :PARTICLE: :Rap", true);

vector<double> templ = 3. auxxm at (NUMBER) .at ("Eta”);

std::vector<double> pt = j.at (XID).at ("PARTICLE").at ("Pt");

e
fcuts.pt_min sta: 3 2% (KID) .t (NOMBER) .t ("PE") 7
_ma:

vector<double> temp2

fcuts x pt(1] Pt temp2;
SsertCut (pt, "FIDCUTS::PARTICLE::Pt, true); ) cateh (...) {
break; // Not found
std::vector<double> Et = j.at (XID) .at ("PARTICLE').at ("Et");
fcuts.Et_min i
fcuts . Et_max Ec(1]; domain.etamin = eta(0];
ux: :AssertCut (Bt, "FIDCUTS::PARTICLE::Et", true); domain.eta_max = eta[1]
) gra:iaux::AssertCut (eta, "VETOCUTS::" + NUMBER + '::Eta”, true);
7/ System domain.pt_min = pt(0];
i domain.pt_max = pt(1];
ux: AssertCut (pt, 'VETOCUTS::" + NUMBER + "::Pt’, true);

ivector<double> M = j.at (XID) .at ("SYSTEM") .at ("M") ;
Mol;

=M1l
ssertCut (M, "FIDCUTS::SYSTEM::M", true);

veto.cuts.push_back (domain) ;
)

// Set fiducial cuts

std::vector<double> Y = j.at (XID) .at ("SYSTEM") .at ("Rap") ;
i proc->SetvetoCuts (veto) ;

Y
::ASsertCut (Y, "FIDCUTS: :SYSTEM::Rap", true);

// Get maximum vegasweigh
| doubie motanistis: Germexweight () const (
if (INTEGRATOR == "VEGAS") (
return stat.maxf;
) else {
return stat.maxif;
)

std::vector<double> Pt = j.at (XID).at ("SYSTEM').at ('Pt"

fcuts.Pt_min = Pe(0);

fouts.Pt_max €1];

gra::aux::AssertCut (Pt, "FIDCUTS::SYSTEM::Pt", true);
)

// Forward )
{

std::vector<double> t = j.at (XID).at ("FORWARD") .at ("t"); // Set maximum weight for the integration process
i :SetMa:

fcuts. forward_t_min (]; void MGraniit xweight (double weight)
s.forward_t_n €y if (weight > 0.
ux: :ASSErtCut (t, "FIDCUTS: :FORWARD::t", true); if (INTEGRATOR == "VEGAS") (
stat.maxf = weight;

std:ivector<double> M = j.at (XID) .at ("FORWARD') .at ("M") ; } else
01; stat.maw = weight;
MILl; )
FIDCUTS : :FORWARD: :M", true); ) else (
) std: :string

INGraniitei::SetMaxveight: Maximum weight: " +
invalid_argument (str);

to_string(weight) + " not validl';

// set fiducial
proc->SetFidCuts (feuts);

// Set user cuts
P (3.at (X1D) .at ( i void MGraniitti
if (LHILOAR)
ux: :PrintFlashScreen (rans
tcout << rang::style::bold
< "GRANIITTI - Monte Carlo event generator for "
g enecgy aisemction-
sstyle

rintInit () const {

)

yellow);

// Fiducial cuts std
: void MGraniitti::ReadVetoCuts (const std::string &imputfile) {
/ Read and parse
sstring data =
i

ndl

etInputbata (inputfile);
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cintversion();
rintBar (

1080 GMODE = 1; // Event generation
)

const double GB = pow3(1024.0);
Printf("Running on %s (%d CORE / %0.2f GB RAM) at %s
td: sthread: :hardware_concurrency (), gra:
ateTime () .c_str());

T T T U
// create integral sampling region array

ra: saux: iHostiame () c_stx (),
auss Total Systomenons O/ G

VD.InitRegion (proc->GetdLIPSDim());

"

gra ize, free, used);

Brinte(opacn 1/ sire | weed | fres = 30-1f | 50.1¢ | 50.1¢ GB \n", size / GB, used / GB,
free / GB);

icout << "Brogram path: ' << gra:iauxss

aux: :SystenName () << std

rintBar ("-");

/ Pure integration mode
(GMODE == 0

=0.1; // Seconds
unsigned int BURNIN_ITER = 3 // BURN-IN iterations (default)!

GetBasePath(2) << std::endl;
ndl;

// Initialize GRID
«
unsigned int init i
factor = 0;

void MGrani. nitialize ()
77 S ALRAYS HERE ONLY AS IAST! +¢
proc->post_Constructor () ;

EGAS (init, vparam.NCALL, BURNIN_ITER, N);
vparam.NCALL * factor;
{ break; } // We are done

{{ Frint out basic information
stdiicout << std
stdsicout << rang: style::bo]d << "General setup:" << rang:

1

} while (true);

:style::reset << std::endl
// Increase CALLS and re-run, if too fast
if (itertime < MINTIME)

const double time_per_iter = itertime / vparam.NCALL;

// Max, because this is only minimum condition
vparam NCALL

LPARAM << st

x ((unsigned int)vparam.NCALL, (unsigned int) (MINTIME / time_per_iter));
VEGAS (nit, vparam.NCALL, BURNINITER, M) i

weighted” : "unweighted’;
reen << "Generation mode << str << rang::fg

// Now re-calculate by skipping burn-in (init = 0) iterations
// because they detoriate the integral value by bad grid
init

// If Eikonals

are not yet initialized and pomeron screening loop is on
if (proc->Eikonal.IsInitialized() =

1
false &6 proc->GetScreening () ( factor = VEGAS (init, vparam.NCALL, vparam.ITER, N);
proc->Eik: P tam_s(), proc->GetInitialState(), false);
) if (factor == 1) (
break;
// Integrate } el
CalllIntegrator (0);

se {
BURNIN_ITER = 2 * BURNIN_ITER;
: } while (true);
/7 Inieialize vith external Eikonal
: void MGrani alize (const MEikonal geikonal_in) (
S e ainavs HoRE omx A% masT!
proc->post_Constructor () ;

// Bvent generation mode
if (GMODE == 1)

const unsigned int init 2;

const unsigned int itermin = 1E9,

VEGAS (init, vparam.NCALL * 10, itermin, N);
)

// Set input eikona
proc- S serEikonat (sikonal. in);

// Integrate
Callintegrator (0);

// Multithreaded VEGAS integrator

// [close to optimal importance sampling

// integrand factorizes dimension by dimension]
Va

void MGraniitti::Calllntegrator (unsigned int N) {
// Initialize global clock
if ( global_tictoc = MIimer(true); }

/7 Ociginal algorithn fzon:
// [REFERENCE: Lepage, Journal of Computational Physics, 1978]
7/ en.wikipedia czg/kaJ/VEGlls\ algorithm

{4 Sample the phase space
if (INTEGRATOR s (
samplevegas (N) ;

"FLAT") {

int MGraniitti (unsigned int init, unsigned int calls, unsigned int itermin,
// First the initialization
VD.Init (init, vparam);

unsigned int
"NEURO") {

IHILIAR) {
ClearProgress();
std::cout << rang::style::bold;
PELRE('VEGAS buc-in iterations: \n\n®)7
stdiicout << rang::st:

invalid_argument ("1

£4::Call: Unknown " + INTEGRATOR +
(use VEGAS, FLAT, NEURO)");

reset;
)

// Initialize and generate events using VEGAS MC
void MGraniitti::SampleVegas (unsigned int N) (
i o

i€ (init == 1 66 IHILIAA)
ux: :ClearProgress(); // Progressbar clear
InitMultiMemory () ;
GMODE = 0; // Pure integration bold;
) << "VEGAS importance sampling:" << std:tendl << std::endl;
i£ 0> 0) 1 << rang::style::reset;
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printf("<Multithreading CORES = d> \n\n", CORES); stat.sigma_err2 = pow2(stat.sigma_err);
printf(’~ dimension = %u \n", VD.FDIM); /7 chiz
printe (" \n"); double chizthis = (VD.sumchi2 - pow2 (VD.sundata) / VD.sweight) / (iter + 1E-5);
itermin) ; chizthi; (chi2this < 0) 2 0.0 : chizthis;
calls); stat.chi2 chi2this;
vparam.BINS) ;
vparam.PRECISTON) ;
vparam.CHIZMAX) ; // Got_enough events generated
vparam. LAMBDA) ; if (GMODE == 1 && stat.generated >= N) { goto stop; }
d \n", vparam.DEBUG);

// Fatal error and convergence restart treatment
if (GMODE
if (stds:

// Reset local timers
local_tictoc = MTimer(true);

MTimer stime

MTimer(true); // For statusprint
atime

FATAL ERROR, cuts or parameters "
MTimer (true); // For progressbar

“need fixing. Try <F> phase space class if not in use.");

}
if (stat.sigma < le-60)
gra::aux::ClearProgress ();
eheoy std: :invalid_argunent (
Integral < 1E-60: Check VEGAS parameters, decaymode "
Vsanity, genecation and fiducial cuts! Fey i phase spece class Lf mot in use

i
/7 Create ‘vumber of calls per thread, their su
vectorcunsigned ints LOCALeRils - VD.Getlacalcalls (calls, CORES):

MTimer gridtic;

)

if (stat.chi2 > 50)
Clearprogress ();
EGAS:: chi2 = %0.1f > 50: Convergence problem, increasing 10 x calls. \:
stat.chi2);

Printf("Try <F> phase space class if not in use. \n");

return 10; // 10 times more calls

// VEGAS grid iterations
for (std;

if (init 2) ¢ // save time for one iteration
itertime = gridtic.BlapsedSec() / 3; // Average over 3 ite:

ize_t iter = 0; iter < itermin; ++iter)

for (std::sizet 3 3 < VD.FDIM; ++3)
for (std:isize t i = 0; i < vparam.BINS; ++i) (
VD.fmat[i][§] = 0.0;
VD. £2mat (1] 3]

}

if (vparam.DEBUG >= 0)
learProgress () ;

0;

printe(
"VEGAS:: local iter = ¥4lu integral = %0.5E +- std
%0.5E \t [global integral = %0.SE +- std = %0.5E] \t "

chizthis = %0.2£ \n",

iter + 1, I_this, gr

)/ Init here outaide parallel processing
VD. £5um .05
VD.f£2sum = 0.0}

math.

sqrt (12_this), stat.sigma, stat.sigma_err, chithis);

J if (vparan.DEBUG > u; {
// SPAWN PARALLEL PROCESSING HERE (st

for

0; 3 < VD.EDIM; ++3) {
Prince ("vEGRS: :data for dimemsion 3 o 1w (VD.FDIM = tu) \n",

std:ivector<std::thread> threads;

for (int tid = 0; tid < CORES; ++tid) {

threads.push_back (std::thread([=] ( VEGASMultiThread(N, tid, init, LOCALcallsltidl); }));
)

3, VD.FDIM);
for (std::size t i = 0; i < vparam.BINS; ++i) (
printf(
"xmat [$31u] [3] = $0.5E, fmat[$31ul[j] = %0.5E "
ar,
i, VD.xmat (41031, i, VD.fmat{i1(3]);

// Loop again to join the threads

for (auto &t : threads) { t.join(); )

if (gra::globalExceptionPtr) { // Exception handling of threads
std::rethrow_exception(gra::globalException®tr);

/ // We are not below the chiZ or precision condition - increase iterations
7/ Estimates based on this iteration if (init > 0) { // do not consider in burn-in (init = 0) mode
(itermin - 1) &4 stat.chi2 > vparam.CHIZNAX) ||

(itermin - 1) & stat.sigma_err / stat.sigma > vparam.PRECISION)) (

VD £sum

1.0 / static_cast<double>(calls);
VD. £25um *=

Pow2(1.0 / static_cast<double>(calls));

++iterming

// Local integral estimate
v

}
const double I_th: D. £sum;

VD.£2sum = msqrt (VD.f2sum * calls);
VD.f2sum = (VD.f2sum - VD.fsum) * (VD.f2sum + VD.fsum); // - +
if (VD.f2sum <= 0.0) { VD.f2sum = vparam.EPS;

// Status and grid optimization
if (GMODE == 0) (
if (stime.ElapsedSec() > 2.0 || init == 0) {
Printstatus (stat.evaluations, N, local tictoc, -1.0);
stime.Reset ();

// Local error squared estimate }
const double I2_this = VD.f2sum * 1.0 / static_cast<double>(calls); i (atine.Elapsedsec() > 0.01)

«
gra. PrintProgress ((iter + 1) / static_cast<double>(itermin));
timeoReset s

7"

// Update global estimates

const double alpha = 1.0 / I2_this;
alpha * I_this;
alpha * pow2(I_this);
alpha;

// **+* Update VEGAS grid (not during event generation) *++
VD.Opt imizeGrid (vparam) ;
4

VD.sweight

}
// Integral and its error estimate

stat.sigma = VD.sundata / VD.sweight;
stat.sigma_err = msqrt(1.0 / VD.sweight);

// Unify histogram boundaries after burn-in across different threads
// (due to adaptive histogramming)
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{ UnifyHistogramBounds (); |

if (init =

18/24
0 & = itermin - 1)
)} // Main grid iteration loop

information, not used
stop: // We

// Maximum raw weight (for genera
// here)

if (W > stat.maxw)

jump here once finished (GOTO point)

// Final statistic:
if (init > 0)

( stat.maxiW = W }
// Maxinunm total VEGAS importance weighted

if (f > stat.maxf)

{ stat.maxf
)
{ Printstatistics(N); }

s
return 1; // Return 1 for good

_mutex.unlock () ;
e Mttt heoadin

unlock (FAST SECTION) @@
”
// Tiis is called once for avary VECAS grid itera // Event generation mode
voLd MOTaniLEtL: VEGASMuLEiThread (unsigned nt signed int THREAD_ID, unsigned int init, if (GMODE == 1
nsigned int Tochteaiie)
double zn = 0.0;
double zo = 0.0}

// Enough events
if (stat.generated

(unsigned int)GetNumberOfEvents()) { break; }
/ Bvent tr.

saveEvent kaeC[IHRE}\D ], f,

stat.maxf, aux);
ize_t k = 0; k < LOCALcalls; ++k) { // ** LOCALcalls "= calls / CORES **
double vegasweight

if (THREAD_ID == 0 && atime.ElapsedSec() > 0.5) {
PrintStatus (stat.generated, N, local_tictoc, 10.0);
1.0; gra::aux::Pri 4 / static_
atime.Reset ();
// Phase space point vector
ector<double> xpoint (pvec[THREAD_ID]

~>GetdLIPSDim(), 0.0);

er dimensions and construct random vector xpoint
0);

// calls loop
3 < VD.EDIM; +43) (

)
) caten ( «
// Set the global excep

pointer if exception arises
// This is because of multithreading
lobalExceptionPtr = std::current_exception();
2n = pvec [THREAD_ID)—>random.U(0, 1) * vparam.BINS + 1.07 )
indvec(j] = B
std::max ((unsigned int)1, std::min((unsigned int)zn, (unsigned int)vparam.BINS));
¢/ Generate svents using plein simple NC (for reference/DESUG purposes)
if (indvecl3] > 1) { void MGraniitti::SampleFlat (unsigned int N) {
VD.xmat [indvec[3] - 1][3] - VD.xmat [indvec(3] - 2113]; (/ Integration mode

ac = VD.xmat [indvec(3] - 2][3] + (zn - indvec(j]) * zo;
) else

zo

i
GMODE = 0;
proc->PrintInit (HILJAA) ;

VD.xmat [indvec[3] - 11[3];
(zn - indvecl3]) * z0;

ac =
y

// Maltidin space vector component
xpoint[j] = VD.region[j] + ac * Vb.dxvec[jl;
vegasweight o * vparam.BINS;

// Event generation mode
if (N> 0) { GMODE = 1; }

7/ Get dinension of the phase spac
const unaigned dnt din - proc->GetdLIPSDin();

st s aoubie> sandves (aim, 0.0)

} // vD.FDIM loop

// Reset local tim
/
77 wenrrr call

local_tictoc
the process under integration to get

MTimer (true);
the weight *+wexes
// Progressbar
gra::AuxIntData aux;
aux.vegasweight = vegasweight;
aux.burn_in_mode = (ini 0

atime = MTimer (true);

2 true : false;

// Reservation (test)
const double W = pvec[THREAD_ID]->EventWeight (xpoint,

// using namespace std::placeholders; // _ .. come from here
aux) ; /7 std: vectoranibress, in dovnae,
d:
V4 77 boole)> eite
ventieight, &proc_0, _1, _2, _3, _4, _5);
// 8 Multithreading lock (FAST SECTION) €@
gra:ig_mutex.lock (); // Event loop
// Increase statistics

while (true) {
/

stat.Accumulate (aux) ;

// **+ Inportance weighting **+

const double £ = W * vegasweight;

const double £2 = pow2(f);

Zor (const auto G4 ; inaices(randvec)) { randvec(i) = proc->random.U(0, 11 )
7/ G

te event

// Used for in-out control of the process
gra::huxIntData aux;
ik vegasueight
x.burn_in_mode
Conat dowbls W

VD, £sum +
VD, f2sum += £2;

= proc->EventWeight (randvec,

aux)
// Loop over dimensions and add importance weighted results
o «

for (std 3 < VD.FDIM; ++1)
VD. fmat (indvec(3] - 1113) += £;

VD. £2mat (indvec(j) - 11(3) += £2;

// Increase statistic:
stat.Accunulate (aux) ;
stat.Wsum
et wzaum e pow2 (1) 5

Vi

// Initialization (integration) mode
if 0)

// Update cross section estimate
stat.CalculateCrosssection();

// Tnitialization
phase weights (unstable)

if (GMODE == 0) (
stat.maxi = (W > stat.maxW) ? W : stat.maxW; // Update maximum weight
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PrintStatus (stat.evaluations, N, local_tictoc, 10.0);
if

((stat.sigma_err / stat.sigma) < mcparam.PRECISION &&
stat.evaluations > mcparam.MIN_EVENTS)

break;
}

// Prior p(z) distribution sampling
VectorXdual z(u.size());
for (std::sizet i = 0;
const double p =

i< D; 4+i) { z[i] = proc->random.G(0, 1); }

val(gra: ineurojac: :gaussprob(z, 0, 1));
// Evaluate network map

// Progressbar

4 {atine Elapsedsec() > 0.1)

Vectorxdual u

neurojac

S_net (2);

// Evaluate the Jacobian matrix du/dz
rintProgress (stat.evaluations / static_cast<double> (mcparam.MIN_EVENTS)); Matrixxd dudz =
i Reset 0

Jacobian (gra
)

neurojac

S_net, u_, z);
// Abs Jacobian determinant and

const double jacweight
// Bvent

if (GMODE == 1)

SaveEvent (proc, W, stat.maxd, aux);
Printstatus (stat generated, X,
if (stat.generated >= N)

inverse pr
generation mode

abs (dudz.determinant () / p;

for (st

size_t i = 0; i <D; ++i) { uli] = val(u_[i]); }
; // Evaluate event
local_tictoc, 10.0);

;)

weight
Jacweight;
// Progressbar

s (atine Elapsedsec() > 0.1) (

_mode fals:
const double weight - proc->EventWeight (u,

aux) * jacweight;

zeturn weight;
gr: ted / static_ @ ;
rine Reset 05
// Event loop
) while (true) (
// aux used for in-out control of the process
PrintStatus (stat.generated, N, local_tictoc, -1.0); gra::AuxIntData aux;
PrintStatistics(N); const double W
)

// Neural net Monte Carlo
void MGraniitti
// Integration mode
if (N == 0) {
GMODE = 0;
proc->PrintInit (HILJAA) ;

NeuroSample (aux) ;

// Increase statistics
(small scale PROTOTYPE) stat Accumalate (aux) ;
leNeuro (unsigned int N) { stat.us

Stat wzoun

powz ()

// Update cross section estimate

stat.CalculateCrossSection () ;
)
// Event generation mode

if (N> 0) { GMODE = 1; }

// Get dimension of the phase

const unsigned int D = proc->GetdLIPSDim();

space

i

// Initialization
o

stat.maxi = (W > stat.maxW) ? W : stat.maxW; // Update maximum weight
PrintStatus(stat.evaluations, N, local_tictoe, 10.0);

// Reset timers
local_tictoc = MTimer(true);
atinme

MTimer (true) ;

if ((stat.sigma_err / stat.sigma) < mcparam.PRECISION &
stat.evaluations > meparam.MIN_EVENTS) {
break;

// Reservation (test)
/7 using namespace std::placeholders;

V4 come from here

// Progressbar
_1, _2,
ector<double>s, int,

12 (atine-Slapredsc() > 0.1) (
double, gra: luations / static_ MIN_EVENTS)) ;
atine neset (7
ntweight, &proc_0, _1, 4 _5); )
// Event generation mode
o5 = 1) (
// Bind the object and call it W, stat.maxd, aux);
Gra::neurojac: :procptr = proc; // First set address PrintStatus (stat.generated, N, local tictoe, 10.0);
7 if (stat.generated >= N) ( break; )
curojac :MNeuroJacobian neurojac // Progressbar
eurojac: :BATCHSTZE = 100; it (atine ElapsedSec() > 0.1) (
gra: san a / static_ )i
// Set network layer dimensions [first utput] e reser 0
gra:ineurojacs ipar.D 7/ Integrand dimension
)
euroja D)) // Input )
:tneurojac: : B 1 2); Printstatus(stat.generated, N, local_tictoc, -1.0);
euroda . 2)); PrintStatistics (N
ineurojac: par.L.push_back (gra: : 2)); /7 output
neurojac.optimize(); 1650: // Save unweighted or weighted event
) 1651: int MGraniitti::SaveEvent (MProcess *pr, double weight, double MAXWEIGHT,
1652 const gra::AuxIntbata &aux)
1653:  gra::g mutex.lock();
7/ Now to the event generation 1654:  stat.trials 4= 1; // This is one trial more
1655:
// Lambda capture 1656:  // 0. Hit-Miss
std: ivector<double> u(D); 1657: bool hit_in = proc->random.U(0, 1) < (weight / MAXWEIGHT);
1658
auto NeuroSample = [4] (gra::AuxIntdata Gaux) ( 1659:  // 2

. We see weight larger than maxweight
if (IWEIGHTED & weight > MAXWEIGHT) {
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++stat .N_overflow;
hit_in = false;

gr:

g_mutex.unlock ()

// Three ways to accept the event. N.B.

7/ fails namericall

55 ((hit_in 55 auwn.valia0) ||
[/ Greato hophcs avere
fep3 1 Ger

weight > 0 needed if the amplitude

(WEIGHTED &5 aux.Valid())
(do not lock yet

|| aux.forced_accept) (
for speed)
nEvent evt (HepMC3 v, HepHe

// Construct event recor:

if (1pr->EventRecord(evt)) (
out << "MGraniitti

ndl;

// Event not ok!
::SaveEvent: Last

moment rare veto!" <<
return 2;
// Event ok, continue >>

// ©@@ THIS IS THREAD-NON-SAFE -> LOCK IT
ra:ig_mutex.lock () ;

/ ** This is a multithreading race-condition treatment **

if (stat.generated == (unsigned int)GetNumberOfEvents()) {
stat.trials -= 1; // Correct statistics, unnecessary trial
gra::g_mutex.unlock ();
return 1;

// Save cross section information
7 by event)

d: :shared_pr<HepiC3: :GenCrossSection> xsobj = std: imake_shared<iephC3
vt addoatiribate (-Cancrosssect ion's

(HepMC3 format wants it event

// Now add the value in picobarns [HepHC3 convention]
if (xsforced > 0)

xs0bj->set_cross_section (xsforced * 1E12, 0); // external fixed one
} else

xsobj->set_cross_section(stat.sigma * 1E12, stat.sigma_err * 1E12);

// save event ht (unweighted events with weight 1)
const double HepMC3_weight = WEIGHTED ? weight
evt.weights () .push_back (HepMC3_weight); // add more weights with .push_back ()

if (FORMAT == "hepme3") {
outputHepHC3->write_event (evt);
} else if (FORMAT

c2")
outputliepUCa-surite_ovent (evt) ;

"hepevt") {
ou(pu\:HEPEVT >write_event (evt)

nvalid_argument ("MGraniitti::SaveEvent: Unknown output FORMAT " + FORMAT);
// 1AST STEP
stat.generated

= 1; // +1 event generated

:g_mutex.unlock();

746 THtS 19 THREAD-NON-SAFE <~ LOCK IT 88
return 0;

) else

return 1;

)

// Intermediate statistics
void MGraniitti

> timercut) {
tictoc.Reset();

learpProgress();

peak_us:
double Ceetdent_use
const double MB
const double GB

0.0;

-0;
= 1024 * 1024;
- Me * 1024;

x: :GetProcessMenory (peak_use, resident_use);
peakvee /= e
resident_use /- MB;

if (GMODE == 0) (
const double global_lap =

global_tictoc.ElapsedSec() ;
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std::cout << red << "INACTIVE

[" << rang::fg: " << rang::fg:ireset
<< "part of integral <=> apply manual BR]" << std::endl;
} else {

std::icout << "[" << rang::fg::green << "ACTIVE " << rang::fg::reset
<< "part of integral / (2PT)]" << st

endl;

t

/ Recursion relation based (phase space factorization):

7/ N BS(s; p_1, p2, ...p!

// = 1/(2*PI) * d*3 PS(s; pl,p2,pX) d"(N-2} PS(M"2; pX,p3,p4,..,pN) dM*2

1

/7 Decayridth = 1/ (2 5) \int dbS | decay| 2, where
other mass, § = final state symmetry factor

if (!proc->GetISOLATE() && proc->GetdLIPSDim()
Printf("\n\n{2->3 cross section

2) { // special cases
[2->%u / (1->ilu LIPS) x 2PT] 20
oc->1ts.decaytree.size(), stat.sigma / proc->lts.Dd_sum.Integral() * (2 * PI));
std::cout << std::iendl;

Printf("** Remember to use &> operator instead of -> for phase space

isolation ** \nm\n");

}

// Print recursively

double product = 1.0;
double product2pi = 1.0;
int {_final 2; // forward legs

for (const auto &i

B
indices (proc—>1ts.decaytree)) ¢
proc->Pri;

(proc->1t
12 (proc-s1ts decayiresli] -logs. size 0

1], product,
-0 g cout << std

, N_final);
ndl;

)
gra::iaux::PrintBar("-");

cout << st al;
printe("Integration runtim
PELRCE('Integrand sampling frequenc

$0.2¢ sec \n", time_t0);
28 Hz \n
stat.evaluations - stat.trials) / inecers
sta
printe( N statistices \a");
Printf("MAX raw integrand weig]
if (INTEGRATOR GAs")

50,38 \n", stat.maxH);
T BELRLE ("MAX wedght (vevas x integrand)

%0.3E \n", stat.maxf);
Printf("\n");
printf("Amplitude passing rate
Printf("Kinematics passing rate
printf("Fiducial cuts passing rate
Printf("Veto cuts passing rate 0.3E \n",
Printf("\n");

%0.3E \n",

stat.amplitude ok / stat.evaluations);
_ok / stat.

stat.fideuts ok / stat.evaluations);

stat.vetocuts_ok / stat.evaluations);

std::icout << std::endl;

printf(
"a% Al values include phase space generation and "
"fiducial (+ veto) cuts ** \n");

gra rintBar

)
if (GMODE == 1) {
const double lap

global_tictoc.ElapsedSec() - time_t0;

intBar (
e esonen) |
BrintNotice();
rang::fg:ired <<
< std::endl
ndl;

)i

"You did WEIGHTED event generation:" << std::endl

rang::fg::green
< "You did

<< std:rendl
<< std:iendl;

jection) event "

tcout << rang::style:

reset;

printe (‘Generation etticioncy:
at.trials);
PEintE (Weight overtlo
tat N overflow, stat. tna]sy,
printf ("Generation runtim 50.2¢ sec \n", lap);
printf("Generation frequency %0.2E Hz \n", N / lap);

50.3E (3d / $0.0%) \n", N / (double)stat.trials, N,

3E (3d / %0.0£) \n",

stat.N_overflow / (double)stat.trials,

double outputfilesize = gra

GetFileSize (FULL_OUTPUT_STR) / (1024.0 * 1024.0 * 1024.0);
prinet ouwpuecie size 0.3 GB [ts] \n

outputfilesize, FULL_OUTPUT_STR.c_str());

enCrosssection> ();
xsobd) ;

intStatus (unsigned int events, unsigned int N, MTimer stictoc, double timercut)
if (tictoc.ElapsedSec()

E \n", N_leg,

)
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1744: printf(
1745 [50.1f MB] xs: 39.3E, er: 37.5f [chi2 = 32.1f], %4.1f "
1746 ‘min - 30.1E Hz \n",
resident_use, stat cat _err / stat tat.ch

global_lap / 60.0,
events / global_lap);
}
if (GMODE == 1) {
const double global_la global_tictoc.ElapsedSec() -
doubl outputfilesize

me_t0;
gra:

s 1GOtF 110512 (FULL_OUTPUT_STR) / GB;

printf(

1f MB/50.2¢ GB] E: 394,
"%0.1E Hz \n",

resident_use, outputfilesize, events t
global_lap / 60.0, (N - events) * global lap /
events / global_lap);

xs: %9.3E, er: 7.5f, 30.1£/30.1f min = "

tat.sigma_err / stat
(double) events / §0.0,

1762: )

1763

1764: // Final statistics
1765: void MGraniitti

rintStatistics (unsigned int N) {
0; a

{
global_tictoc.ElapsedSec();
PrintBar ('=");

1d;
Pprintf("Monte Carlo integration: \nm\m\n");
< rang::style::reset;

s (proc>Get SOLATE()
std::cout << rang zed << o

Central leg phase space isolation tag &> in use!

i
i << stds endl

// Check if we have cascaded phase space turned on in the x-section calculation
double prod 1.0;

double prodzpi = 1.0;
double volume = 1.0;
int  NE
for (const auto &

0;

indices (proc->1ts.decaytree))
proc->CalculatePhasespace (proc—>1ts.decaytree[il,
}

unsigned int N_leg = st

prod, prodzpi, volume, Nf);

max ((int)proc->lts.decaytree.size(), NE) + 2; // +2 forward legs
// Special cases

if (proc->GetISOLATE()) { N_leg = 3; ) // ISOLATEd 2->3 process with <F> phase space
if (proc->GetdLIPSDim() == 2) { N_leg = 2; ) // <P> and <0> class

printf("(2->%d cross section}

stat.sigma_err)
printf("Sampling uncertainty: %0.3£ % \n", 100 * stat.sigma_err / stat.sigma);
: a1;

[%0.38 +- %0.38] barn \n", N_leg, stat.sigma,

if (proc->lts.DW_sum.Integral() > 0) { // Recursive phase space on

std::icout << std ;
const double PSvolume = proc->Lts.DW_sum.Integral();
// const double PSvolume_error proc—>1ts.D}

W_sum. IntegralError ()
const double PSvolume_exact ~ proc->1ts.DW_sum_exact.Integral();
const.

double PSvolume_exact_error = proc->lts.DW_sum_exact.IntegralError ();
// Get sum of decay daughter masses

double MSUM = 0.0;

for (std:

risizet i < proc->lts.decaytree.size(); ++i) {
MSUM += proc—>1ts.decaytres[i].m_offshell;
// only 2-body exact or massless e
if (proc->lts.decaytree.size() == 2 || MSUM < le-é:
px)n\'.f{”ma)ytxc phase space volume 0.38
volume_exact_error);
printﬂ“m’rlo MC/analytic:

[
+- %0.32 \n", PSvolume_exact,

40.6¢ \n", PSvolume / PSvolume_exact);

// Print out phase space weight
Printf("(1->3lu LIPS

4- 0.3 ", proc->lts.decaytree.size(),
proc->1ts.DW_sun.Integral(), proc->lts. Lot s, IntegralBrror());

if (proc->GetISOLATE() (

24/24

) // namespace gra
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1: // "Brute force" Dirac Gamma Algebra for amplitudes

// Next step, optimize this class using more efficient spinor-products.
// For those, see e.g.
2/
// www.phys.nthu.edu. tw/ class/Helicity/YPYAO_Note_01.p
77 o phya s wayne. edu/-ablechnany main/ Research. £11ee/shn.
// R. Kleiss, W.J. Stirling, Spinor Techniques, Nucl.Phys.
: // P. Richarsson, arxiv.org/abs/hep-ph/0110108
Vi

paf
B262 (1985) 235-262

Vi
7/ (¢) 2017-2020 Mikael Mieskolainen
: // Licensed under the MIT License <http://opensource.org/licenses/MIT>.

7/ ¢
: #include <complex>
i #include <iostream>
#include <vector>

9:
: // Tensor algebra
: #include "FTensor.hpp"

/7 o
4: #include

"Graniitti/M4Vec.h"

8
: #include "Graniitti/MSpin.h"

using FTensor:

:Tensorl;
using FTensor::Te:

nsor2;

using gr. indices;
using gra: :ma\:h. tmaqrt;
36: using gra::ma

using gr:

namespace gra

Tan: WDirac() ( InitGammavatrices (DIRAC'); |

{ InitGammaMatrices (basis); |

sistring sbasis)

: MDirac::MDirac(const st

void MDirac::InitGammaMatrices (const std::string basis) (
// Set gamma basis
if (basis == "DIRAC") {

Dv;

} else
throw std::invalid_argument ("MDirac::InitGammaMatrices: Unknown gamma basis chosen: " + basis);

// PARITY OPERATOR = y*0

7/ Intrinsic parity of fermions +1, anti-fermion

const Matrix<std: scomplex<doubler> yO_chiral

vector<std: :complex<double>>(0.0, 0.0, 1.0, 0.0},
vector<std: :complex<double>>(0.0, 0.0, 0.0, 1.0},
std:ivector<std: :complex<double>>(1.0, 0.0, 0.0, 0.0},
std::vector<std: :complex<double>>(0.0, 1.0, 0.0, 0.0)];
omplex<double>> y0_dirac(
0.0, 0.0, 0.0),
1.0, 0.0, 0.0),
0.0, -1.0, 0.0},
0.0, 0.0, -1.0}};
// \equiv i \gamma®0\gamma®1\gamma*2\gamma*3
const Muatrix<std: scomplex<double>> yS_chiral(
complex<double>>(-1.0, 0.0, 0.0, 0.0,
complex<double>>(0.0, -1.0, 0.0, 0.0,
vector<std: :complex<double>>(0.0, 0.0, 1.0, 0.0},
vector<std: :complex<double>>(0.0, 0.0, 0.0, 1.0}};
// \equiv i \gamma"0\gamma"1\gamma"2\gamma"3
const MMatrix<std: :complex<double>> y5_dirac
vector<std: :complex<double>>(0.0, 0.0, 1.0, 0.0},
vector<std: :complex<double>>(0.0, 0.0, 0.0, 1.0},
vector<std: :complex<double>>(1.0, 0.0, 0.0, 0.0},
vector<std: :complex<double>>{0.0, 1.0, 0.0, 0.0}};
V4
3/11

const double pos =
const double N = // Volume normalization to 2E

$1SqE(2.0) * meqrt(E + m));

switeh (helicity) (

eturn {c * neg * N, s * phase * neg * N, c * pos * N, s * phase * pos * N};

ase -1
return (-s * pos * N, c * phase * pos * N, -s ¥ neg * N, c * phase * neg * N};

throw std::invalid_argument ("MDirac::uHelChiral: helicity is not -1 or 17);

: // Helicity eigenstate spinors for Anti-particles

7/ <08 DEFINED IN CHIRAL GAMMA MATRIX REPRESENTATION 68>

std:: : Mpirac:: 1(const Mvec &p, int helicity) comst (
if (BASIS != "C") { throw std::invalid argument ("MDirac::vielChiral: Wrong gamma basis in use'); }
se (neldetty 1= 1 6 helleley b= 71) (
throw std::invalid argunent ("MDirac: :vHelChiral: helicity is not -1 or 1');
)
// Flip the helicity, so we can use particle solution permutated
nelicity = -helicity;
const std: : v = uHelChiral(p, helicity);
return {-v[0], -v[1], v(2], v[3]};
vHelChiral: helicity is not -1 or 17);

invalid_argument ("Mpirac

a
// Helicity eigenstate spinors
: // <06 DEFINED IN DIRAC GAMMA MATRIX REPRESENTATION €G>

// [REFERENCE: Thomson, Modern Particle Physics, Cambridge University Press]
7/ fheess e hep. ohy. cam. ac. uk/-thomson/past 11 Tpart ic1es/handout s/ Handout_2_2011. pde]

7 m high enexgy Linit £ >> n, helicity eigenstates are eigenstates of gamna"s
v

7/ nemenber: n the Limit £ >> m (only then)
/ -> left and right handed chiral states

helicity states.

uHelDirac(const MiVec &p, int helicity) conmst (

lex<double>> MDira
uHelDirac: Wrong gamma basis in use’); )

{ throw std::invalid_argument ("Mbirac

ey

i onsts

const double E_ = p.E();
P.P3mod () ;

const double m = p.M();
const double N = msqrt(E + m); // Volume normalization to 25
const double theta2 = p.Theta() / 2.0;

const double phi

const double c = std::cos(theta2);

= sta:
Complex<doubles phase - st

:sin(thetaz);

const doubl
exp(zi * phi);

const std:

switeh (nelicity) {

x-t\lrn(N'c,}I'phass's,l"p.?/ (B 4m *ec N*p3/ (E+m * phase *
case -1:

return [-N * s, N * phase * ¢, N * p3 / (E + m) * phase * c};

* s, N ¥ p3/(E+m)

throw std::invalid_argument ("Mpirac: :uHelDirac: helicity is not -1 or 17);

)
// Helicity eigenstate spinors for Anti-Fermions

// <08 DEFINED IN DIRAC GAMMA-MATRIX REPRESENTATION 0@>
7

tvHelDirac (const MiVec &p, int helicity) const {

:eomplex<doublex> 1Dirac:
vHelbirac: Wrong gamma basis in use"); }

valid_argument ("MDirac:
-1 (
nvalid_argument ("MDirac

:ivector<std:
1= o)

vHelDirac: helicity is not -1 or 17);

./src/MDirac.cc
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// Both chiral and dirac basis
// Contravariant matrices (upper index)

y1_up{std:: : .0, 0.0, 0.0, 1.0,
std::vector<std: :complex<double>>(0.0, 0.0, 1.0, 0.0},
ector<std: :complex<double>>(0.0, -1.0, 0.0, 0.0},
ector<std: :complex<double>>(-1.0, 0.0, 0.0, 0.0}};
v2_up( 0, 0.0, 0.0, -zi},
sta. omplex<double>>(0.0, 0.0, zi, 0.0},
ector<std: :complex<double>>(0.0, zi, 0.0, 0.0},
:complex<double>>(-zi, 0.0, 0.0, 0.0)};
: v3_upl .0, 0.0, 1.0, 0.0,
sta. omplex<double>>(0.0, 0.0, 0.0, -1.0},
lex<double>>(-1.0, 0.0, 0.0, 0.0,
std: ivector<std: :complex<double>>(0.0, 1.0, 0.0, 0.01);
Vi
{{ Contravartant and covariant
if (BASIS "
qanna_ve = (yO.dirac, yiup, y2_up, y3ups y5_dirachs
gamma_lo = (y0_dirac, -yl up, -y2_up, -y3_up, y5_dirac);
if (BASIS == "C")
gamma_up = {y0_chiral, yl_up, y2_up, y3_up, y5_chiral);
gamma_lo = (y0_chiral, -yl up, -y2 up, -y3_up, y5 chirall;
// sigma = i/2 [\gamma®\mu, \gamma®\nu]
(ma\nu) each [mu] [nu) contains one itatrix
i «
: @, @
sta: 13 «
std:: x<std: (4, MMatrix<std::complex<double>>(4, 4)));
for (const auto &mu : LI) {
for (const auto &nu : LI)
sigma_upmu) [nu] = (gamma_up[mu] * gamma_up[nu] - gamma_up(nu] * gamma_up(mu]) * (zi / 2.0);
* gamma_lofmul) * (zi / 2.0);

sigma_lo(mu] [nu] = (gamma_lolmu] * gamma_lo[nu] - gamma_Lo(nu]

// Chirality projectors, valid for all gamma representations

: // Right handed

Matrix<std: :complex<double>> MDirac::PR() comst { return (I4 + gamma_up(4]) * 0.5; }
// Left handed
MMatrix<std: :complex<double>> MDirac::PL() const { return (I4 - gamma_up(d]) * 0.5; }
// Two component Weyl (chiral) spinor
%
const {

omplex<double>> MDirac::XiSpinor (const MiVec &p, int helicity)

td::vector<std: te

const double theta2 = p.Theta() / 2.0;
const double phi P.Phi();

const double ¢ = std::cos(theta2);
const double s = std::sin(theta2);

s % std:iexp(zi * phi)); )
s+ stdiiexp(-zi * phi), cl; }
XiSpinor: helicity is not -1 or 1

if (helicity ( return (c,
if (helicity = ( return (-
throw std::invalid_argument ("Mpirac

a
// Helicity eigenstate spinors for particles

7/ <@@ DEFINED IN CHIRAL GAMMA MATRIX REPRESENTATION €@>

L(const Mivec dp, int helicity) const (

Mpirac: :uHelChi

std:: :
if (BASIS != "C") { throw std::invalid argument ("MDirac::uHelCh rong gamma basis in use");
const double E = P.EO;
const double p3 e P3mod ()
const double MO
const double sheta2 - biThetal) / 2.0;
const double ph: = p.PhiQ;
const double c = std::cos(theta2);
const double = stdi:sin(theta2);
const std::complex<double> phase = std::iexp(zi * phi);
const double neg = E + m - p3;
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// Flip the helicity, so we can use particle solution permutated
= -helicity;
helicity);

vector<std: :complex<double>> v = uHelDirac (p,
return {vi2], vI3], v[0], vIl]);

s

Va
// birac-spinor "spin eigenstate” fermions: (\gamma“\ms p_\m: - m)u = 0

7/ <88 DEFINED IN DIRAC GAMMA MATRIX REPRESENTATION 68>
V4

irac(const MiVec &p, int spin) const {

std: rvector<std: : complex<double>> MDirac: :ub:
L6 (ASES 1= 107) { eheow atd::imvalic_axgunent (MDizec: sizac: Wiong gamma basis in ue®); )
if (spin 1= -1 as
“1or 1;

throw s:a::mvamLaxgumenunmua: uDirac: spin state argument

)
const double E = p.E();
const double m = p.M

0
const double N = msqrt(E + m); // Normalization to 28 per unit volume

if (spin == 1)
0.0, N ¥ p(3) / (B +m), N ¥ (p[l] ¢ 2it p(2) /(4 m);

Ceturn 1000, N * 1.0, N ¥ (pl11 - 24 * pI21) / (B + m, N+ (p(3] / (B + )

)
/7 bizac-spinor "spin eigenstate” for anti-fernions: (\gamsa®\ms p_\ms + mv = 0
: // <08 DEFINED IN DIRAC GAMMA MATRIX REPRESENTATION @G>

:vDirac(const Mavec &p, int spm const (
gamma basis in use"); }

complex<doubler> Mirac:
{ throw std::invalid_argument ("MDirac::vDirac: Wro:

)
throw std: :invalid_argument ("MDirac::vDirac: spin state argument != -1 or 17);
)
// Flip the spin, then use the u-particle solution permutated
spin = -spin;
const std: :vector<std: :complex<double>> v = uDirac(p, spin);
return {v(2], vI3], v(0l, vIll};
)
7
1/2 \sigma_i, i =1,2,3

// Return Hermitician angular momentum operators J_i =
a

_operator (unsigned int i) const {

_operator: i is invalid (not 1,2,3)");

invalid_argument ("Mpirac

// Transformation bilinears:
Va

\bar{uj_1 \gamma"\mu u_2
\bar{uj_1 \gamma"\mu \gamma_5 \u_:
\bar{u)_1 \sigma®(\mu\nu) \gamma_! e
// Pseudoscalar current: \bar{u)_1 \gamma_5 \u_Z

a

: // Vector current:

a
// Adjoing gamma matrix: gamma®\mu\dagger = gamma~0 gamma"\mu gamma"0
a

Vi
// Charge conjugation operator matrix is basis dependent.
)

77w = ¢ \bar(vInT <o> \bar(vi®T = c~(-1
Vi

Vi

7/ Basis independent definition

77 Cr(-1) \gamma_\ms C = ~\gamma_\m*T <= C \gamma*\mi C*(-1) = -\gamma®\m

C_up() const {

- rcn)
* gamma_up[0] * zi;

:cop

:invalid_argument ("MDirac: Unknown gamma basis");
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©(3) = pos * std::sin(theta) *
// Basic notes: return e;

)

// 1. Helicity is conserved in fermion i

: // 2. By gauge invariance, polarization vectors can be chosen with explicit
//  representation.

throw std::invalid_argument ("MDizac: :EpsSpini; helicity m should be -1 or 1');

Invidual sub-amplitudes are gauge dependent, their sum is )

a not

7 3. yeumy udes do not sum \sum_{config) / Polarization vector eps™((m)\mu) (k) for massive spin-1 with helicity m =
e 27/ 10,1

Vi 7

a +-1 state depends only on the direction of the momentum

7 0 state depends also on magnitud:
i 7/ conventions:

Vi 7/ tt,x%,v,2] order convention!

// spin-1/2. /

77 incoming particle: up)

// outgoing particle: \bar(u} (p)
// incoming anti-particle: \bar{v}(p)
// outgoing anti-particle: v(p)

/

// Should obey sur
// \sum_{\lambda = -1,0,1) \eps_\mu(k, \lambda) \eps_\nu(k, \lambda)*
7/ = —g_{\mu\nu} + k_\mu k_\nu /

V4

// Propagators:
7/ spin 1

// spin 1/2:
Vi

: Tensorl<std: ) :
A \eps (100, 7+1) _ (nassless case applies here too)

1 ]| m == 1) { zeturn EpsSpinl(k, m; )
// Shauld be 0 at this point

~ig_\mu\nu / g2
i(\gamma®\mu q_\mu + m) /(92 - m*2)

Mpirac: (const Mavec &k, int m) conmst {

: // Vertex factor:
7

orow atas invalid_argument ("MDirac: :EpsMassiveSpinl: helicity m should be
ie\ganma® \mu

// Matrix element: -iM
Y

0 or 1m;
product of rules

// \eps™{(0),\mu} (longitudinal case)

const double theta = k.Theta(
// Photon propagator: —ig_{\mi\nu) / a2
Vi

const double phi = k.Phi();
const double E KEO;
const double M KO
7/ Remember:
77 \sum_{4 virtual polarizations] \eps_\mu\lambda

(\eps_{\nuj”\lambda)~* = Tensorl<std: :complex<double>, 4> e;
: // ~g_(\mu\nuj

7’
Tensor2<std: :complex<double>, 4, 4> Mpirac:

:iD_y (const double g2) const (
Tensor2<std: : complex<double:

4

05 (phi) / M;
in(phi) / M;

for (const auto &u : LI) {
for (comst auto &v : LI)

return e;
(T, v) = -zi * glullvl / a2; }

)
return T;

// Polarization tensor eps"((m)\mu\nuj (k) for massive spin-2 with helicity m
) al012

// Internal Fermion propagator (matrix with spinor indices, no Lorentz indices)
a

: // (t,x,y,2] convention!

7/ Input as contravariant (upper) index 4-vector

Y

Miatrix<std: :complox<double>> MDirac
return (FSlash(q) + 14 * m) *

74 shousa obey sum: (eps_{\mu\nu)"{ (m) ] (k))~* eps™{(n)\mu\nuj (k) ) =
7’

= \delta_(mn)
iD_F (const MdVec &g, double m) const {

(2 / (q.M20 - pow2(m));

N in2 (const Mivec &k, int m) const {
oot et T bl e
tnrow std::invalid_argument (WDirac: EpaMassiveSpin2: m is ot -2,-1,0,1,2")
}
// Polarization vector eps((m)\mu) (k) for massless spin-1 with helicity m = -1,1 Tensor2<stds scomplex<double>, 4, 4> epsmat;
a
77 spatial dependence only on the direction. const int offset = 1; // array indexing (-1 means 0)
7/ [REFERENCE: http://scipp.ucsc. edu/ “haber/ph218/polsum.pdf] // Get Massive Spin-1 basis vector:
77 [¢,%,y,2] order conventi std:array<Tensorl<std: scomplex<double>, 43, 3 ci
Va Zor (const int am + (o1, 0r 117 [ epevesin + offact] < BpstassiveSpini(k, m; |
¢ Tensoricatd:scomplexcdoubler, > KDiractiSpasplal (const MiVee Gk, int m) const |
onst double theta = k.Theta(); // Loop over two Lorentz indices
conet double phi - K.BRi0; for (const auto smu : LI) (
for (const auto &nu : L)
vector<double> el = (1.0, 0.0, 0.0); 7/ Clebsch-Gordan dsconposition
vector<double> e2 {0.0, 1.0, 0.0}; for (const int &ml -1, 0, 1H (
for (const int &m2 : (-1, 0, 1})
// First define in \vec(zj-direction, then rotate spatial part such that 7/ ClebschGordan (double 31, double 32, double ml, double nZ,
// \vec{k} = R \vec(z} // double j, double m)
7/ Get coetficient <1,1, mi, m2|
// Normalization cpsmat (mu, nu) = gra:ispin:iClebschGordan(L.0, 1.0, ml, m2, 2.0, m
const double N = 1.0 / std:isqrt(2.0); cpsvecml + offset] (mu) * epevec(mz + offsec] (m);
}
Tensorl<std::complex<double>, 4> e; 1
1]
plus minus to minus plus
const double neg - -static_cast<double> (m); return epsmat;
const double pos static_cast<double> (m); }
if mee 1 || moem 1) // adjoint Dirac spinor: \bar(uj = u“dagger * gamma®0
20 - 0.0; : std::ivector<std::complex<double>> MDirac::Bar (
(neg * std::icos(theta) * std:icos(phi) + zi * std:isin(phi)) * N; const stds svector<std: ;complex<double>> spinor) const |
(neg * std::icos(theta) * std:isin(phi) - zi * std::cos(phi)) * N; // First conjugate elements, then a matrix product with gamma®0 matrix
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return gra::matoper::VecMatMu: [gra: :matoper: :’ P » gamma_up[0]); // Helicity u-spinor via massless gauge vector
a
: std:ivector<std:ic
// Feynman slash matrix operator: \slash(a) = \gamma_\my a*\mi = \gamma*\mu
7/ a\mu

complex<double>> MDirac
gonet Miveo 11100, 0, 0, 1001
if (BASIS 0

return ((FSlash(p) + 14 % p.MO) / msare(2.0 * (p * 1))
) else if (BASIS == "C") { // Chiral

return ((FSlash(p) + T4 * p.M()) / msqrt(2.0 *

2/

// Input assumed contravariant (upper) index 4-ve

MMatrix<std: :complex<double>> MDirac::FSlash(const MiVec §a) const {
MMatrix<std::complex<double>> aslash(4, 4, 0.0); // Init with zero!

for (const auto 4mu : LT) ({ aslash += gamma_up(mu) * (a & mu);
return aslash;

Gauge (const Mavec &p,

s int helicity) const {
// arbitrary "gauge vector®

* uHelDirac(l, -helicity);

( * 1)) * uHelchiral(l, -helicity);

throw std:sinvalid argument (“MDirac::uGauge: Unknown BASIS = ' + BASIS);
// Helicity u-spinor via massless gauge vector
7 7
// High Energy (E >> m) relation for the vertex current when p = p’ (e.q. std: ivector<std: :complex<double>> Mirac: :vGauge (const MiVec ip, int helicity) const (
77 torward scattering) const Waec 1(100, 0, 0, 100); // arbitrary "gauge vector
a if (BASIS l // Dirac
// \bar{u}_s’ (p) \gamma"\mu u_s(p) 2p*\mu \delta_{s’,s} return (- 1FS)ash1PY - 14 * p.M(O)) / msqrt(2.0 * (p * 1))) * vHelDirac(l, -helicity);
// \bar{v}_s’(p) \gamma“\mu v_s(p) = 2p*\mu \delta_{s’,s} } else if (BASIS == " { // Chiral
a
i 7/ otner relation

// \bar{u)_s’ (p) \gamma®0 v_s(-p)

return (- (FSlash(p)
)

// \bar{vi_s’(p) \gamma"0 u_s(-p)

a

- 14 ¥ p.MO) / msqre(2.0 * (p * 1))
0
0

* vHelChiral(l, -helicity);

throw std::invalid_argument ("MDirac::vGauge
)
3: double MDirac::Te

std::icout <<

Unknown BASIS = " + BASIS);

stSpinorHELimit (const MdVe.
MDirac

&pi, const MaVec &pf) const { 7/ Gonstruce spin-1/2 nelleley spinors (11,1) [indexing with 0,1]
TestSpinorHELimit:" << std::endl;

std: 1 2> Mpirac «
const MdVec p, const stdsistring atype) const (

const MiVec psum = pi + pf; . 2> spinor;

double ratiosum = 0.0;

if (BASIS D") { // Dirac
for (const auto &m : {0, 1}) {

// Helicities if (typs ") { spinor(m] = MDirac::uielDirac(p, SPINORSTATE(m]
for (const auto &hi : (1, « if (type == "ubar’) { spinor(m] = Bar(MDirac::uHelDirac(p, SPINORSTATE[m])); }

const std::vector<std: :complex<double>> u = ubirac(pi, hi);

if (type v") ( spinorm] = MDirac::vHelDirac(p, SPINORSTATE([m])
// Helicities if (type == "vbar')
for_(eonst auto ohf : (1, 7)) {
cons vector<std: :complex<double>> ubar

{ spinor(m] = Bar(MDirac::vHelDirac(p, SPINORSTATE[m)); )
= Bar (ubirac(pf, hf));

if (hi != hf)
std::icout << st

else if (BASIS == "C") { // Chiral
for kconst avo n: (0, 11 (
if (&
it (type -

spinor(m] = MDirac::
ubar") { spinor(m]

ufielChiral (p, SPINORSTATE(m])
- Bar (MDirac::ulielChiral (p, stoRsnTz[m]n, }

} /7 Helicity conservation

if (type

if (type
for (comst auto &mu : LI) {

for (const auto &nu :
st

v") ( spinor(m] = MDirac::vHelChiral (p, SPINORSTATE(m])
vbar') { spinorim] = Bar(MDirac

Chiral (p, SPINORSTATE[m])); }

LT

)4
std::vector<std: :complex<double>> prod = (gamma_up(mul * (psum % nu)) * uj
const std:

1se
throw std::invalid_argument ("MDirac
)
omplexcdouble> Lhs - ora:

SpinorStates: Unknown basis "

+ BASIS);
VecVecMultiply (ubar, prod);
const double - (Psum B mu7 * (psum % nu) * Delta(hi, hf); return spinor;
)
const double absratio = std::abs(std::real(lhs)) / st abs (rhs) ;
ratiosum += absratio; // Construct Massless Spin-1 polarization vectors (m = -1,1) (indexing with 0,1]
it (absratio < 0.9 || absratio > 1.1) ( 7/ Input p as contravariant (upper index)
+:fg:ired; 7
ooty std::array<Tensorl<std: . 4>, 2> WDirac::Massl tstates (const Mives ¢
stdsicout << rang::fg:igreen; : const_std::string stype,
) beol TNDEX.UF) conet |
st sarrayTensorl<std: scomplexcdouble>, 4>, 2> ep9;
prxncﬂ const st ctor<int> mbda =1, 11
hi = %2d, hf = 52d | (mu,nu) = (4lu, 3lu) | Re[lhs] = "
"%0.38 \t rhs = 2038 \e line] / [zhe] - s0.5¢ \ar, for (const auto am : indices(lambda)) ( // loop over helicities
i, nf, mu, oy, real(lns), rhs, absratio); epsin] = MDirac::EpsSpinl (p, lambdam]);
sta:scout

if (type == "con") ( // Take complex conjugate per eleme
for (const auto &mu : LI) { eps(m] (mu) = std::conj(eps(m] (mu)); }
}
if (VINDEX_UP) { // Return covariant (lower index) version
for (const auto &mu : {1 3D { epsim] (mu) = -eps(m] (mu); }
}

out << std:rendl << std::endl;
return ratiosum;
)

return eps;
)

// Construct Massive Spin-1 polarization vectors (m
// [REFERENCE: https://arxiv.org/pdf/hep-ph/0110108.pdf] a

7/ Spinor product: o_\lanbda o1, p2)

::complex<double> MDirac::sProd(const MiVec &pl, const MAVec &p2, int helicity)
i gra: :matoper: :VecVechultiply (Bar (uGauge (pl,

-1,0,1) (indexing with 0,1,2]

// Input p as contravariant (upper index)
V4
const {

std.
helicity)), uGauge(p2, -helicity));

::array<Tensorl<std:

L 4>, 3> Wpirac: inlst.

tes (const MaVec &
const sta:sstring ievpe,
bool INDEX_UP) const (

array<Tensorl<std: :complex<double>, 4>, 3> eps;



./src/MDirac.cc 10/11
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/7 utiel | ox |-
const std::vector<int> lambda = (-1, 0, 1}; 7/ vhel | ox |-
a
7/ mode == "helicity" (default), "gauge”, "spin”

for (const auto &m : indices(lambda)) { // loop over helicities
epsin] = Mpirac::EpsMassiveSpinl(p, lambdalml); s/
double MDirac::TestSpinorComplete (const MiVec &p, const std
const std::string &mode) const {
t << "MDirac::TestSpinorComplete: Type: " << typs
// InitGammaMatrices (basis);
M¥atrix<std::complex<double>> lhs(4, 4, 0.0); // Init with zero!
const double SIGN = ((type == "u") 2 1.0 : -1.0);

if (type == "conj") { // Take complex conjugate per element
for (const auto &mu : LI) { eps(m] (mu) = std::conj(eps(m] (mu)); }

)
if (VINDEX_UP) { // Return covariant (lower index) version
for (const auto &mu : {1, 2, 3}) { eps(m] (mu) = -eps(m] (mu); }

}

for (const auto &lambda : SPINORSTATE) {
std: :vector<std: :complex<double>> Spinor;

return eps;
if (type ==
if (BAsIS
spinor = uHelDirac(p, lambda);

z
// Test functions
“spin®) { spinor = uDirac(p, lambda); )

: // Test gamma matrix anticommutation relation: if (mode

7/ {\gamma*\mu, \gamma“nu} = 2g"{\mu\nu} I_4

spinor = uHelChiral (p, lambda); ]
gauge") { spinor = uGauge(p, lambda); )

if (easis

Va
double MDirac: :TestGammaAntiCommutation() const ( if (mode

:Tes
double diffsum = 0.0;

} else if (type == "v') {
if (BASIS == "D') (
spinor = vHelDirac(p, lambda);

for (const auto &mu : LT) |
for (const auto &nu : LI)
const MMatrix<std: :complex<double>> AC_lo
gamma_lo(mu] * gamma_lo(nu] + gamma_lo{nu] * gamma_lo{mu];
stdiicout << "gamma lo:: mui << mu << 0 nu: ' << nu < enal;
AC_lo.Print();

if (mode == "spin") { spinor = vDirac(p, lambda); )

)
if (sasis ) { spinor = vHelChiral(p, lambda); }

lex<double>> AC_L if (mode == "gauge") { spinor = vGauge(p, lambda); )

omp: up =
splnu] * gamna_up(nu) + gamna_up(nu] * gamna_up(mal;
<<

gamma_

std::cout << "gamma_up ve< o << nu << std::endl; } else

C_up.Print (); throw std::invalid_argument ("MDirac: :TestDiracSpinorComplete: Unknown type (set u or v)");
// Adjoint

diffsum += (AC_lo - AC_up) .FrobNorm();

const std: ivector<std: :complex<double>> spinorbar = Bar (spinor);
// Check normalization
const double nlh:

std::real (gra::matoper: :VecVecMultiply (spinorbar, spinor)); // Take real to cast to double
const double nrhs = SIGN * 2. * p.M();

)
roturn diffsum;

// Test \slash(p}\slaship) = p"2 I_4 (identity matrix being I4)
Va

5
: double MDirac::TestFSlashFSlash(const MaVec &p) const ( Printf("s = 2d : Normalization = ", lambda);
const Miatrix<std: :complex<double>> A * FSlash(p); if (gn ssertRatio(nlhs, nrhs, SE-3))
const MMatrix<std: :complex<double>> B )i std:icout << rang::fg::green << nlhs << " | 2 x p.M = ' << nrhs << ' OK' << rang::fg::reset
<< stdi:
const double norm = (A - B) .FrobNorm(); } else (
std:icout << "MDirac::TestFSlashFSlash:: Frobenius nosm |A-B|_F: " << nomm << st std:icout << rang = " << nrhs << " NOT OK" << rang:ifg::reset

std:

return norm;

)

// Take outerproduct,

// Check Dirac u- and v-spinor normalization and completeness relations sum
1hs += gra::matoper::OuterProd(spinor, spinorbar);

77
: // 1. Normalization of the Lorentz invariant inner product:
Vi

7/ \bar{u)_s’(p) u_s(p) = +2m \delta_{s’s}
7/ \bar{v)_s’(p) v_s(p) = -2m \delta_{s’s}
: //  \bar{ul_s’(p) v_s(p) = 0

7/ \bar{vi_s’(p) u_s(p) = 0

// completeness relai
Conet Miiate xcata: eomplex<doubler> ths = FSlash(p) + T4 * p.M() * SIGN;

// compare
Lns Brint (“sun_(s) (spinor_s (p) barspinor_s(p))");
td::cout << std::endl;

the-Print (‘siash(p) | LioneSIon);

cout << std:

/
// Note that \dagger{uj_s’(p) u_s(p) = 2E \delta_{s’s}
// (standard of a wave

a

const double frobnorm = (lhs - rhs).FrobNorm();

Vi
// 2. Completeness relation (Projection operators):
77
if (frobnorm < 0.1) (
std::icout <

\slaship} + m
\slaship} - m

-} u_s(p) \bar{ul_s(p)
-} v_s(p) \bar(vi_s(p)

<< "Completeness relation OK, Frobenius norm = " << frobnorm
endl;

iifgiireset << std:

" << frobnorm

/
// set type = "u" or "v!
Vi

ed << "Completeness relation NOT OK, Frobenius norm
endl;

rang:ifg:ireset << s

: // Normalization test (add to unit tests!)

cout << std::endl;

77 sprnor curraL | DIRAC

7 retusn frobnozm;

77 wpirac | - | ox

77 voirac | - | ox

7 ubielbirac | - | ox 629:

77 vhelpirac | - | ox 830: // Check massive spinl-polarization sum (completeness relation)
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// Factorized type phase space class

// \suml\lambds = 140:01) epe”mu (k, \lanbda) epa” (\nu®) (k, \Lanbda)

7 {\ma\nuj + k~\mu k> \nu /b 7/ (¢) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>

Loupre o TesthaseivespiniConplete (const. Nivec &) const. (
double absdiffsum = 0

et e g AP
const , 4> eps = 1(k, lambda) ; 13: // oun
sum 4= eps (mu) * std::con](eps (nu)); #include "Graniitti/MAux
15: #include "Graniitti/MFactorized.h"

16: #include "Graniitti/MForm.h"

}
const double 1hs = std::real(sum);

// Right hand side
const double rhs = -glmu] (nu] + k(mu] * k(nu] / k.M20);
Printf("MDirac: :TestMassiveSpinlComplete: lhs = %0.2E, rhs = $0.2E \n", lhs, rhs);

bs (1hs - rhs);

absdiffsum += std
¥ 23: #include “Granllttx/bﬂ)se!cuts n"

)
return absdiffsum;

27
28: using
)} // namespace gra 291

30: using
31: using
32: using
33: using
340 using

5: using

: using

using
using

namespace gra {

// This is needed by construction
ized::MFactorized() { Initialize(); |

// Constructor
: MFactorized: :MFactorized(std::string process, const std::vector<au
Initialize();

InitHistograns ()

SetProcess (process, syntax);

Onecp> &syntax) (

// Init final states
Mavec zerovec(0, 0, 0, 0);
for (std:isize_t 03 L€ 107 4 ( 1tspeinal pushback (zexovee) )
std::cout << "MFactorized:: [Constructor done]” << std:

: void MFactorized::Initialize()
const std::vector<std::string> supported

o yRY, 0P, tyy', "gg");

cp ;
Procptr = MSubProc (supported, CID);

// Destructor

MFactorized: : “MFactorized() {}

// Initialize cut and process spesific postsetup
: void MFactorized: :post_Constructor() [
// Set sampling boundaries

tTechnical (geuts, ;

// Initialize phase space dimension
ProcPtr.LIPSDIM = 5 + 1; // ALl processes, +1 from central system mass

if (EXCITATION == 1) { ProcPtr.LIPSDIM += 1; }
if (EXCITATION == 2) ( ProcPtr.LIPSDIM += 2; }
)

// Update kinematics (screening kT loop calls this)
// Exact 4-momentum conservation at loop vertices, that is, by using this one
// does not assume vanishing external momenta in the screening loop calculation.
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bool MFactorized.
static const MiVec beamsum
const unsigned int Nf

./src/MFactorized.cc

(const std: :
lts.pbeaml + lts.pbeam2;
= lts.decaytree.size() + 2;

3/6
splp, const std:

vector<double> &p2p)

// Cascade resonances phase-space
C_space *= CascadePS();
7

// Number of final states

// SET new final states pT degrees of freedom

lts.pfinal(l].SetPxPy (plp[0], plp(1]); // ** EVENT WEIGHT **

les.pfinal(2].SetPxPy (p2p(0], p2p(l]); W = C_space * (1.0 / S_factor)
Gevzbarn / MollerPlux();

const double ptl

Llts.pfinal(1].pt();
const double pt2

lts.pfinal(2].pt();

* BS1PhaseSpaceWeight ()

// Read original variables
const. le ml =
const double m2 =

aux.amplitude_ok = CheckInfNan (W);
= lts.pfinal_orig[1].M(); // As the last STEP: Histograms
1ts.pfinal_origl2] .M(); const double totalweight =

=W * aux.vegasweight;

FillHistograms (totalweight, lts);
const double mX = lts.pfinal_orig(0].M();
const double yX = lts.pfinal_orig[0].Rap();

- return W;
// Central system momentum
lts.pfinal(0] .SetPxPy (- (lts.pfinal[1] .Bx()

+ lts.pfinal(2].Bx()), // Fiducial cuts
~(1ts.pfinal[1].By() + lts.pfinal(2].By()); : bool MFactorize
[/ Central eysten pr and

const. double mtk = magst (poud (0 1 lta-peinal (0)-2€20));
lts.pfinal(0].SetPzE (meX * sinh(yX), meX *

::FiducialCuts() const { return CommonCuts(); }

// Record event

bool MPactorized: :EventRecord (HepMC3::GenBvent evt)
n(yx) i
// Energy overflow

{ return CommonRecord (evt)
if (Lts.pfinal(0].E() >

void MFactorized::PrintInit (bool silent)

const {
if (tsilent)
(lts.sart_s - (ml + m2))) { return false; } PrintSetup();
double plz // construct prettyprint diagram
gra::ikinematics::SolvePz(ml, m2, ptl, pt2, lts.pfinal[0].Pz(), lts.pfinal[0].E(), lts.s); a
double p2z = -(lts.pfinal[0].Pz() + plz); // by momentum conservati
if

tring protonl
tstring proton2 =

isnan(plz)) ( return false; }

// Enforce scattering direction +p —> +p, -p
// BRANCH FLIP)

if (plz < 0 || p2z > 0) {

if (BXCITATION
-p (VERY RARE POLYNOMIAL if (EXCITATION
protonl = *
proton2 = "

1) { protonl - )
2) {

P2
P2

return false; )

// Pz and E of protons/N*
lts.pfinal[l].SetPzE (plz, msqrt (pow2(ml) + pow2(ptl) + pow2(plz)));
lts.pfinal(2] .SetPzE (p2z, msqrt (pow2(m2) + pow2(pt2) + pow2(p22)));

d::vector<stad:
feynmangraph =

tring> feynmanq:aph,
|

// Now boost if asymmetric beams
::abs (beamsum.Pz () > le-6)

[{ print diagren
out << protonl << st:

for (const aute 61 : indices (feynmangraph))
i€ (SCREENING) (/) Pt red
out << rang:ifg:

/ positive -> boost to the lab
lts.sqre_s, lts.pfinalll], sign);

1ts.sqrt_s, lts.pfinall2], sign);

lts.sqrt_s, lts.pfinall0], sign);

LorentzBoost (beamsum,

) eue (
ta.

out << rang::fg

red <<

cout << feynmangraphli] << std
if (1CheckEMC (beamsum -

(lts.pfinal(l] + lts.pfinal(2] + lts.pfinal(0]))) { return false; ) out << proton2 << std:
return GetLorentzScalars (Nf);

out << st

Return Monte Carlo integrand weight
uble

double W = 0.0;

out << std::endl;
out << rang

const std:

Generation cuts:" << rang
&randvec, AuxIntDat

saux) { printf(
// Kinematics and cuts

aux.kinematics_ok = BS1RandomKin(randvec);
aux. fideuts_ok FiducialCuts ()
aux.vetocuts_ok VetoCuts ()

D : System rapiotey [min, max] =
B~ syst.

[min, max]

0.2£, %0.2£]

\t (user) \n"
[%0.2£, %0.2£] GeV \t(user) \n!
[%0.2¢, %0.2£] B

Forward 1eg

"\t (fixed/user) \n",
geuts.Y_min, gouts.Y_max,
geuts. forward_pt_max) ;

[min, max]

geuts.M min, gouts.M_max,
if (aux.valid())

// Matrix element squared

const double MatESQ = GetAmp2 () ;

geuts. forward_pt_min,

if (BXCITATION != 0) {
printe(
- Xi : Forward leg (M*2/s)
\t (fixed/user) \n",
geuts.XImin, geuts.XI_max);

// Calculate central system Phase Space volume

[min, max] = [%0.2E, %0.28]
0.0;

uble
DecayiatneS (exact)
1ts.DH_sum_exact .Add (gr

Kkinematic:

MCH (exact, pow? (exact), 1), aux.vegasweight);

PrintFiducialCuts();
)
// Add to the integral sum and take into account the VEGAS weight t
1ts.DH_sum.Add (1ts.DW, aux.vegasweight);
// 5+l-dimensional phase space vector initialization

double C_space = 1.0; 45: bool MFactorized: i std:: srandvec) {
if (lts.decaytree.size() != 0 && lts.PS_active) { // We have some legs in the central system // log-change of variables for pt

C_space = (lts.DW.Integral() / (2 * ® // /(2*PI) from phase space factorization :  const double ul =

V4

std::log(gcuts. forward_pt_min + ZERO_EPS)
(std::1og (geuts. forward_pt_max) - st

1og(geuts. forward_pt_min + ZERO_EPS))
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const double u2 =

std::log(gcuts. forward_pt_min + ZERO_EPS)

5/6

7
(std::log(geuts. foruard pt_max) Tog (geuts. forward_pt_min + ZERO_EPS)) * randvec(l]; / Now boost if asymmetric beams
if (std::abs (beamsun.Pz () > le-6)
const double exp(ul); constexpr int sign = 1; // positive -> boost to the lab
const double exp(u2); Kinematics: :LorentzBoost (beamsum, lts.sqrt_s, pl, sign);
Kinematics: :LorentzBoost (beamsum, 1ts.sqrt_s, p2, sign);
const double 2.0 * gra:imath::PI * randvec(2]; Kinematics: :LorentzBoost (beamsum, 1ts.Sqrt_s, pX, sign);
const double phi2 = 2.0 * gra:imath::PI * randvecl3l;
const double gouts.Y_min + (gouts.¥_max - geuts.¥min) * randvec(d); 7
) bick casgnter nasses, can £ail dve to off-shelliness, then // save
/7 retn lts.pfinalll]l = pl;
trials 1ts.pfinal(2] = p2;
omst unsigned int MAKIRIAL - 165; lts.pfinal(0] = pX; // Central system
while (true) (
uble M_sum = 0.0; 7
7/ Kinematic checks
Va
for (const auto 4i : indices(its.decaytree)) // Total 4-momentum conservation
1Mass (1 i1, 1ts. i].m_offshell); 1€ (:ChecKEMC (beamsum - (1ts.pfinalll] + lts.pfinal(2]
o Lt deayeras (1) meotEsholls
)

+ lts.pfinal[0]))) { return
V4

7} cemeeat system decay tree first branch kinematics set up here,
V4
// Apply absolute boundary conditions first

rest is done recursively
const double MARGIN = le-4; /. // Collect decay product masses
M_MIN = M_sum + MARGIN;

M_mAx. lts.sqrt_s -

std::vector<double> masses;
(1ts.pbeanl.M() + lts.pbeam2.M());

for (const auto &i : indices(lts.decaytree))
// 88 Note, we need to ta

{/ apety generator cu

ax (M_MIN, geuts.M min);
in (M_MAX, geuts.M max);

ke offshell masses here calculated first

oA = aa

Af (MMIN < MMAX) ( break; }

wrtrials;

if (trials > MAXTRIAL) {

throw std::invalid_argument

"MFactorized: :B51RandomKin
"decaymode and cuts!");

std:ivector<Mavec> products;

// false if anplitude has dependence on the final state legs (seneric).
on of central system kinematics only (limited)
!lts.PS_active;

// true if amplitude is a function
const bool UNWEIGHT =

Infinite loop in kinematics. Check the °

¥

i (Les.decayereesize(
oz atics
// Sample mass squ.
le

2) ¢
TwoBodyPhaseSpace (1ts.pfinal[0], msqrt (m2X),
const double m2X = pcw2 () +

| dhea it {its.decaytree.sizet
(Pow2 (M_MAX) - pow2 (M_MIN)) * randvec(S];

inematics

£l
ThreeBodyPhasespace (1ts.pfinal (0],
// Forward N* system masses

{ rvec = (randvec(s]

Vit
( zvec = (randvec(6], randvec[7]}; }
sampleForwardMasses (nvec, rvec);

/7N
) slee xf Mies.decaytree.sizel) > 3
gra::kinematics

NBodyPhaseSpace (1ts.pfinal(0],

msqrt (m2X), masses, products,
randon) ;
)
i (w.GetW() < 0) {
return BS1Buildkin(ptl, pt2, phil, phi2, yX, m2X, mvec(0], mvec(1]); return false; // Kinematically impossible

d kinematics for 2->3 skeleton

Lot Wrackomiead: :BS1Bniidkin idounla ptl, dowble pt2, dosle phil, double phi, desble vk,
double m2X, double ml, doub: [

Lts.pbeaml + lts.pbeam2;

)
1ts.oW = w;

// Collect decay products
static const MdVec beamsum

Final state d-momenta, set px,py first
M4vec pl(ptl * std::cos(phil), ptl * std
MdVec p2(pt2 * std:icos (phi2),
Mivec pX(-(p1.PX() + p2.Px0),

: indices (lts.decaytree)) (
= products(
products(i];

in(phil), 0, 0);
pt2 * std::sin(phi2), 0, 0);
~(e1.Py() + p2.PY0), 0, 0);

lts.pfinal(i + offset]

// Central system pz and E
const double mtX = msqrt (m2X + PX.Pt2());
PX.SetPZE(MEX * std:isinh(yX), mtX * std

// Treat decaytree recursivel
for (const auto &i

indices (lts.decaytree))
i lts

1)) { return false; }
)
osh (yX)) ;
// Forward system fragmentation
// Energy overflow if (vetocuts.active) ( // N.B
if (PX.E() > (lts.sqre_s - (ml + m2)))

need to fragment already now!,
if (ICEPForwardFragment()) ( return false; }
)

if cuts active
{ return false; )
double plz = gra::kinematics::SolvePz(ml, m2, ptl, pt2, PX.Pz(), PX.E(), lts.s);

double p2z = -(PX.Pz() + plz); // by momentum conservation

// Enforce scattering direction +p —> +p, -p
// BRANCH FLIP,

if (plz < 0 || p2z > 0) { return false; }

// Check that we are above mass threshold -> not necessary,
-p (VERY RARE POLYNOMIAL // done in mass sampling function
const unsigned int Nf = lts.decaytree.size() + 2;
:  return GetlorentzScalars (Nf);
// Pz and E of forward protons/N*
P1.SetPzE (plz, msqrt (pow2 (ml) + pow2(ptl) + pow2 (plz)))
P2.8etP2E (p2z, msqrt (pow2 (m2)

this is

i // calculate Pure Phase Space Decay Width (Volume)
+ pow2 (pt2) + pow2 (p22))); void MFactorized: :DecayWidthes (double &exact) const {

* BSlIntegralVolume() * MatESQ *

i)

* randvec(0];

false; )

in BSIRandomKin €@
masses.push_back (1ts.decaytree[i] .m_offshell);
)

masses, products, random);

msqrt (m2X), masses, products, UNWEIGHT,

UNWEIGHT,
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: void

exact = 0;
// Massive exact closed form for 2-body case
if (ts.decaytree.size() == 2)
exact = gra E 1ts.m2, powz (0].pa.M0)),
powz (1ts. decaytree [11.p4.110))

)

// Massless case

if (lts.decaytree.size() > 2)
exact a: ik tics::PSnMassl

)

(lts.m2, 1ts.ds size();

// 5-Dim Integral Volume \int_(M~2_MIN)"(M"2_MAX] { d°2 ] [phil] x [phi2] x
7/ Ipt1] x [pt2] x
// Integral over central mass’2 is separate [phase-space factorization], but
// encapsulated here (+1 dimension)
double MFactorized: :BSlIntegralVolume() const [

// Forward leg integration

const double forward volume = Forwardvolume ();

return (pow2 (M_MAX) - pow2 (M_MIN)) * (gcuts.Y_max - geuts.Y_min) * forward_volume;

// 5-Dim phase space weight
51PhaseSpaceWeight () const

:abs(1ts.pfinal[1].Pz() / lts.pfinalll].E() -
lts.pfinal(2].Pz() / lts.pfinal(2].80));

const double factor = (1.0 / 2.0) * (1.0 / pows(2.0 * gra::mat ) *
(lts.pfinal[1].Pt() / (2.0 * lts.pfinal[l].E0)) *
(lts.pfinal[2].Pt() / (2.0 * lts.pfinal(2].E0)) * J;

return factor;

451:
452: // For high mass limit kinematics, see e.g. (arxiv.org/pdf/hep-ph/9903279.pdf]
as3:

454: ) // namespace gra
455
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// Init arrays used by Minuit function
= = std: :vector<double> (NCOEF, 0.0);
t_lm_error = std::vector<double> (NCOEF, 0.0);
errmat MMatrix<double> (NCOEF, NCOEF, 0.0);
covmat = MMatrix<double> (NCOEF, NCOEF, 0.0);

// Test functions
gra::sph 1

cout << rang::fg
< "<Spherical Harmonic Based (costheta,phi) r.f.
o i

<< std::endl

<< std::endl;
stdiicout << "TERMINOLOGY:' << rang:ifg:ireset << st
stdiicout << " (G} Generated == Events in the angular flat phase space (no "

"states, only on the system)"

" {F) Fiducial vents within the strict fiducial "
" (geometric-kinematic) "
"final state phase space (cuts on final states)"

std::icout <<

sta::icout << Events after the detector efficiency losses,
cout <<
cout << "(D} subset of (F} subset of (G} (this strict hierarchy might
"be violated in "
"some special cases)"

cout << std;
std::icout <<

Flatness requirement of (G) is strictly required to represent
"moments in

"an unmixed basis (non-flat phase space <=> geometric moment mixing)

<< st dl;

o
= (‘Y(system)l < 0.9}" << std::endl;

(eta@i)| <05 &t prips) > 0.1 Gev)* << sta
sendl << sta

cout <<

// pause(5);

// Destructor

: MHarmonic: : MHarmonic() ()

bool Misrmonic: :Printloop (const std:istring Goutput) const {
77 had hare code to peint outpet to £ile

return true;

// Plot all figures
MHarmonic: :P1otAll (const std::string soutputpath) const (
for (const auto &OBSERVABLE : (0, 1, 2}) {
// **** EFPICIENCY DECOMPOSITION ****
Plot1DEEE: ;

// **** ALGEBRAIC INVERSE MOMENTS ***+
PlotFigures (det, OBSERVABLE, "h_(Moments) [MPP]<det>", 33, outputpath);
PlotFigures (£id, OBSERVABLE, "h_(Moments) [MPP]<fid>", 33, outputpath);
PlotFigures(fla, OBSERVABLE, "h_(Moments) [MPP]<fla>", 33, outputpath);

// **** EXTENDED MAXIMUM LIKELIHOOD INVERSE MOMENTS **+*
if (param.EML)
PlotFigures (det, OBSERVABLE,
PlotFigures (fid, OBSERVABLE,
PlotFigures(fla, OBSERVABLE,

"h_{Moments) [EML] <det>", 33, outputpath);
"h_(Moments) [EML]<£id>", 33, outputpath)
_(Moments) [EML]<f1a>", 33, outputpath);

z

// Jacobian, close to 0.5

selection AND "

v << sta

: using

./szc/Analys.
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// "etaclass" for Spherical Harmonics Expansion - contains
// dataprocessing/Minuit/ROOT plotting functions.
7

// ALl mathematical spherical harmonic processing is separated to MSpherical namespace.

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

/) crr

#include <complex>
#include <iostream>

#include <vector>

// Roor

#include "TCanvas.h"

#include "TColor.h

#include "TGraphErrors.h”
HL

#include "TMultiGraph.h"
#include "TProfile.h"
#include "TStyle.h"

/7 0
hncl\.ﬂe "Graniitti/Analysis/MHarmonic.h"
le "Graniitti/Analysis/MROOT.h"

Graniitti/MPDG.h
#include "Graniitti/MSpherical.h"

// Eigen
#include <Eigen/Dense>

using
using
using
using

namespace gra {
// Constructor
MHarmonic: :MHarmonic() ()

// Initialize

nit (const HPARAM &hp) (

NCOEF = (param.l.MAx + 1) * (param.IMAX + 1);

"
// SETUP parameters of the fit
ACTIVE.resize (NCOEF); // Active moments
ACTIVENDF

for (int 1 = 0; 1 <= param.LMAX; ++1) {
for (int m = -1; m <= 1; +4m) {
inearTnd(1, m;

ACTIVE[index] = true;

// FIX ODD MOMENTS TO ZERO
if (paran REMOVEODD Gt (1 % 2) 1= 0)) ( ACTIVE(index) = false; }
// FIX NEGATIVE M TO ZE:

L% (pacem REMOVENEGATIVEN 6 (m < 0N { ACTIVE[index) = false; |
if (ACTIVE(index]) { ++ACTIVENDF;

st
param.Print ();

std::icout << std:iendl;
7"

ndl;
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std::vector<std: :vector<int>> OBSERVABLES = ({0, 1}, (0, 2}, {1, 2} // Di

for (const auto GOBSERVABLEZ : OBSERVASLES) (
// *#*% EFFICIENCY DECOMPOSITION
PlotFigures2D (fla, OBSERVABLE2, '(Response) [FLAT_REFERENCE]<fla>", 17, out|

PlotFiqures2D (fid, OBSERVABLE2, '(Response) [FIDUCTAL ACCEPTANCE]<fid>", 33, outputpath);
PlotFi 9,

frerent pairs

putpath) ;

"{Response} 3 1<det>",
// ***% ALGEBRAIC INVERSE MOMENTS **++

PlotFigures2D (fla, OBSERVABLE2, '{(Moments)[MPP]<fla>", 17, outputpath);
PlotFigures2D(fid, OBSERVABLE2, '{(Moments) [MPP]<fid>", 33, outputpath);
PlotFigures2D (det, OBSERVABLEZ, ' (Moments] [MPP]<det>", 29, outputpath);

// #*** EXTENDED MAXIMUM LIKELIHOOD INVERSE MOMENTS **++
if (param.EML)
PlotFiqures2d(fla, OBSERVABLE2, " (Moments) [EML]<fla>", 17, outputpath);
PlotFigures2d(fid, OBSERVABLEZ, ' (Moments) [EML]<fid>", 33, outputpath);
PlotFigures2D(det, OBSERVABLEZ, ' (Moments) [EML]<det>", 29, outputpath);

)

const int OBSERVABLE = 0;
Plot2DExpansion (£id, OBSERVABLE, "h_(Moments)[MPP]<fid>", 33, outputpath);
Plot2DExpansion(fla, OBSERVABLE, "h_{Moments)[MPP]<fla>", 33, outputpath);
if (param.BML) {
Plot2DExpansion (£id, OBSERVABLE,
Plot2DExpansion (fla, OBSERVABLE,

h_(Moments) [EML]<£id>", 33, outputpath);
h_(Moments) [EML] <£1a>", 33, outputpath);

// Synthesized (costheta,phi) plots
A

void Mmmonis: :Plotantspansiont
const atd: imap<gra:: 1::
unsigned int CoSERVABLE, const
const. ring &outputpath) const

e iSH>> stensor,
string STYPESTRING, int barcolor,
¢

// Extract name strings

// find {string}

st h sma;
std::regex_search (TYPESTRING, sma, std::regex(R'(\(.*?\})")); // R"()" for
std::string DATAMODE = smal0l;

DATAMODE DATAMODE . substr (1, DATAMODE.size() - 2);

// £ind <string>
std::smatch smb;
stdiregex_search (TYPESTRING, smb, std::regex (R' (\<.*7\>)"));
€ i E = smb(0

- SEACE.substr(l, SPACE.size() - 2);

// R"(" for

// find [string]
std::smatch sme;
regex_search (TYPESTRING, smc, std!

regex (R"(\[.*?\1)")); // R"(" for

sme[0];
= ALGO.substr (1, ALGO.size() - 2);

7
7/ £(cos (theta), phi; M) synthesis
stdsisize t N = 50;

// Cos (theta) and ph

std::vector<double> costheta;
vector<double> phi;

size_t BINS = 0;

// THZ for each
vector<std:

vector<TH2D *>> h2;

// Loop over fla
std::size_t source_ind = 0;
for (const auto ssource : tensor) {
// legendstrs[ind] = source.first.LEGEND;
BINS = source.second.size (OBSERVABLE) ;

// Add histograms
h2.push_back (std: :vector<TH2D *>(BINS, NULL));

// Loop over observable

for (st

size_t bin

bin < BINS; ++bin) {

Raw string literals

Raw string literals

Raw string literals
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7/ Get s point // Delete all histograms
77 const double value = grid(OBSERVABLE] (bin].center (); ize_t 1= 0; i < h2.size(); ++i
sizet j = 0; 3 < h2(il.size(); ++3) { delete h2(i][3]; }
// Set indices (0,0,0, )
Lol vactarcana vate t3 o1t tgrta stz 0, 01
cell [OBSERVABLE] = bin;

339 void Getlegendrositionz (snaigned int N, dowble ixl, double x2, double Gyl double &y,
// Synthesize distribution 3401
MMatrix<double> Z,

tring slegendposition)

if (ALGO
2 - sph

(source. 1).t_lm MPP, ACTIVE, N, costheta, phi,
true);

. N;

} else if (ALGO
2 = spherica

// South-East

ML
¥_real_synthesize (source.second (cell) .t_lm EMI, if
true);

ACTIVE, N, costheta, phi, (Legendposition. compare ("southeast”) == 0) { yl = 0.10 = 0.01 * X; }
y2 = y1 + 0.05 * N; // Scale by the number of histograms
)

// Create histogram
b1, E

// Li-Expansion plots as a function of observables
s/
void MHammonic: :PlotFigures (
const std::map<gra::spherical::Meta,
uneigned int OBSERVADLE, const st
const std:
/

tring name
h2(source_ind] [bin]

td::to_string(source_ind)
new TH2D (name.c_stz(),
1

S, N, -(matl

. to_string(bin);
o beneta; Foni ;Hd)‘ N, (1 + EPS),
PI + EPS), math::PI + EPS);

H>> stensor,
tring &TYPESTRING, int barcolor,

sstring &outputpath) const {
for (stdiisizet L= 0; & <N

for (stdi:s
2 leouren. ind] (bin] Lr11 (costnetatil, philil,

o (

stashared_prricanves; el
21410315

Coridcanvas (1, ACTIVENDF) ;

if (OBSERVABLE > xlabels.size ()
throw

std::invalid_argument ("MHarmonic igures: Unknown observable " +
“++source_ind; std::to_string (OBSERVABLE) ) ;
)} // loop over sources

string xlabel = xlabels[OBSERVABLE];
TCanvas ("e1"

for (std:saize s bin = 07 bin < BINS; +ibin)
o 2
1 teide (cansoratze (s 1y 0,002,

00 + tensor.size() * 400, 500);

// horizontal, vertical
0.001);

/
// Extract name strings

ize_t source_ind =
tring FRAME,

(const auto &source : tensor) (
cl->cd(source_ind + 1);

cl->cd(source_ind + 1)->SetRightMargin(0.13);
"

/7 find (string)

h sma;
regex_search (TYPESTRING, sma, std::regex(R'(\(.*?\})"));
string DATAMODE = sma[0];

DATAMODE DATAMODE . substr (1, DATAMODE.size() - 2);

for

// R"O" for Raw string literals

// £ind <string>
urce.first. smatch smb;
regex_search (TYPESTRING, smb, std!
stdi:string SPACE

SPACE

FRAME;
h2[source_ind] [bin]->SetTitle (source. first.LEGEND.c_str());
7

h2(source_ind] [bin] ->GetXaxis () ->CenterTitle();
h2 [source_ind] [bin] ->GetZaxis () ->SetRangeUser (0.1,
h2[source_ind] [bin]->Draw ("COLZ") ;

7

regex(R"(\<.*2\>)")); // R"()" for Raw string literals
b 015

SPACE.substr (1, SPACE.size() - 2);
1.00;
// find [string]
std::smatch smc;

regex_search (TYPESTRING, sme, std!

" string ALGO = smc(0]
// Draw Lorentz FRAME string on left

siregex (R (\[.*?\1)")); // R"()" for Raw string literals

TText *t2 = new TText (0.4,
m(

85,
"is : [80.2f, %0.2£] %s", FRAME.c_str(), grid[OBSERVABLE] [bin].min,
grid[OBSERVABLE] [bin] .max, xlabels [OBSERVABLE] .

= ALGO.substr (1, ALG

Va

0.size() - 2);

c_str0));
£2->SeENDC () 1
£2->SetTextAlign (22) ;
t2->SetTextColor (kBlack) ;
t£2->SetTextFont (43);
£2->SetTextsize (18) ;
// t2->SetTextangle (45) ;
t2->Draw("same") ;
7
++source_ind;
reateDirectory (. /figs");
wx: CreateDirectory (. /figs/harmonicfit”) ;
(" /£igs/n £ie + "/synthesis")
tring subpath
0BS_" + std::to_string (ORSERVABLE) + "' 4 FRAME + "' 4 KIGO;
Cing rullpach = T /ELauin - ¥/synthesis/" + subpath;
atebirectory (fullpath) ;
S1-3beint (Form(-1e/404 0 paer, fullpath.c_str(), bim);
7,
delete cl;
)
/MHarmonic.cc 6/19
string yaxis_label = "Events / bin";
for (const auto asource : tensor) {
£irst. LEGEND,
BINS source. second. size (OBSERVABLE) ;
// Loop over mements
int x =0
double SCALE = source.first.SCALE;
i€ (SCALE < 0 &5 source.first.YAXIS == "") ( yaxis_label = "Normalized to 1'; )
if (source.first.YAXIS != ") ( yaxis label = source.first.YAXIS;

1 <= param.LMAX; ++1) {
<= 1; +4m)
gra::spherical::LinearInd(l, m;

const int index

if (IACTIVE[index]) { continue; ) // Not active

// set canvas position
el->ed(k + 1);

// Loop over observable
i

double y_err(BINS] = {0.0};

for (stdsisizet bin = 07 bin < BINS; ribin) (
// Get x-axis poi
A(bin] = srid(GBSERVABLE] (bin] . center )7
7 set in

s {0,0,0,

tisize t> cemgnd size(), 0);
ce]][oEsERVAELE] = bin,

// CHOOSE DATAMODE
if (ALGO MeR"

(
yIbin) = source.second (cell) .t_lm MPP [inde
y_err(bin]

%15
- source.second(cell) .t_lm MPP_error [index];
) else if (AL "EML")
yibin] 2 souree. setond(cell) .t_n_EML(index];
y_erribin] = source.second (cell).t_Lm_EML_error [index];
1se (

invalid_argument (
1otFigures: Unknown input: "

TAMODE + ' ALGO = " + ALGO);

Vi
/7 Scaling (e.g. luminosity)

to sum to 1 —> then apply to all
0) &5 SCALE < 0.0)

for (stdiisize t bin = 0; bin < BINS; ++bin)
)

 sum 4= y(bin); }
if (sum > 0) ( SCALE = 1.0 / sum;
)

// apply scale by user
for (std:iisize_t bin = 0; bin < BINS; ++bin) {

yIbin caLe;
y,en[hm *= SCALE;

vz

// Save maximum for visualization

for (std: .t bin = 0; bin < BINS; ++bin) {
MAKVAL (k) - 7(bin) > MAXVAL(K] 2 y{bin] © NAXVAL(K];
MINVAL[K] = y[bin] < MINVAL[K] ? y[bin] : MINVAL(K];

// Data displayed using TGraphErrors

grlind] (k] = new TGraphErrors(BINS, x, y, x_err, y_err);
colors

gr[ind] [k]->SetMarkerColor (colors (ind]) ;

gr[ind] (k] ->SetLineColor (colors(ind]);

grlind] (k] ->SetFillColor (colors(ind]);

gr[ind] [k]->SetLineWidth (2.0) ;
gr[ind] [k]->SetMarkerstyle (21);
gr[ind] (k] ->SetMarkersize (0.3);

// square

// Loop over data sources
std::isize_t BINS = 0;
int ind

“o

7/ Graphs for each data

[source] x [Im-moment]
svector: 5> gr(

0,
std::vector<TGraphErrors *> (A
// legend titles
sta:

tstring> (=

0);
// Minimum and maximun y-values for each plot
std: :vector<double> MINVAL (ACTIVENDF, 1e32);
::vector<double> MAXVAL (ACTIVENDE, -le32);

// Turn of horizontal errors
gStyle->SetErrorx(0);

vector<IMultiGraph *> mg(ACTIVENDE, NULL);
for (std:isize_t k = 0; k < ACTIVENDF; ++k) ( mglk]

new TMultiGraph(); )
string FRAME;
vector<std::string> TITLES;

// Y-axis title
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FRAME

= source.first.FRAME;
TITLES

source. first.TITLES;

// Add to the multigraph
mg (k] ->Add (gr [ind] [k]) ;

ks

V // overm
Vo /7 over 1

++ind;
} // Loop over sources

/ Draw multigraph
unsigned int k = 0;

// Aux variables

std::ishared ptr<TPad>  tpad;
std::shared ptr<Tlatex> 11;
std::shared ptr<Tlatex> 12;

for (int i 1 <= param.LunX; ++1) {
for (int m = -1; m <= 1; +m) |
const int index = gra::spherical

inearind(l, m);

if (IACTIVE(index]) { continue; } // Not active

// set canvas position
cl->cd(k + 1)

// First draw, then

setup (otherwise crash)
mg (k] ->Draw ("AC*") ;

// Title and y-axis
(k== 0) {

if (spAC
mg[k]->SetTitle (Form("ts

det”)

#it{lm} = <id,sd>", TITLES[O0).c_str(), 1,
)

if (sPACE

mg[k]->SetTitle (Form("ts

£ian

#it(lm) = <id,%e>", TITLES[1].c_str(), 1,
)
if (SPACE == "flar)

mg k] ->SetTitle (Form("ts
)

#it(lm} = <id,s@>", TITLES[2].c_str(), 1,

// y-axis (for some ROOT reason,
nglk]->GetY¥axis () ->SetTitle(yaxis_label.c_str());
gPad->SetLeftMargin(0.15) ; 15 per cent of pad for left margin, defa
mglk]->GetYaxis () ->SetTitleOffset (1.25);

} else
nglk]->SetTitle (Form("Moment #it{lm}

)

<id, 3>, 1, m);

1/ set

mg (k] ->GetXaxis () ->SetTitle (xlabel.c_str());
/7 gStyle->SetBarWidth (0.5)

/7 mg(k]->SetFillstyle (0);
mg(k]->GetXaxis () ->SetTitleSize (0.05);
mg[k]->GetXaxis () ->Set LabelSize (0.05) ;
mg(k]->GetYaxis () ->SetTitleSize (0.05);

mg (k) ->GetYaxis () ->SetLabelSize (0.05)

// set y-a

// mg(k]->Getyaxis()->SetTitle ("Intensity”);
gStyle->SetTitleFontSize (0.08);

if (k== 0) {
gStyle->SetTitlen(0.95);

// width percentage

// Y-axis range
Kk == 0)
ng (k] ->GetHistogram () ->SetMaximum (MAXVAL (k]
ng K] ->GetHistogram () ->SetMinimum (0.0) ;
} else (
// Skip the first element (Im=00)

w1

CTIVENDE, NULL));

m);

m)i

m);

this needs to be always after SetTitle)

ult is 10%
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max_element (std: :begin (MAXVAL) + 1,
min_element (std::begin (MINVAL) + 1,
max (std: :abs (minval), std::abs(maxval));

const double maxval
const double minval
const double bound =

ng[k]->GetHistogram () ~>SetMaximum (bound * 1.1);
ng[k]->GetHistogram () ->SetMinimum (-bound * 1.1);
}

7/ beaw Lorence EranE string on 1of
TText *t2 - new TText(0.225, 0.825,
£2->SeeNDe (

2 ssetTextALign (2215
t2->SetTextColor (kRed + 2);
£2->5etTextFont (43);
£2->SetTextSize (std::ceil (1.0 / msqrt (ACTIVENDE)) * 16);
// t2->SetTextangle (45) ;

£2->Draw ("same") ;

7

Rz c_atz ()5

v
// praw horizontal line
if (k1= 0) {
TLine *line = new nmewxm[osszwnm (0).min, 0.0,
d[OBSERVABLE] l?xm[oss!:kwxsm]
Line->SetLineColor (kBLack) 5
Lline->SetLineWidth(1.0);
Line->Draw("same");

size() - 1].max, 0.0);

V4

7"

// Who made it

if (k == ACTIVENDE - 1) {

// New pad on top of all
cl->cd(); // Important!
gra::irootstyle::TransparentPad (tpad);

const double xpos = 0.99,
gra::rootstyle: Tadettibtand (11, 12, xpos);

}

V4

+ok;

}

)
/"
// Draw legend to the upper left most

c1->cd(1)

// create legend

doubl x1, %2, yl, y2 = 0.0;
const std::string legendposition = "mortheast’;
GetLegendPosition2 (tensor.size(), x1, x2, yl, y2
Tlegend *legend = new TLegend(x1, yl, x2, y2);
legend->SetFillColor (0);  // White background
legend->SetBorderSize (0); // No box
legend->SetTextSize (0.035);

legendposition) ;

// Add legend entries
for (const auto &i : indices(gr)) | legend->AddEntry(gr(i](0], legendstrs(i].c_str(); }
// Draw legend

legend->Draw ("same") ;
Vi

// Require that we have data
if (BINS > 1)

reateDirectory ("./£igs");
reateDirectory (

/tigs/hammonictit ) ;
("./£igs/n:

const staiistring subpath = 055 oAy string (OBSERVABLE) + "_" + FRAME;
const std::string fullp: "./figs/harmonicfit/" + outputpath +
it ractory (Futipach)
1o3brint (Form(~1e/ts.pats

+ subpath;
fullpath.c_str(), TYPESTRING.c_str()));

script (gs.

// Merge pdfs using Ghos
ist s ~dBATCH -dNOPAUSE -q -sDEVICE=pdfwrite -sOutputFil

const std: g cmd

+ fullpath +
A FRAME ¢ "_pexged.pae " + fullpath + "/h*.pdf’;
if (system(cmd.c_str
throw std::invalid_: arqumen(k Srror: problenm executing Ghostscript merge on pdfs!");
)
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yorelbin] = ELADET(cell) B ln_srcor(index];
} else if (level ==

yIbin] fla nzucem E_lm[index]
y_erribin] = fla DET(cell) .E_Im_error[index];
)

// save maximum for
MAXVAL[X]
MINVAL (k]

visualization
yIbin] > MAXVAL[K] ? y[bin] :

+ MAXVAL[K];
ylbin] < MINVALIK] ? y[bin] : MINVALIK];

Data displayed using TGraphErrors
grllevel] [k] = new TGraphErrors(BINS, x, y, x_err, y_err);

// colors

grllevel] (k] ->SetMarkerColor (colors[levell);
grllevel] [k]->SetLineColor (colors(levell) ;
gr[level] [k]->SetFillColor (colors(levell);
gr(level] (k] ->SetLineWidth (2.
grllevel] (k) ->SetMarkersStyle(21); // square
grl[level] [k]->SetMarkerSize (0.3);
// Add to the multigraph
ng(k]->Add (gr [Level] [k]);

+ok;

V // overm
} /7 over 1

)} // Loop over level

/7 br. igraph
(nsigned int Kk = 0;

shared_ptr<TPad>  tpad;
shared_ptr<TlLatex> 11;
St iohared bte<Tiatens 12;
for (int 1 = 0; 1 <= param.LMAX; ++1) (
for (int m = -1; m <= 1; +4m) {
const int index = g;

spherical::LinearInd(l, m);

if (IACTIVE(index]) { continue; } // Not active
// set canvas position
cl->cd(k + 1);

// First draw, then setup (otherwise crash)
mg (k] ->Draw ("AC*") ;

>SetTitle (Form("Acceptance decomposition: #it{lm} = <id,sd>", 1, m));

nglk]->SetTitle (Form("Moment fit(lm) =
}

<id, 5>, 1, m);

// set x-axis

mg (k] ->GetXaxis () ->SetTitle (xlabel.c_str());
/7 gStyle->SetBarWidth (0.5,

// mg(k]->SetFillStyle (0);

mg[k]->GetXaxis () ->SetTitleSize (0.05);
mg[k]->GetXaxis () ->SetLabelSize (0.05);

mg(k]->GetYaxis () ->SetTitleSize (0.05);
mg[k]->GetYaxis () ->Set LabelSize (0.05) ;
// set y-axis

// mglk]->GetYaxis () ->SetTitle ("");

gStyle->SetTitleFontSize (0.08);

iE (k== 0)
gStyle->SetTitlew(0.95); // width percentage

// Y-axis range

iE (k- 0)

g (k] ->Get Histogram () ->SetMaximun (1.2) ;
g [k]->Get Histogram () ->SetMinimum (0.0) ;
} else (

// Skip the first element (1
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)
i=0; i< grsizen; ++4)
delete gr(il;
)
"
)
Efficiency figures
(unsigned int const std::string &outputpath) const {
shared_ptr<TCanvas> cl;
rootstyle: :AutoGridCanvas (c1, ACTIVENDF);
if (OBSERVABLE > xlabels.size() - 1) (
throw std::invalid_argument ("MHarmonic tFigures: Unknown observable " +
st

to_string (OBSERVABLE) ) ;
const std::string xlabel = xlabels [OBSERVABLEI;
7/ Srapha for each

efficiency [level] x [lm-moment]
vector<std:

vector<IGraphErrors *>> gr (3,

vector<IGraphErrors *>(ACTIVENDF, NULL));
// Legend titles
std:ivector<std:

string> legendstrs (3);

/¢ Minimum snd meximum y-values for each plot
d::vector<double> MINVAL (ACTIVENDF, 1e32);
vector<double> MAXVAL (ACTIVENDE, -1e32);

/ Turn of horizontal errors
Sstyle ssetErrorx (0)7

vector<MuluiGraph «> g (ACTIVENDE, MULL);
o,

for (o i k < ACTIVENDE; ++k) { mglk]

new TMultiGraph(); ]
st

size_t BINS = det_DET.size (OBSERVABLE);

// Read data
std::string FRAME;
vector<std::string> TITLES;

for (const auto &source : det) {
FRAME = source.first.FRAME;

source. first.TITLES;

TITLES
break;

for (std::size_t level = 0;
// Loop over moments
int k = 0;

level < 3; ++level) {

param.LMAX; ++1) {
n s (
spherical::LinearInd(l, m);

ara

if (IACTIVE(index]) { continue; ) // Not active

// Set canvas position
s

el->cd(k

// Loop over mass

double x[BINS] = (0.0);
double y([BINS] 0.0);

double x_err[BINS] = {0.0};
double y_err([BINS] = {0.0);

for (stdiisize_t bin 0; bin < BINS; ++bin) {
// Get x-axis

xIbin] = gnd[ossam\smnnm] center();
7/ set inaices (0,00,

ize t> celllgr)d size(), 0);
et (onsmRvAnLE) o biny

0.
= det_DBT (cell) .E_lm[index
jerribin] = dec_DET(cell) E_in error [index];
) else if (level

yIbin] EiaDER (be11) _im{index;
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ax_element (std: :begin (MAXVAL) + 1, std.
const double minval = *std::min_element (std::begin (MINVAL)
const double bound = std::max(std::abs(minval), std

const double maxval = *std:

nd (MAXVAL) ) ;
+ 1, std::end (MINVAL));
bs (maxval) ) ;

mg k]~

>GetHistogram() ->SetMaximun (bound * 1.1);
mg (k] -
)

>GetHistogram() ->SetMinimun (-bound * 1.1);

// Draw Lorentz FRAME s
TText *t2 =
£2->SetNDC () ;
t2->SetTextAlign(22);
t2->SetTextColor (kRed + 2);
£2->SetTextFont (43);
t2->SetTextSize (std::ceil (1.0 / msqrt (ACTIVENDE)) * 16);
// t2->SetTextangle(45);

t2->Draw ("same") ;

tring on left
ew TText (0.225, 0.825, FRAME.c_str());

// Draw horizontal line
if (k1= 0) {
TLine *line = new TL)nelgnd[OBsERvABLE] (0] .min,

alor ESER\/}\BLEIlgnd[OESERW\BLE] size() - 1].max, 0.0);
Line->SetLineColor (kBlack) s
line->SetLineWidth(1.0);

Lline->Draw("same");

// Who made it
ACTIVENDE - 1) {
// New pad on top of all
c1->cd(); // Important
gra::rootstyle:

:TransparentPad (tpad) ;
const double xpos =
rootstyle::

0.99;
adeInFinland (11, 12,

xpos) ;

// Draw legend to the upper left most
cl->cd(1);

// create legend

double x1, %2, yl, y2 = 0.0;

const std::string legendposition = "southeast';
Getlegendbosition? (3, 1, %2, ¥1, ¥2, legendposition);
TLegend *legend = new TLegend (x1 - 0.3, x2 - 0.3, y2 + 0.1);
legend->SetFillColor (0);  // White background
legend->SetBordersize (0); // No box

legend->SetTextSize (0.04) ;

// Add legend entries

legend->AddEntry (gr (0] (0],
legend->AddEntry (gr (1] (0],
legend->AddEntry (gr (2] (0],

TITLES[0].c_str());
TITLES[1].c_str());
TITLES (2] .c_str());
// Draw legend

legend->Draw ("same");

V4

// Require that we have data

if (BINS > 1)
reateDirectory (" /fig.

weateDizsctory (7 Jeige/harmoniceit®) ;

(" /£ + i
tr)nq subpath = "OBS_' + std::to_string (OBSERVABLE) + ' " + FRAME;
const std::string fullpsth - 1 /figa/hammenicfic/! + outputpath + /7 + subpah;
eateDirectory (fullpath);

S e ine (Form(-to/h Roaponce pace, Fullpath.c_str()));
)

/e
for (std::size_t

= 0; i< gr.size; ++i) (
delete griil;

/
)

// Print 20-figures
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: void Miammonic: :PlotFigures2
1

Vi

H>> stensor,
string &TYPESTRING, int barcolor,

// Pre-Calculate once Spherical Harmonics for the MINUIT fit
DATA_events = DATA[ind] .EVENTS;

at = gra::spherical::YLU(DATA events, param.LMAX);
a

tring Goutputpstnl const
/* Implement here ...

// Loop over system mass, pt,
2/
void Miammonic: :Hyperloop (void (*fitfunc) (int &

double chi2 = 0.0;
rapidity

// Data source identifier

string
double -+, double 4, doule ¥, int), const gra::spherical::Meta META = DATA[ind] .META;
phe Omega> &MC
i ::Data> GDATA, const HPARAM &hp) {
// Initialize detector expansion tensors

// Initialize tensor arrays
MTensor<gra::spherical::SH> t

((unsigned int)hp.M[0], (unsigned int)hp.PTI0],

f£la_DET = MTensor<
{ (unsigned int)hp.M(0],
£id_DET = fla_DET,

H

> (
(unsigned int)hp.PT(0], (unsigned int)hp.Y[0]});

(unsigned int)hp.Y[01});
£la(META] = temp;
£id(META] = temp;
det DET = fla DET; det [META] = temp;
/
// Create grid discretization

// Expand Data
for (const auto &l :
grid.resize(3);

grid([0] .resize (hp.M[0]);
grid(1].resize (hp.PT(0]);
grid(2].resize(hp.¥[0]);

indices (grid(0])) {

o &j : indices(grid(1])) {
fox (const auto Gk : indices(srid(2]) ¢
DATA_ind = gra::spherical::GetIndices (DATA events,
// Mass steps

const double M_STEP =
const double PT_STEP
const double Y_STEP

(grid(1](3].min, grid(1](3].ma

(grid(0] (] .min, grid(0](i].max},
x},
(grial2] (k].min, grid(2] (k].max});

(hp.M[2]) - hp.M[1]) / hp.M[0]; const unsigned int MINEVENTS = 75;
(hp.PT(2] - hp.PT(1]) / hp.PT(0]; if (DATA_ind.size() < MINEVENTS) {
(np.¥[2] - hp.¥[1]) / hp.¥[0]; sta:

for (std: 0; i < hp.M[0); ++i) {
grid(0][i].min = i * M_STEP + hp.M(1];
Qrid[0][i].max = grid(0) [i].min + M_STER;
)

red << "WARNING: Less than "
= tireset << std:iendl;
)

<< MINEVENTS << " in the cell!"

for (std:isize_t 3 3 < hp.PTI01; ++3)
grid(1](3).nin = 3 * PTSTEP + hp.BT(1];
grid(1] (3] .max = grid(1](3].min + PT_STEP;

/"
// ALGORITHM 1: DIRECT / OBSERVED / ALGEBRAIC decomposition

fmmzm)m, 30 kD) .t_lm ]

sphericali: phax)calMoments{DATA events, DATA_ind, param.LMAX, "£id");
de\:[META](U. 3, K1) .t_in_MPP

a::spherical:

for (stdiisize_t k = 0; k < hp.Y[0]; ++k) {
grid(2] [k].min = k * Y_STEP + hp.¥Y(1];
grid(2] [k].max = grid(2) [k].min + Y_STER;

phericaltonents (DATA events, DATA_ind, param.LMAX,

// Forward matrix
gen::MatrixXd M = gr

atrix2Bigen (det_DET((i, 3, k}).MIXlm);
// Expand the detector transfer function

// Matrix pseudoinverse

for (const auto &i : indices(grid[0])) (
for (const auto &j : indices(grid[1])) {
: indices(grid(2])) {
const std::vector<std ._t> MC_ind =
Mo, ($11A10 (1) min, Grid[0] (11 max);
{gridi2] [k].min, grid(2][k].max});

tVector2Eigen (det (META] ({1, 3, k}).t_lm MPE);
Pseudolnverse (M, param.SVDREG) * b;

/ Collect the inversion result
£1a(META] ({1, 3, k}).t_lm MPP = gra

"

ical::GetIndices (

+ zaux: :Bigen2vVector (x);
Tarial11 131 min, 9r1a(1) (3).max),

// Update these to proper errors
// Acceptance mixing matrices
£la_DET({i, j, k}).MIXIn = gra::sph 1

(TBD. PUT NAIVE POISSON
// COUNTING FOR NOW)
: (MC, MC_ind, LMAX, "£1a%); F1a[META] ({1, 3, k}).t_lm MPP_error =
ESODET((4, 3 X)).MIXIn = gra:isphericaltiGetGLxing (UG, MC_ind, paran LAY, | 1id) std::vector<double> (£la[META] ({1,
det DET((i, 3, k}).MIXlm = gra:: (MC, MC_i e

3, KD .t_ImMPP.size (), 0.0);
for (const auto &z : indices(flalMETA] ({1, 3, K)).t_LmMPR)) (
£1a[META] ({1, 3, k}).t_lm MPP_error(z) =
moart (stit: 1abs (ELaDMETA) (13, 3, K)) -t in PP (21));

// Get efficiency decomposition for this inte
st ipatr<atd: vestorcdoubler, etd: vector<ﬂouhle>> 0
1

gra::
std::pair<st:

: MC_
vector<double>, std vec(cx(douhlc)) gt
1

// Propagate errors assuming no error on mixing matrix
grai: M ngidn); (infinite reference MC statistics limit)
std::pair<std: :vector<double>, s[d::vector<uouh)e>> B2 -

gra::sph 1: "det™);

£la DET((i, 3, k}).E_L

spherical: :ErrorProp (£id DET({i,
f£la DET({i, J, k}).E_lm error =

det [META] ({i, 3, k}).t_lm MPP_error
spherical: :ErrorProp (det_DET({i,

irse;

3+ k) .MIKIm, £laMETAI (5,
E0. second;

3, kD) .t_lnMpe_error) ;
3, K)).MIXIm, £la(META] ({1,
£2d DET((3, 3, k}).E_]

3, ki) .t_lm MPP_errox);
£id DET ({1, 3,

std:icout << "Algebraic Moore-Penrose/SVD inverted '
= El.first; (angular flat) "
K}) B Jm error = El.second;

det_DET((i, 3, k}).

= B2.first; gratsphericals PrintotHonents (FLATETA] (1, 3, K1) .t_ln PP,
GerDET((L, 31 X1) Eoim_orror  52.asconds £la[META] ({1, 3, k}).t_lm MPP error, ACTIVE, param.LMAX);
) std::cout << "Algebraic (mixed) moments in the fiducial "
) "phase space
< std::en
7 :spherical::PrintOutMoments (Fid(META] ({1, 3, k}).t_lm MPP,
£id[META) ({1, 3, k)).t_lm MPP error, ACTIVE, param.LUAX);
// Loop over data sources
for (const auto &ind : indices (DATA)) std:icout << "Algebraic (mixed) moments in the detector space:" << std::endl;
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gra::spherical::PrintOutMoments (det [METAI ({1, 3, k}).t_lm MPE, 1163 selected, selected / (double)fiducial * 100);
£ (META] ({1, J, K}).t_lm MPP_error, ACTIVE, param.LMAX); 1164 stdiicout << std::endl;
1165 )

// ALGORITHM 2: Extended Maximum Likelihood Fit

i (paxam. ) (

* Get TMinuit based fit decomposition *++ i Lparam BML)
nomentnunem, i, 3, k), fitfunc); faux:PrintBar (=)
double reducedchis - chi2 /

save result
£1a[META] ({1, 3, k}).t lm EML

(double) (ACTIVENDF * hp.M[0] * hp.PT(0] * hp.Y[0));
i (reducedenia < 3) {
€ im; t << rang::fg::green;

FLADMETA] ({4, 3, K}) .t_In_EML

£id_DET({i, 3, k}).MIXIm * t_lm; // Moment forward rotation: Matrix * cout << rang::fg:ired;
// Vector !
det [META] ({1, 3, k}).t_Im EML = printf(

det_DET({1, 3, k}).MIXIm * t_lm; // Moment forward rotation: Matrix +
/7 vector

"Total chi2 (MPP - EML)
0.2£ \n",
chi2, ACTIVENDF, (int) (hp.M[0)

/ (ACTIVENDF x BINS)

= %0.2£ / (3d x 3Q) =

/ Uncertanties

* hp.PT(0] * hp.¥[0]), reducedchi2);
£1a(META] ({1, 3, k}).t_lm_EML_error = t_lm_error;

// Propagate errors assuming no error on mixing
matrix (infinite reference MC statistics limit)
£id[META] ({1, 3, k}).t_lm_EML_error =

Ehericat: brrorbrop (FLADET (11, 3, kI) MIXIn, ¢_in_error);
det [META] ({1, 3, k).t lm EML_e

spherical::ErrorProp (det DET((i,

)} // Loop over data sources

3, K}).MIXIm, ©_lm_error);

// Print out results for the hypercell
Va
std:icout << "Extended Maximum-Likelihood inverse " double 10 eta & MET
fitted (unmixed) moments in the " i einect> seell) (
"(angular flat) phase space:" double chi2 = 0;
<< std::endl;
+:spherical

rintoutMoments (fla[META] ({1, 3, k}).t_lm_EML,
1a(META] ({1, 3, k}).t_Ilm EML_error, ACTIVE,
paran. LMAX) ;

/ Print information
META.Print ();

// Extended Maximum Likelihood
:icout << "Extended Maximum-Likelihood " s (parem. e

Re-sack-Projected (mixed) moments in *
"the fiducial phase spac
< std::endl;
gra::spherical::PrintOutMoments (Fid[META] ((i, 3, k)).t_lm_EML,

£id[META] ({1, 3, k}).t_lm_EML_error, ACTIVE,
paran. LMAX) ;

T param s 1) ¢
1; +4m)
gra::spherical::LinearInd(l, m;

const int index

const double obs = det [META] (cell) .t_lm MPP [index];
std::cout << "Extended Maximum-Likeliho

const double fit = det [META] (cell).t_lm_EML[index];

a-Back-rrojocted (mxsa} moments in " // Moment active
"the detector spa if (ACTIVE[index])

{ chi2 += pow2(obs - fit) / pow2(obs); }
£
grasisphoricals printOuttonents (det (META] (1, 3, K} .t_in ML

TA] ({4, 3, k}).t_lm EML_error, ACTIVE,

out << std::endl;
paran. LIAX) ;
) const double reducedchi2 = chi2 / (double)ACTIVENDE;
if (reducedchiz < 3)
/"

std::cout << rang::fg:igreen;
// Print results
chi2 += PrintOutHyperCell (META,

} else {
[EREAE N std:icout << rang::fg:ired;
}
Printf("chi2 (MPP — EML) / ndf = %0.3f / %d = %0.3f \n", chi2, ACTIVENDF, reducedchi2);
// Make comparison of synthetic MC data vs estimate std::cout << rang::fg:ireset << std::iendl;
L, (EATALinA) T D2 M) |

const double sum_fla = fla[META] (cell).t_lm EML[gra::spherical
int fiduc: printf(
int serected - 0]

inearInd (0, 0)1;

for (const auto &l : DATA_ind) {
if (DATA_events(l].fiducial)
if (DATA events[1].

{ ++fiducial;
Elductal cé DATA_events(1) . aelected)

"EML: Estimate of events in this hyperbin in the flat phase space

{ ++selected;

sum_fla, msqrt (sum_£la)); // Poisson error

const double sum_FID = gr:
stdiicout << rang
printe(

spherical

ammDotProd (EL_DET (cell) .E_lmy £La(META] (cell) . _lnEML,
IVE, param.LMAX);
yellow << "MC GROUND TRUTH: " << rang::fg:ireset << std::endl; printe(
&

events generated "

Estimate of events in this hyperbin in the fiducial phase "
c " eynehetic data’ space = 10.1¢ *
= %u \n

{unsigned int)DATA_ind.size ();

printe(

1f \n",

com 1, msqrt (sum_FID)); // Poisson error
MC ‘synthetic data’ events fiducial "
= %d (acceptance %0.1f percent) \n",
fiducial, fiducial / (double)DATA ind.size() * 100);
printf(

const double sum_DET = gr:

spherical

armbotProd (det_DET (cell) .E_lm,

fla[META] (cell) .t_lm BML,
ACTIVE, param.LMAX);
printf(

MC "synthetic data’

events fiducial and "
"selected =

d (efficiency 30.1f percent)

"EML: Estimate of events in this hyperbin in the detector
nspace = %0.1f "
4= $0.1£ \n",

\n",
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Sun_DET, msart (sum_DET)); // Poisson error // if (trials > 0) {
7 gMinuit->mparm (0, "t_00", ¢_1m[0], 0, 0, 0, ierflg);
7 gMinuit->FixParameter (0);

cout << std::endl;

77 exx o0 wowewts 70 2880

if (param.REMOVEODD & ((1 % 2) != 0)) {
gMinuit->mnparm(index, str, 0, 0, 0, 0, ierflg);
gMinuit->FixParameter (index);

// Algebraic inverse
const double sun_fla

LinearInd(0, 0)1;

f£1a[META] (cell) .t_lm MPP [gra::spherica

Estimate of events in this hyperbin in the flat phase space = %0.1f "

// FIX NEGATIVE M TO ZERO

if (param.REMOVENEGATIVEM & (m < 0)) {
gMinuit->mnparm(index, str, 0, 0, 0, 0, ierflg);
gMinuit->FixParameter (index);

"+- %0.1£ \n'
sun_t1a, maqrt (sun_£la)); // Poisson error

const double sum_i

gra::spherical: £1a[META] (cell) .t_lm MPP, ACTIVE, param.LMAX);

FID =
:HarmbotProd (£id_DET (cell) .E_Im,
}

printf(

"MPP: Estimate of events in this hyperbin in the fiducial phase "
"space = %0.1f +- " }

// Scan main parameter

// gMinuit->mnscan();
arglist[0) = 100000;  // Minimum num
arglist(1] = 0.00001; // Minimum tolerance

sum_FID, msqrt(sum FID)); // Poisson error
ber of function calls

const double sum_DET =
param.LMAX) ;

spherical::HarmDotProd (det_DET (cell) .E_1m, £la[META] (cell).t_lm MPP, ACTIVE,

// First simplex to find approximate answers
gMinuit->mnexcm("STMPLEX", arglist, 2, ierflg);

// Numerical Hessian (2nd derivatives matrix), inverse of this -> covariance
// matrix
gMinuit->mnexcm("MIGRAD", arglist, 2,

\a

sum_DET, msqrt (sum DET)); // Poisson error

ierflg);

return chi2;
// Confidence intervals based on the profile likelihood ratio
gMinuit->mnexcm ("MINOS", arglist, 2, lerflg);

// MINUIT based fit routine for the Extended Maximum Likelihood formalism
// Calculate error & covariance matrix

(const Meta GMETA, comst std::vector<std::size t> acell, gMinuit->mnemat (serrmat (0] (0], NCOEF);

void {‘f)tfunc] (dnt &, double °, dowble &, double ¥, int)) {

std:iendl << std::endl;

void
i i < NCOEF; ++#i) {
3 < NCOEE; ++3) (
3) = sqrt (errmat(i] (i) * errmat(3)(3]);
if (covmat[i][3] > 1E-8I
covmat [1][J] = errmat[i][j] / covmat([i][3];

std::cout << "MomentFit: Starting

// **** This must be set for the loss function **+%
activecell = cell;
// Init THinuit ) else
TMinuit *gMinuit = new TMinuit (NCOEF); // initialize THinuit with a maximum of N params covmat [1][§] = 0.0;
gMinuit->SetFCN (£itfunc);

rror matzix");
ovariance matrix");

// Set Print Level

// Print results

dounle fnin, fedn, errdet = 0.0;
nvpar, nparx, istat = 0;

gMinuit- etprintiovel (-1);
int
gMinuit->mnstat (fmin, fedm, errdef,

// et error Definition

nvpar, nparx, istat);

// collect fit result
01

7/ 0.5 for negative log likelihood
)
m. LMAX; ++1) {

//  gMinuit->SetErrorDef(0.5);
dowble azglist (21
rflg = 0; for (i wem) (
const int index = gra::spherical::LinearTnd(l, m);

arglist(o] - 0.5; // 0.5 <> We use negative log likelihood cost function
ierflg)

gMinuit->mnexcm("SET ERR", arglist, 1,
// Set results into t_Im{], t_Im_error(]

GMinuit->GetParameter (index, t_lm(index], t_lm error(index]);

// double fminbest = 1
// Try different initial values to find out true minimum

const std::size_t TRIALMAX =

for (std::size_t trials = 0; trials < TRIALMAX; ++trials) { 1390: ) // TRIALS 100P END
for (int 1 = 0; 1 <= param.LMAX; ++1) ( 1391
for (int m = -1; m <= 1; +em 1392:  // Sum of N random variables Y = X1 + X_2
const int index = gra::spherical::LinearInd(l, m); 1393:  // signa_y*2 = \sun_i*N \sigma_i2 + 2 \sum_i \sum_i < J
1394:  // covariance (X_i, X_j)
const std::string str = + std:ito_string(l) + std:ito_string(m; 1395
1396:  // Print out results (see MINUIT manual for these parameters)
const double max = 1e9; // Physically bounded ultimately by the number of events 1397:  double fmin, fedm, errdef = 0.0;
const double min = -1e5; 1398:  int  nvear, nparx, istat = 0;
1399:  gMinuit->mnstat (fmin, fedm, errdef, nvpar, npar, istat);
7 1800 gMinuit->maprin(d, fmin);
7/ #++ Use the algebraic inverse solution as a good starting value 1401
s 1402 Cout << "<MINUIT (MIGRAD$MINOS)> done." << std::
const double start_value = fla[META] (activecell) .t_lm MPP [index]; 1403
77 1404:  delete gMinuit;
1405
const double step_value = 0.1; // in units of Events 1406
1407: // Unbinned Extended Maximum Likelihood function
gMinuit->mnparm(index, str, start_value, step_value, min, max, ierflg); 1408: // Extended means that the number of events (itself) is a Poisson distributed
1409: // random variable and that is incorporated to the Fit.
// After first trial, fix £_00 (error are not estimated with 1410: void MHarmonic: :logLfunc (int &npar, double *gin, double Gf, double *par, int iflag) const {
7/ constant parameters) 1411:  // Collect fit t_IM coefficients from MINUIT
./sTc/Analysis/MHarmonic.cc 19/19

/MHarmonic.cc 18/19

vector<double> T (NCOEE, 0.0);

.t 1= START; i < T.size(); ++i) { llterm += std::abs(T[i]); |
// nhat for scale normalization

st

for (const auto &i : indices(T)) {
£ += llterm * param.LIREG * nhat;
cost-functional = $0.4E, nhat = $0.1f \n", f, nhat);

// printf("T(%d] = $0.5f \n", i);
// printf("MHarmonic::
)

)
// This is the number of events in the current phase space point at detector
// level

const int METHOD =
double  nhat =

) // namespace gra

if (METHOD
= det_DET (activecell) .MIXIm * T; // Matrix * Vector

t_Im_det (0]

)
// Equivalent estimator 2
if (METHOD == 2) {

nhat = gra

spherical: :HarmDotProd (det DET (activecell) .E_Im, T, ACTIVE, param.LMAX);

// For each event, calculate \sum_(LM} t_{lm}
// Re[Y_{lm} (costheta,phi_k)], k is the svent index
std::vector<double> I0;
const double V = msqrt (4.0 * PI);

// Normalization volume

for (const auto &k : DATA ind) (
Event is accepte
if (DATA_ events[k].fiducial && DATA_ events(k].selected) {

// Loop over (l,m) terms
double sum = 0.0;
(int 1 = 0; 1 <= param.LMX; ++1) {
for (int m = -1; m <= 1; ++m

const int index = gra::spherical:: i

if (ACTIVE[index]) {
// calculate here

7/ const std: complexcdoubler
grasimath mplex_basis (DATA_events (k] .costheta, DATA_events [k] .phi,

7 1,m

77 conse dounte ReY = gra::imath::NReY(Y,1,m);

// Pre-calculated for sps
Conat double Re¥ = Y. 1mix) llndexlr

// Add
sum += Tlindex] * Re¥;
y
}

)
10.push_back (V * sum);

// Fidelity term
double logl = 0;

or (const auto &k : indices(10)) (
if (I0(k) > 0) {
logL - stdi:log(10(k]);
7/ Positivity is not satisfied, make strong penalty
} else {
TogL = -le32
7/ The Re(Y_In] (purely real)
// not, explicitly, enforce non-negativity.
7/ Where as |a|~2 formulation would enforce it by

formulation here does

// construction,
7/ but that would have -1 <= m <= 1 parameters, i.e.,

/7 over edundant representation provlen
// on the other hal

)

// Note the minus sign on logL term
£ = -logL + nhat;

total event count estimate has gone out of physical

// High penalty,
1e32;

if (nhat < 0)

// Li-norm regularization (Laplace prior), -> + ln(P_laplace)
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1: // Fast MC analysis class

// (c) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

1/ ¢
#include <algorithm>
#include <iostream>
#include <memory>
: #include <vector>

// c-file processing
: #include <sys/stat.h>
#include <sys/types.h>
#include <unistd.h>

// Roor

ROO:
: tinclude TRandomd "

// HepMC3 3
: #include "HepMC3/FourVector.h

: #include "HepMC3/Relatives.h"
#include "HepMC3/Selector.h”

: #include "Graniitti/Analysis/MAnalyzer.h"
Hinalude *gzaniitti/Analyeie/Mamaltiplet.h®
B

Hinclude "Graniitct/Mpoc nn
: const bool DEBUG = false;

¢ using gr
using gr

aux::indices;
tmath: imsqrt;

namespace gra {

// Constructor with unique ID string for ROOT bookkeeping reasons
: MAnalyzer::MAnalyzer (const std::string &1D) |
// Initialize histograms
const int NBINS = 150;

hE_GammaNeutron = std::make_shared<THLD> (Form("%s_%s", "Encrgy

// Feynman-x

hXF_Neutron = std::make_shared<TH1D> (Form("s_ts", "xF n", ID.c_str()),

BINS, -1.0, 1.0);

// Forward systems
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// Read event from input file

HephC3: :GenEvent ev (HepC3: 1Units::
input_file.read_event (evt);

// Reading failed
if (input_file. faueam «
if (events_read == 0) {

)
if (events_read == 0) {
HepMC3::Print::listing(eve);
ontent (evt) ;

)
++events_read;

// t* Get generator cross section (in picobarns by HepMC3 convention) ***
std::shared ptr<HepHC3::GenCrossSection> cs

° 3 . )i
if (cs)
cross_section = 18-12 * cs->xsec(0); // turn into barns
) else

d::cout << "Problem accessing ’GenCrossSection’ attribute!" << std::endl;

V4

// *** Get event weight (always in barn units) ***

double W = 1.0;

L8 (evewelgnte ) size()
vt .weights () (0];

0) { // check do we have weights saved
// take the first one

}
totald += W;
77

// central particles
ector<Mavec> pip;
tvector<Mavec> pin;

ConstGenParticleptr pl
applyFilter (HepMC3
gra::aux: :HepMC2M4Vec (pl->momentum()) ;

for (HepMC
Hey

MC:
Mévec pvec

// Check that ancestor is a central system
tGenParticlePtr> results

HepMC3: :apPlyFu:en'abs Hephc3 i Standazdselector: 1206_10)
atives: :ANCESTORS (p1));

i€ (results.size() 1= 0) ( pip.push back (bvec)s |

for (HepMC3::ConstGenParticlePtr pl :
Hey applyFilter (HepMC3::StandardSelector:
HepMC2M4Vec (pl->momentum () ) ;

pMC
Mavec pvec = gra

// Check that ancestor is a central system
std::vector<HepMC3::ConstGenParticlePtr> results = HepMC3::applyFilter (
HepMC3: :StandardSelector PDG: :PDG_system, HepMC3::Relatives:
if (results.size() != 0) { pim.push_back (pvec); }
)

// CHECK CONDITION
if (pip.size() + pim.size() != (unsigned int)multiplicity) (
print(
"MAnalyzer: :ReadHepMC3:: Multiplicity condition not filled +[%lu] "
~[31u] sat \n",
pip.size(), pin.size(), multiplicity);
continue; // skip event

Va
// CENIRAL SYSTEM plots

mavec system;

for (const auto &x : pip) ( system += x; }
for (const auto &x : pim) { system += x;

tvector<HepMC3::GenParticlePtr> beam protons
HepNC3: 1appIyFilter (HephC3: :Standardselector: “status
:StandardSelector: :PDG_ID

evt panticies 00

BDG: :PDG_BEAM §&
DG_p,

tvector<HepMC3::GenParticlePtr> final protons
HOPHC3: HappIYFLLtex (HOpHC3: standardselector: STATUS
:StandardSelector: :PDG_ID

// Energy
hE_Pions - ske_shared THID> (Forn("se_te", Energy kpi (6V)', ID.c.str(),
Energy (GeV);Events', NBINS, 0, sarts / 2
hE_Gamma ake. shaxad(TH]D>krorm{ iar, rhnesgy Fgasma (GeV) e Ihe_str()),
gy (Gev);Events”, NBINS, 0, sqrts / 2.0);
hE_Neutron - x nezgy n (GeV)", ID.c_str()),

y4n (Gev)", ID.c_str()),
"iEnergy (GeV);Events", NBINS, 0, sqrts / 2.0);

Feynman-x; Events",

hXF_Pions = std::make_shared<THID>(Form("ss_is", "xF #pi”, ID.c_str()), ";Feynman-x;Events’,
N -1.0, 1.0);

hXF_Gamma = std::make_shared<THID> (Form("is_ts', 'x¢ hgamma’, ID.c_str()), “:
NBINS, -1.0, 1.0);

;Feynman-x; Events",

throw std mvahu,ugumen[wm\m;,mz HepMC3Read: File " + totalpath + " is empty!");
else {

andardSelector::PDG_ID == £inalPDG, evt.particles()))

= PDG: :PDG_systen,

DG_ID == NEGfinalPDG, evt.particles())) (

:ANCESTORS (p1) ) 7
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hEta_Pions =
Std: :make_shared<TH1D> (Form("%s_is", "fieta pi”, ID.c_str()), ";fieta;Events”, NBINS, -12, 12);
hEta_Gamma =

sta::make_shared<TH1D> (Form("s_ts", "feta y", ID.c_str()), ";#eta Events’, NBINS, -12, 12);
hEta_Neutron
std: :make_shared<THID> (Form("s_is", "fieta n', ID.c_str()), ";#eta Events’, NBINS, -12, 12);

HMLNSTAR -

make_shared<THID> (Form("%s_ts", "M (GeV)",

ID.c_str()), ";M (GeV);Events', NBINS, 0, 10);

{/ tegenare polynomials, DO NOT CHANE THE Y-RANGE [-1,1]
for (st < 8 ++i)
BPL(i] =
td: :make_shared<TProfile> (Form("helilu_%s”, i + 1, ID.c_str()), "*, 100, 0.0, 4.0, -1, 1);
BPLE]->Sumw2 () ; rror saving on
hPL(i]->SetXTitle (Form
BPL(i]->Set¥Title (Form("Legendre HLTE_ m«ces #theta) #GT [CM frame]™));

{{ costheta correlations between different franes
0; 1 sFRAMES.size(); ++i) {

et FRAMES.size(); ++3) (
RoCosThera(1113] = otd? inake shared<THIDS
Im("4s~(+) cos (theta) is vs %s_ts", pstr.c_str(), analyze
lyzer::FRAMES £r(), I0.c_str())
Form(";%s~(+) cos (Ftheta) is;%s~(+) cos(theta) is", pstr.c_str(
analyzer::FRAMES[i].c_str(), pstr.c_str(), analyzer::FRAMES[}].c_str()),
NBINS, -1, 1, NBINS, -1,

FRAMES [1].c_str (),

)

{/ pht corselations betyeen different frames

for (st < RAMES.size(); ++i) {
for- (st oize t 5-0; 3 FRAMES.size(); ++3) {
R2ERA (4] (3] = sed: imaka_sharedeTHzDs (

Form("is*(+) #phi s vs %s_is', pstr.c_str(), analyzer:
analyzer::FRAMES[j].c_str(), ID.c_str()),

Form(";¥s*(+) #phi 3s (rad);%s"(+) #phi %s (rad)", pstr.c_str(),
analyzer::FRAMES[i].c_str(), pstr.c_str(), analyzer::FRAMES[

NBINS, -gra::math::PI, gra::math::PI, NBINS, -gra::math::PI, gra::mati

FRAMES[i].c_str (),

3l.c_str (),
PD);

// Destructor
MAnaly:

“MAnalyzer () ()

/y rosacter nistogram £idlers

77 oracie here means that in this function we (may) use event tree information,
: // not just pure fiducial final state information based on purely physical observables.
a

dounle MAnalyzes: :HepHC3_OracleFill (const stdiistring lnput, unsigned unt multiplicity,

d int MAXEVENTS,
::shared ptr<hlMultiplet>> & hl,
::shared prrciamilcipler ©  h2,
:shared_ptr<hProfMultiplet>> &hP,

uneigned int s1D) ¢
o inee

talpath
Renderhocii Lnpet File(toraipatn);

GetBasePath(2) + "/output/" + imput + " hepme3’;

i€ (nput_tile-failed()) {
throw st walid_argument ("MAnalyzer: :HepMC3Read: Cannot open file " + totalpath);

// Event loo
unsigned int events_read = 0;

// variables for calculating selection efficiency
double totalW = 0;
double selecW = 0;

MPDG PDG;

@ 4+ _width_2018.med") ;

// Try to find the particle from PDG table, will throw exception if fails
MParticle PDG.FindByPDG (£inalPDG) ;

const int NEGfinalPDG = (p.chargeX3 != 0) ? -£inalPDG :
7"

// Do not double count neutral

while (true) (
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evt.particles());

MivVec p_bean_plus;

MaVec p_bean_minus;

Mavec p_final_plus;

Mivec p_final minus;

// If we have full event, check energy-momentum
if (beam_protons.size())

sqrts = CheckEnergyMomentum (evt);
77

)

// Beam (initial state ) protons
for (const HepMC3::GenParticlePtr &pl : beam protons) {
MdvVec pvec = gra::aux::HepMC2MéVec (pl->momentum());

if (pvec.Rap() > 0)
p_beam plus = pvec;
} else {
p_beam_minus = pvec;

// Final state proton
for (const Hepmca. Genparticleptr ipl : finalprotons) (
c pvec = ux: :KepMC2MdVec (pl->momentun () ) ;

// Check that ancestor is NOT excited forward system or central system
std: svector eptied: sGenparticlePtr results =

HepMC3: 1applyFilter (HepMC: andatdselectot ;20610

|
zPoc: 706 nSTAR ||

rdselecto! G_system,

if (results.size() == 0) (
if (pvec.Rap() > 0) {
p_final_plus = pvec;
} else {
p_final_minus = pvec;

// Observables for 2-body case only
if (multiplicity == 2) {

Frameobservables (W, evt, p_beam plus, p_beam minus, p_final_plus, p_final minus, pip, pim);
)

// Observables for N stars
NStarobservables (W, evt);

Vi
// SUPERPLOTIER >>

pipl0l;

if (pim.size() = 0) { // Charged pair
b = pim(0];

) else ( // Neutral pair
b = pip(il;

b

const double M = system.M();
const double Pt = system.Pt();
const double Y = system.Rap();

[ 2o Syaten
h1_S_4"]->h[SID]I->Fill(M, Wi
h1_s_pt"]->h(SID]->Fill(Pt, W);
h)["m_s_x:c ]->h[SID]->Fill (mat]

BL["h1_S_¥"]->h[SID]->Fill(¥, W);
hE["hP_S_M_Pt']->h[SID]->Fill(M, Pt, W);

pow2 (PE), W);

// 1D: 1-Body
B1("h1_1B_pt"]->h[SID]->Fill(a.P(), W);
B1["hi_1B_eta’]->h[SID]->Fill(a.Eta(), W);

// 1D: Forward proton pair

double deltaphi_pp = -1.0;

s (pe_tinaselus M0 > 0 (
// Mandelstam —t_1,

const double t1 -lPJeam_p]us - p_final_plus) .120);
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// const double t2 = -(p_beam_minus - p_final_minus).M2();

// Deltaphi

p_final plus.DeltaPhiibs (p_final minus);
p_final_plus - p_final_minus;

- PP diff.Pt);

Mavec Pp_diff
const double pp_dpt

BL['hi_PE_dphi') S>h(SID) 5FALL (deltaphi_pp, W)
B1["hi_Pe_t1"]->h[SID]->Fill(tl,
h1["h1_Pp_cpt"]->h(SID]>Fill (pp_dpt, W);

_M_dphipp"] ->h([SID)->Fill (M, deltaphi_pp, W);
nzm,z S M_dpt"]->h[SID]->Fill (M, pp_dpt, W);
h2["h2_s_M_t"]->h[SID]->Fill (M, abs (t1), W);

/7 20
h2["h2_S_M_Pt"]->h[SID]->Fill(M, Pt, W);
h2["h2_S_M_pt"]->h(SID]->Fill(M, a.Pt(), W);

// 2-Body only

i muitiplicity - 2)
hP["hP_28_M_dphi"]1->h[SIDI->Fill(M, a.DeltaPhi(b), W);
m[ h1_28_acop"]->h[SID]->Fill(1.0 - a.DeltaPhi(b) / gra::

h1_25_diffrap)->h(SID]->Fill (b.Rap() - a.Rap(), W);
DZ{h2 2 Aphi ] RISTD] FAIL 04, s beLtarhi (bys W) ;
h2["h2_28_etal_eta2']->h(SIDI->Fill(a.Eta(), b.Eta(), W);

// Frame transform
const int direction
const Mdvec X

sta::vector<Mavec> CM = {a, b};
gra::kinematics::CMErame (CM, X);

std::vector<MiVec> HX = (a, b};
gra:ikinematics::HXEframe (HX, X);

std::vector<Mivec> CS = (a,
gra::kinematics::CSframe(CS, X, p_beam plus, p_beam minus);

sta::vector<Mavec> GJ = (a, bl;
frane (GJ, X, direction, p_beam plus - p_final_plus,
p_beam_minus - p_final_minus);

ector<Mivec> BG = (a, b};
gratikinematics: iPGErame (PG, X, direction, p beam plus, p_beam minus);

h1["hl_costheta CM"]->h[SID]->Fill(CM[0].CosTheta (), W);
h1["hi_costheta HX']->h[SID]->Fill (HX[0] .CosTheta(), W);
h1["hi_costheta CS"]->h[SID]->Fill(CS[0].CosTheta(), W)
h1_costheta GJ"]->h(SID]->Fill(GJ([0] .CosTheta(), W;
h1["hl_costheta PG"]->h[SID]->Fill(PG[0].CosTheta(), W);
B1["hi_costheta LAB"]->h[SID]->Fill (a.CosTheta (), W);

h1["hl_phi_CM"]->h(SID]->Fill (CM[0].Phi(), W);
BL["h1_phi_iX"] ->h[SID] >Fi11(HX[0).Phi (), W);
RLUbLphican] SRISIDI L (CS 0] PRt (), W)

hi_GI"]->h[SID]->Fill(GT(0].Phi (), W);
n [ hi_PG"]->h(SID]->Fill (PG(0].Phi (), W);
B1["hi_phi LAB"]->h[SID]->Fill(a.Phi(), W);

h2["h2_28_costheta phi_Ci"]->h(SID]->Fill (CM[0] .CosTheta(), CM[0].Phi(), W);
h2["h2_2B_costheta phi HX"]->h[SID]->Fill (HX[0].CosTheta(), HX[0].Phi(), W);
h2["h2_28_costheta phi_CS"]->h[SID]->Fill(CS[0].CosTheta(), CS[0].Phi(), W);
h2["h2_28_costheta phi_GJ"]->h[SID]->Fill(GJ[0].CosTheta(), GJ[0].Phi(), W);
2["h2_25_costheta phi_PG"]->h[SID]->Fill (PG(0].CosTheta (), PG[0].Phi(), W);
h2["h2_2B_costheta_phi LAB"]->h(SID]->Fill (a.CosTheta(), a.Phi(), W);

B2[1h2_ 7t costheta O] Sh(SIDI TAIL 1, CH{0] CosTheta(), M)
h2["h2 28 M_costheta BX"]->h[SID]->Fill (M, HX(0].CosTheta(), W);
12 (M2 2m i comchota (et ] o STD] SEALL (M, CS[0] CosThata (), W
h2["h2_28 M_costheta GJ"]->h[SID]->Fill (M, GJ[0].CosTheta(), W);
h2["h2 2B M_costheta_PG"]->h[SID]->Fill (M, PG[0].CosTheta(), W);
h2["h2_28_M_costheta LAB"]->h(SID)->Fill (M, a.CosTheta(), W);

h2["h2_2B_M_phi_Ci"]->h[SID]->Fill(M, CM[0].Phi(), W);
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const MiVec &p_final minus, const std::vector<MiVec> &pip,
const. ctor<MiVec> &pim)

// Find index
const auto ind = [&] (const std:istring str)
for (const auto &i : indices(analyzer::FRAMES))

i (analyzer::FRAMES(1] ( return i; )

)

throw std::invalid_argument ("MAnalyzer: :FrameObservables: Unknown Lorentz frame: " + Str);
std:ivector<Mivec> pf;
if (pip.size() s& pim.size() { // charged pair

»f = (pip(0], pin(0]};
if (pip.size() &5 pim.size() { // Neutral pair

»f = (pip[0], pip(il};
)
”
7/ Lorentz frame transformations
// Make copies
std:ivector<std: rvector<Mivec>> pions;
for (std:isizet i i < analyzer::FRAMES.size(); ++i) { pions.push_back(pf); )
// system
const Mavec X = pEL0] + PE(L];
const int direction = 1; // PG and GT

kinematics: :Cifrane (pions (ind ("CM")1, X);
kinematics: :HXErane (pions (ind ("EX")], X);
gra: :kinematics::CSframe (pions(ind("CS")], X, p_beam plus, p_beam minus);
gra::kinematics: :GJframe (pions[ind('GJ")], X, direction, p_beam_plus - p_final plus,
p_beam_minus - p_final_minus);

gra: :kinematics: :PGErame (pions (ind("PG")], X, direction, p_beam plus, p_beam minus);
pions(ind("LAB")] = pions(ind("LAB")); // already there, do nothing
// No forward protons -> set zero
if (p_final plus.M() < 0.5) ( pions(ind("GI")] = (MiVec(0, 0, 0, 0), M4Vec(0, 0, 0, 0)}; }

// FILL HISTOGRAMS —->

// Legendre polynomials P_I cos (theta)
for (stdiisize t 1=0; 1 < 8; ++1) ( // note 1+1
// Take first Jaug"ter ro;
double value at!
HPLIY)SFLLL (K.M0), value,
)

LegendreP1((1 + 1), pions(ind("cx")] (0] .CosTheta());

// FRAME correlations

i < analyzer::FRAMES.size(); ++i) {
0; 3 < analyzer::FRAMES.size();

h2CosTheta[1] [31->F4ll(pions[i][0].CosTheta(), pions[31[0].CosTheta(), W);
h2Phi [i][5)->Fill (pions[i] [0].Phi(), pions(§][0].Phi(}, W);

[/ Forvard eyaten observable

MAnal “NStarobsarvables (double W, HephC3: :GenBvent seve) {
ystem particles

enParticlePtr> search_gammas

DG_n, evt.particles());

GenParticlePtr> search_pip =
Standardselector

: tvector<HepMC:
HepMC3: :applyFilter (HephC:

DG_pip, evt.particles());

st svestorsieptcy
Hepl« PoLyeLcer (hephc

nParticlePtr> search_pim =
Standardselector

DG_pim, evt.particles());

DG_ID == PDG!

std::vector<HepMC3::GenParticlePtr> search_nstar
PC3: sapplyFiIter (Repe3 s Standarddelector
MC3: :StandardSelector

evt.paxt)c]es{)];

oG NsTAR ||
“PDG: :PDG_NSTAR,

// Find out if we excited one or two protons
bool excited plus = false;

:PDG_gamma, evt.particles());
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16: 12L0ha 28 pba 01 SRISIDI SEALL G, HXIOT-BAL(), W5
->h(SID)->Fill(M, CS[0].Phi(), W);

2B M_phi_G"]->h[SID]->Fill (M, GJ(0].Phi()
h2["h2 28 M_phi_PG"]->h[SID]->Fill(M, PG[0].Phi()
h2["h2_28 M phi_LAB"]1->h[SIDI->Fill(M, a.Phi(), W);

W;

Y
TP [ He_S MPL2_CH'] DRISID] DELLL (M math: sLegendrepl (2, CHIOL CosTheta (), W)
he PLACHI] SR(SID] SELIL (N, math: Legendrepl (4, CNID] .CosTheta (), W7

h(SID]->Fill(a.Eta(), b.Eta(), W);

nz[ h2_2B_etal_eta2"
7
)

// 4-Body only
if (multiplicity

i
invalid_argument ("MAnalyzer: :HepMC3Read: Problem f£illing histogram!");

// << SUPERPLOTTER
Va

if (events_read >= MAXEVENTS)
std::cout << "MAnalyzer::HepMC3Read: Maximum event count " << MAXEVENTS << " reached!
break; // Enough events

if (events_read § 10000 == 0) {
std::icout << std:iendl << "Events processed: ' << events_read << std::endl;

}
// [THIS AS LAST!] Sum selected event weights
selech += W;

)
std:icout << std:iendl;
std:icout << "MAnalyzer::HepMC3Read: Events processed in total: " << events_read << st

// Close Heplc3 file
input_file.close();

if (seleck

r::HepMC3Read:: Valid events in <" + totalpath + ">' +
0 out of " + std::to_string(events_read));

// Take into account extra fiducial cut efficiency here
selec / totali;

Printf("MAnalyzer::HepMC3Read: Fiducial cut 40,32 \n", effici :
std:icout << std:iendl;

return cross_section * efficiency;
)

// sanity check

double ::GenEvent sevt) const {

VeCtor<HepHCS : Genbart Lelefto allinit = Heptc:sapelyFilter

HepMC3: :StandardSelector: :STATUS == PDG::PDG_BEAM, evt.particles()); // Beam

st vectorhepkCy sGenzartielept s ail_tinal - e applyFilter (
HepMC3: : StandardSelectos NTUS = DG E0G. SABE, evt.particles()); // Final state

Mavec beam(0, 0, 0, 0);
for (const HepMC3::GenParticlePtr &pl : all_init) {
beam += gra::aux::HepMCZM4Vec (pl->momentum()) ;

Mavec final(0, 0, 0, 0);
for (const HepMC3::GenParticlePtr &pl : all_final) {
f£inal += gra::aux::HepMC2M4Vec (pl->momentun()) ;

)
if (lgra::math::CheckBMC(beam - final)) {

ux: :PrintWarning () ;

out << rang::fg:ired << "Energy-Momentum not conserved!” << rang:ifg:ireset << std::iendl;
(beam - £inal).Print();

HepMC3::Print::listing(eve);

HepMC3: :Print::content (evt);

return beam.M();

: // 2-body angular observables
497: void MAnalyzer::FrameObservables (double W, HepMC3::GenEvent Gevt, const MiVec &p_beam plus,
498: const MdVec &p_beam_minus, const MiVec &p_final plus,
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582:  bool excited_minus = false;
enparticleptr &pl : search_nstar) {

HepMC2MaVec (pl->momentum () ) ;
BM_NSTAR->Fill (pvec.M(), W);

if (pvec.Rap() > 0) { excited plus = true; }
if (pvec.Rap() < 0) { excited minus = true; )

)
7/ Excited system found
if (excited plus || excited minus) ( N_STAR.ON = true; )

// N* system decay products
// Gammas

double gamma_e_plus = 0;
double gamma_e_minus = 0;

enparticleptr &pl : search_gammas) {
HepMC2M4Vec (pl->momentum ()) ;

/{ Check that ancestor is excited forvard system
ector<HepHCd: :Genpart iclePts> ancestor

HepME3: 1appLyFLLter (HephC3 : :Standardselector::

HepMC3: :StandardSelectos 51

HepHCS  Relatives: sANCESTORS (51)) 7

if (ancestor.size() )
hEta_Gamma->Fill (pvec. a0, W
hE_Gamma->Fill (pvec.E(), W);
hXF_Gamma->Fill(pvec.Pz() / (sarts / 2), W);

if (excited plus && pvec.Rap() > 0) { gamma_e plus vec.E(); }
if (excited minus &5 pvec.Rap() < 0) ( gamma_e minus += pvec.E(); }

/7 ®
for (const HephC3
// HepMC3::Print:

enparticleptr &pl : search_pip) (

line(p1);

/¢ CGheck that parent is the excited system
ector<HepMC3: :GenParticlePtr> parents = pl->parents();
st found - false;

for (const auto ok : indices (parents)) {

abs (parents [k]->pid () DG

PDG_NSTAR) { found = true; )

)
i tfound) (
Mavec pv: HepMC2M4Vec (pl->momentum () ;
REta_PlonsoFill (pvac.ttal), W1
hE_Pions->Fill (pvec.E(), W);
hXF_Pions->Fill(pvec.Pz() / (sarts / 2), W);

enparticleptr &pl : search_pim) {
line(p1);

“heck that parent is the excited system
tvector<HeplC3: :GenParticlePtr> parents = pl->parents();
bool found
for (const auto &k : indices(parents)) {

(std: :abs (parents [k]->pid PDG: :PDG_NSTAR) { found

true; }

)

if (found) (
MdVec pvec = gra::aux::HepMC2MdVec (pl->momentum());
hEta_Pions->Fill (pvec.Eta(), W);
hE_Pions—>Fill (pvec.E(), W);
hXE_Pions->Fill(pvec.Pz() / (sarts / 2), W);

)

// Neutrons
double neutron_e_plus = 0;
uble neutron_e_minus = 0;

for (const HepMC3::GenParticlePtr &pl : search_neutrons) {
pvec = gra::aus::HepMC2MVec (pl->momentum());

// Check that parent is the excited system
std::vector<HepMC3::GenParticlePtr> parents = pl->parents();
bool ;
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7

: double powerlaw(double *x, double *par)

for (const auto &k : indices(parents)) {
£ (std::abs (parents [k]->pid()) == PDG::

DG_NSTAR) { found = true; }

)

if (found)
hEta_Neutron->Fill (pvec.Eta(), W);
hE_Neutron->Fill (pvec.E(), W) ;
hXF_Neutron->Fill (pvec.Pz() / (sarts / 2), W);

if (excited plus & pvec.Rap() > 0) { neutron_e_plus += pvec.E(); )
if (excited_minus && pvec.Rap() < 0) { neutron_e minus += pvec.E(); )
)
)

// Gamma+Neutron energy histogram
if (excited plus) { hE_GammaNeutron->Fill(gamma_e_plus + neutron_e_plus, W); }
if (excited minus) { hE_GammaNeutron->Fill (gamma_e_minus + neutron_e minus, W); )

)

w(l.0 + std

¢
pow (x(0], 2) / (std::pow(par(1], 2) * par(2]), par(2]);

return par(0] / std::po
)

: double exponential (double *x, double *par) { return par(0] * exp(par(l] * x[01); }

// custom plotter

void MAnalyzer: PLOEALL (const. std::string Gtitlests) (
// Create output directory if it does not exis
Const sta::steing TOLDER + grafiau: GecbasePath(2) + */figa/" + inputfile;
CreateDirectory (FOLDER) ;

se
// FIT FUNCTIONS

Std::shared ptr<IF1> fb = std::make_shared<IF1>("exp_fit", exponential, 0.05,
0.5,

£b->SetParameter (0, 10.0); // &

fb->SetParameter (1, -8.0); // b

std::shared ptr<IFI> fa =

: make_shared<TF1> ("pow_fit", powerlaw, 0.5, 3.0,

3);
fa->SetParameter (0, 10.0); // A
fa->SetParameter (1, 0.15); // T
fa->SetParameter(2, 0.1); // n
*/

Y BpT2Z->Fit ("exp_fit", "R");
7 hpT_Meson_p->Fit ("pow_£it", "R"); // "R" for range
/ wwwuwssesssinss FORNARD EXCITATION *%%sssssssssss

/.
i€ plstaR.on) (
Draw histograns

Ta 800, 600);
C1obivide(2, 2, 0.0002, 0.0002);

cl.ed(1);

7/ gpad->SetLogy () ;
hEta_Gamma->SetLineColor (2);
hEta_Pions—>SetLineColor (4);
hEta_Neutron->SetLineColor (8) ;

hEta_Gamma->Draw ("same”) ;
hEta_Neutron->Draw ("same”) ;
hEta_Pions—>Draw("same”) ;

// Set x-axis range

const double eta_max = 15;

hEta_Pions->SetAxisRange (eta_nmin, eta_max,
hEta_Gamma->SetAxisRange (eta_min, eta_max, "X');
hEta_Neutron->SetAxisRange (eta_min, eta_max, "X');

cl.cd(2);

7/ gpad->SetLogy ()
hXF_Gamma->SetLineColor (2) ;
hXF_Pions->SetLineColor (4);
hXF_Neutron->SetLineColor (8) ;

hXF_Gamma->Draw ("same") ;
hXF_Neutron->Draw ("same”) ;

cl.cd(3);
gPad->SetLogy () ;

7/ gPad->SetLogx ()
BM_NSTAR->Draw () ;
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hPL[1]->SetMinimum(-0.4); // Y-axis minimum
BPL{1]->SetMaximum(0.4);  // Y-axis maximum

// adjust legend
leg(1)->SetFillcolor(0);  // White background
leg(1]->SetBordersize (0); // No box
leg(1]->AddEntry (hP1(1].get (), Form("l
Teg[1]->Draw("SAME") ;

w1,
// Horizontal lin

1ine(1] - mew Tiine (XEOUND(0], 0, XBOUND(1], 0);
Line[1]->Draw("SAME");

// Titlestr
1€ (1 =m0 || 1 == 4) { HPL(1)->SetTitle(titlestr.c_str(); }

)
c115->Savehs (
Form("is/£igs/%s/hP1_ltod.pde", gra
c116->Savens (
oxm("%s/figs/ts/hP1_6tos pdf’, gra::aux::GetBasePath(2).c_str(), inputfile.c_str()));

ux::GetBasePath(2) .c_str(), inputfile.c_str()));

for (std:isizet i
delete leg(il;
delete line(i];

i< 8 +4i)

)
delete c115;
delete cl16;

y

) // namespace gra

src/Analy:

: // License
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cl.cd(4);

gPad->SetLogy () ;
hXF_Gamma->SetLineColor (2) ;
RXF_Pions->SetLineColor (4);
hXF_Neutron->SetLineColor (8) ;

hXF_Gamma->Draw ("same") ;
hXF_Pions->Draw ("same") ;
RXF_Neutron->Draw (" sam

c1.saves (Form(
)
V4

ts/figs/s/forward pdf", gra::aux::GetBasePath(2).c_str(), inputfile.c_str()));

Vi
// FRAME correlations

Tcanvas c2("c", "<, 800, 800);

RAMES.size(), analyzer::FRAMES.size(), 0.0001, 0.0002);

2.Divide (analyzer: :Fi

i < analyzer::FRAMES.size(); ++i) {
isize_t j = 0; j < analyzer::FRAMES.size(); ++3) {
c2.cd();

+4k;

i€ (§ >= i) { h2CosTheta[i][3]->Draw("corz’); }

// Titlestr
if ((1==0) & (3

0)) ( h2cosThetali] [j1->SetTitle (titlestr.c_str()); }
)

)
G2.Savehs (Form 738/ £igs/ss/h2_frame_corzelations._costheta.pdf", gra
nputfile.c str()));

wx: :GetBasePath (2) .c_str (),

Vi

Tcanvas e3("e", e, 800,
o3 Divide (analyzer: FRAMES.aize (), analyzer::FRAMES.size(), 0.0001, 0.0002);

0; i < analyzer
j < analyze

RAMES.size(); ++1) {
FRAMES.size(); ++3) {

ok
Af (3 >= i) { h2Phi(i] [§]->Draw("COLZ"); }

7/ Tit
if (G

estr
0 s

0)) { h2Phii] [§]->SetTitle(titlestr.c_str()); }
}

)
©3.5aveRs (Fomm(14s/ £iga/ 12/n2.£rame_correlations_phi pde’, gra:iaux:iGetbaserath(2) .c_str(,
putfile.c_str()));

// Legendre polynomials in the Rest Frame (non-rotated one)

const int  colors(8) = {48, 53, 98, 32, 48, 53, 98, 32);
Const double XBOUND(2] = (0.0, 4.01;

TCanvas *cl15 = new TCanvas('cll5", "Legendre polynomials 1-4", 600, 400);
TCanvas *cl16 = new TCanvas('cl16", "Legendre polynomials 5-8", 600, 400);

TLegend *leg(8];
TiLine * line(8];
c115->Divide(2, 2, 0.001, 0.001);
c1l6->Divide(2, 2, 0.001, 0.001);

for (std::size.
if (1< 4)
clls->cd(l + 1);
} else {
clig->cd(l - 3);

£ 1

1< D) (

// Legend
leg(l] = new Tlegend(0.15, 0.75, 0.4, 0.85); // x1,y1,x2,y2

// pata
RPL{1]->SetLineColox (colors(1]);
RPL(1]->Draw ("SAME") ;

/MMultiplet.cc 1/8
// (Histoo, Histol, Histo2, ..., Histo N-1) Multiplet ROOT histograms
Vi

7/ (¢) 2017-2020 Mikael Mieskolainen
nder the MIT License <http://opensource.org/licenses/MIT>

#include <string>

7
8: #include <tuple>
s

#include "TProfile.h"

: #include "Graniitti/Analysis/MMultiplet.h”
2

#include "Graniitti/Analysis/MROOT.h!

23: #include "Graniitti/Mhux.h"

: using gra::aux::indices;

namespace gra {

29t void GetlegandFosition (unaigned int N, double Gxl, dousle G, double iyl, deuble €32,
ons

€ std::string &legendposition)

// North-East

// South-East
if (legendposition.compare ("southeast”) == 0) { yl = 0.10 - 0.01 * N; }
¥2 =yl +0.04 * N; // Scale by the number of histograms

BIMaleiplet (const std:istring Gnane, const std:istring Glaneltext, int
st

ouble minval, double maxval, const vector<st: (x)nq) slegendtext) {
N g

name_

minval_

leqend(exc = legendtext;

legendposition_ = "northeast';

// Initialize histogram vector container size
h.resize (legendtext.size());

for (const auto &i : indices(h))

h[i] = new THID(Form("%s_ilu’, mame.c_str(), i), labeltext.c_str(), N, minval, maxval);
hlil->Sumw2(); // Error saving on

// Histogram normalization
void :

1(const std:: seross_section,
const std::vector<double> &multiplier) (
for (const auto &i : indices(h)) {
double scale = 1.0;

// Takes into account weighted and unweight (weight=1) filling

// We take into account also under/overflow here with macro: (0, Nbins+1)
const double integral = h[i]->Integral(0, h(i]->GetNbinsX() + 1);

if (integral > 0) ( scale /= integral; }

// Binwidth

const int  bi; -1

gonee double binuidch = ni]>Gotkais () >GetBinHLAth (bin);
if (binwidth > 0) ( scale /= binwidth;

// cross sectio:
{2 (erass_sestion(i] > 0) ( scale *= cross_section(il |

// Additional scale factor
scale *= multiplier(il;

nlil->Scale(scale);
)
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:tvector<double> hiMultiplet::
// New colorsch
vector<int>

saveFig(const std::

legend->SetFillColor (0); // White background
tring &fullpath, bool RATIOPLOT) const {

&
/7" legend->SetBordersize (0); // No box

color;

// Add legend entries
for (const auto &i : indices(h))
Legend->Draw ()

it +shared_pt
zootstyle::CreateColorMap (color, rootcolor);

{ legend->Addntry (h[i], legendtext_[i].c_str()); }

7 2pply the chi test
gra::aux::PrintBar
ector<doubies chisnde (h.size(), 0.0);

and retrieve the residuals

// Create labels

st

shared_ptr<TLatex
c:iMadelnFinland (11, 12, 0.935, ((RATIOPLOT == trus 7 0.03 & 0.16), 0.58});
for (const auto &i : indices(h)) {
double res(N_1; a
printf("ss [3lu] :: \n", legendtext_[i].c_str(), 7/ Fatio plots
double c2ndf = h[0]->Chi2Test (h[i], "WW P CHIZ/NDE", res);
chizndf[i] cznaf;

:ivector<THID *>
e
std:

hR(h.size(), nullptr);
shared_ptr<TPad> padz;

shared_ptr<TLine> line;
printf(chi2/ndf = $0.3f \n\n", c2ndf);

if (RATIOPLOT) {
rintBar ("+"); .

0;

pad2 = std::make_shared<TPad>("pad2", "pad2’, 0, 0.05, 1, 0.3);
Tcanvas c0('e, et, 750, 800); pad2->SetTopargin (0.025) ;

pad2->SetBottontargin (0.25) ;

pad2->SetGrids() ;
pad2->Draw() ;
pad2->cd ()

// Upper plot will be in padl // vertical grid
std::shared_ptr<TPad> padl;
if (RATIOPLOT) {

padl = std: imake_shared<TPad>("padl”,
padl->SetBottomMargin (0.015); // Upper
) else (
padl

// pad2 becomes the current pad

adalv, 0, 0.3, 1.0, 1.0); for (const auto &i : indices(h))
and lower plot are joined BR[1] = static_cast<THID *>(h[i]->Clone (Form("zatio_t1u’, i)));
BRI1]->Divide (R[01);

std: tmake_shared<TPad> ("pad1’

)
// padl->SetGrids();
padl->Drau ()
padl->cd () ;
hl0]->SetStats (0);

adl’, 0, 0.0, 1.0, 1.0);

// Vertical grid
/7 raw the upper pad: padl

adl becomes the current pad
U e eeiaties o upper plot

BR[1]->SetMinimun(0.0); // y-axis range
BR[1]->SetMaximun(2.0); //
BR[1]->Setstats (0);

// statistics box off
BR[1]->Draw (" same!

i // ratio plot
// Find maximum
double MAXVAL =
for (const auto &i : indices(h))

const double max = h[i]->GetMaximum();
if (max > MAXVAL) ( MAXVAL = max;
)

// Ratio plot (n3) settings

BR[1]->SetTitle("");
value for y-range limits
-0;

// Remove the ratio title

// ¥ axis ratio plot settings
BR[1]->GetYaxis () ->SetTitle ("Ratio");
BR[1]->GetYaxis () ->CenterTitle();
BR[1]->GetYaxis () ->SetNdivisions (505) ;
hR[i]->GetYaxis () ->SetTitlesize (22);
BR[i]->GetYaxis () ->SetTitleFont (43);
BR[1]->GetYaxis () ->SetTitleOffset (1.55);
BR[i]->GetYaxis () ->SetLabelFont (45) ;
BR[i]->GetYaxis () ->SetLabelsize (15);

(non-zero) value for y-range limits
double MINVAL = 1e32;
for (const auto &i : indices(h))
ko= 0; k < h(i]->GetNbinsX(); ++k) (
lue = h[i]->GetBinContent (k);
if (value < MINVAL §& value > 0) ( MINVAL = value; }

/7 Absolute font size in pixel (precision 3)
// X axis ratio plot sett
BR[1]->GetXaxis () ->SetTitleSize (22);
BR[i]->GetXaxis () ->SetTitleront (43);
BR(i]->GetXaxis () ->SetTitleOffset (4.);
hR[1])->GetXaxis () ->SetLabelFont (45);
BR[1]->GetXaxis () ->SetLabelSize (18) ;

// Loop over histograms

for (const auto &i : indices(h)) {
h[i]->SetLineColor (color[il);

h[i]->SetLineWidth(2);

h[i]->SetMarkerColor (color[il);

hli]->SetMarkerstyle (20 + 1);

h[i]->SetMarkerSize (0.73);

// Absolute font size in pixel (precision 3)

)

// Draw horizontal line
const double
Line = std::make_shared<TLine> (minval_, ymax, maxval_, ymax);
Line->SetLineColor (15) ;

line->SetLineWidth (2.0);

Line->Draw();

diicout << 1 endl;
RI1]->GetYaxis () ->SetRangeUser (0, MAXVAL * 1.35);

// hi]->Draw("e2 same");

// Needs this combo to draw box-lines
hIi]->Draw("hist same");

Vi
// Remove x-axis of UPPER PLOT
h[0]->GetXaxis () ->SetLabelofEset (999) ;
R[0]->GetXaxis () ->SetLabelSize (0);

V4

// hli]->SetFillstyle(4050);

// hli]->SetFillcolor (color(i]);

// hi]->SetFiliColorAlpha(color(i], 0.1);
// h[i]->Draw("f hist same"); // Filled

} // RaTIOPLOT

// Give y-axis title some offset to avo:
padl->Redrawhxis () ;

h[0]->GetYaxis () ->SetTitleoffset (1.45);

d overlapping with numbers
// Fix overlapping histogram lines on borders

// Create output directory if it does not exist

aux: :CreateDirectory (fullpath);
// Create dynamically sized legend (depending on number of legend entries)

// Save pdf
double x1, x2, yl, y2 = 0.0; i std:istring fullfile = fullpath + name_ + ".pdf’;
GetlegendPosition(n.size(), x1, x2, yl, y2, legendposition )i 0.SaveAs (Fullfile.c_str();
shared_ptr<TLegend> legend = std::make_shared<TLegend> (xl, v1, X2, ¥2);
./src/Analysis/MMultiplet.cc 4/8 ./src/Analysis/MMultiplet.cc 5/8
// Save logscale pdf hli]->Setstats (0);
i (MINVAL > 0) { h(i]->Draw("COLZ") ;
padl->cd()->Setlogy(); // pad2 becomes the current pad h[i]->GetYaxis () ->SetTitleOffset (1.3);
for (const auto &i : indices(n) // hIi]->Getzaxis ()->SetRangeUser (0.0, ZMAX);
hli]->GetYaxis () ->SetRangeUser (std: imax (MINVAL, MAXVAL * le-8), MAXVAL * 5); hli]->SetTitle (legendtext_[i].c_str());
)
fullfile = fullpath

+ name_ + "_log:
c0.Saves (fullfile.c_str());
)

pa:

/¢ Ratio nistogzans on SOTION RON
vector<TH2D *> hR(h.size(), nullptr);

// Remove histograms if (RATIOPLOT)
i€ (RaTIOPLOT) { (h.size() > 1) { // Only if we have more than 1
for (const auto §i : indices(hR)) ( delete hRIil; }

return chizndf;

)

for (const auto &1 : indices ()
(i +1+h.size()); // Choose position
C0lCa(l + 1+ nisize()) >setRightHazgin(0-13)5
hamaltiplet  hamultiplet (sonst

string &name, const std::string &labeltext, int
ouble minvall, double maxvall, int N2, double minval?, double maxval2,
const std::vector<std::string> &legendtext)

BR1]

static_cast<THZD *>(h[i]->Clone (Form("h2r_t1u’, 1)));

bR[i]->Divide (h(0]); // Divide by O-th histogram

hRI1]->GetYaxis () ->SetTitleOffset (1.3);
name_ = name; hR[i]->SetStats(0); // No statistics on upper plot

hR[i]->Draw("COLZ")

N1 = w1; BR(3]>Getzaxis ) > SecRangeUser 0.0, 2.0
N2_ = N2} HA[L] 25t Tit Le (Form("Rat o: 15 / 14", legendtext_[1].c_str(), legendtext_[0].c_stx():
minvall_ = minvall; )
maxvall_ = maxvall;
minvalz.

minval2;
maxvalz;

maxvalz_

legendtext_ = legendtext;

77 create label

G mp.mam.

hared ptr<TPad>

Gratirootatyie: Transparen:?adk(pad).

// Initialize histogram vector container size
h.resize (legendtext.size () ;

for (const auto &i : indices(h)) {
RIi] = new TH2D (Form("s_tlu", name.c_str(), i),
minvalz, maxval2);
// Error saving on

+:shared_per<Tlates> 11;

shared_ptr<TLatex>
gra:irootstyle::MadelnFinland (11, 12, 0.99);
7

labeltext.c_str(), NI, minvall, maxvall, N2,
hli]->Sume2 ()7
)

// Create output directory if it does not exist
CreateDirectory (fullpath);

void

scross_section,
vector<double> amultiplier) (
for (conat auto ol : indices() {

double scale = 1.0;

/7 save par
string fullfile = fullpath + name_
o Savens (fullfile o str 01}

+ ".pag";

// Takes into account weighted and unweight (weight=1) £il
77 e take into account aiso undes/overfion hore with macro: (0, Nbins+l)
const double integral = h[i]

>Integral(0, h[i]->GetNbinsX() + 1, 0, h[i]->GetNbins¥() + 1);
if (integral > 0) ( scale /= integral;

L (arzoron {
Delete ratio histograms from memory
i (h.size() > 1)

for (comst auto &i : indices(hR)) ( delete hRIil; }

// Binwidth
const int
const double binwidth = hm—>secxaxxsu —>GetBinWidth (bin) * hil->Get¥axis()->GetBinWidth (bin); )
if (binwidth > 0) { scale /= binwidth;

// cross sec
{6 (erorsaeetiontil > 0)

: BPromEItiplat: SRPEoARIAplat (const
( scale *= cross_sectionlil; ) 2:

tring name, const

tring slabeltext, int N,
le minvall, double maxvall, double minval2, double maxval2,
const std::vector<std::string> &legendtext) {
// Additional scale factor name_ = name;
scale *= multiplier(i];
_ N;
hlil->Scale(scale); minvall_ = minvall;
) maxvall_ = maxvall;
minvalz_ = minvalz;
double i g std::string &fullpath, bool RATIOPLOT) const ( maxvalz_ = maxvalz;
const double scale = (RATIOPLOT == true) ? 2.0 : 1.0;
legendtext_ = legendtext;
Tcanvas c0("c", "c", h.size() == 1 ? 520 : 750 / 3.0 * h.size(), legendposition_ ortheast;
260+ scale); // scale canvas according to number of sources
c0.Divide(h.size(), h.size() == 1 fe

scale, 0.01, 0.02); // [co

umns] x [rows]
// Normalize by the first histogram

// Initialize histogram vector container size
7/ const double ZMAX = h[0]->GetMaximum();

h.resize (legendtext.size ()

// Histograms on TOP ROW
for (const auto &
c0.cd(i + 1); // choose position
c0.cd(i + 1)->SetRightMargin (0.13);

: indices(m)) {

new TProfile(Form(*3e_blw', name.c_str(), 1), labeltext.cstr(), N,
val2, maxval?);

h{i]->Sumw2(); // Error saving on

)

for (const auto &i :
i

minvall, maxvall,
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tistring &fullpath,

color;
shared_ptr<IColor>> rootcolor;

zootstyle::CreateColorMap (color, rootcolor);

v, 750, 800);

Tcanvas 0 ("

7/ Jpex plot will be in padl
hared_ptr<TPad> padl;

if (RATIOPLOT) {
std: :make_shared<TPad>("padl®, "padl®, 0, 0.3, 1.0, 1.0);

padl->SetBottomMargin(0.015); // Upper and lower plot are joined

} else

padl = std::make_shared<TPad>("padl”, 1.00;

“"padl”, 0, 0.0, 1.0,
// Vertical grid
// Draw the upper pad: padi
d1 becomes the current pad
// No statistics on upper plot

)
// padi->SetGridx();
padl->Drau () ;
padl->cd ()
nl0]->SetStats (0);

// Find maximum value for y-range limits
double MAXVAL = 0.0;
Gouble MINVAL - 1032;
for (const auto &i : indices(h)) {
if (h[i]->GetMaximum() > MAXVAL)
if (h[i]->GetMinimum() < MINVAL)

{ MAXVAL = h(i)->GetMaximum(); }
{ MINVAL = h(i)->GetMinimum(); }

// Loop over histograms
for (const auto &i : indices(h)) {
h{i]->SetLineColor (color[il);
h[i]->SetMarkerColox (color [1]);
Rli]->SetMarkerStyle (20) ;
hli]->SetMarkerSize (0.5);
h[i]->GetYaxis () ->SetRangeUser (MINVAL, MAXVAL * 1.25);

RIi]->Draw ("L SAME");

double x1, %2, y1, y2 = 0.0;
GetlegendPosition(h.size(), x1, x2, yl
shared_ptr<TLegend> legend = std:

¥2, legendposition );

legend->SetFillColor (0); // White background
// legend->SetBorderSize(0); // No box

// Add legend entries
for (const auto &i :
legend->Draw () ;

indices (h)) { legend->AddEntry (h[il,

i
// GRANIITTI text

shared_ptr<TLatex> 11;
shared_ptr<TlLatex> 12;
gra::rootstyle::MadeInFinland (11, 12, 0.935,
7

{ (RATIOPLOT == true ? 0.03 :

Vi
// Ratio plots

std::vector<TProfile *> hxP (h.size(), nullptr);
std: ivector<THID *> BR(n-eize ), nunpm.
THID * hx0 = nullpt

std::shared ptr<TPad>  pad2;

std::shared ptr<TLine> line;

if (RATIOPLOT) {
0.cd();
pad2 = std::make_shared<TPad>("pad2”,
pad2->SetTopMargin (0.025) ;
pad2->SetBottomMargin (0.25) ;
pad2->SetGridx(); // vertical grid
pad2->Draw () ;
pad2->cd ()

“"pad2", 0, 0.05, 1, 0.3);

// pad2 becomes the current pad

for (const auto &i : indices (h))
hxB[i] = static_cast<TProfile *>(h[i]->Clone (Form("ratio_%lu",

D
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return 0.0;

} // namespace gra

bool RATIOPLOT) const {

nake_shared<ILegend> (x1, yl, x2, y2);

legendtext_[i].c_str()); |

0.16), 0.581);
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499: // To get proper errors, we need to use THI
500 hR(i] = hxP[i]->ProjectionX();

501
d as the denominator

0) { // this is neede

instead of TProfile

502 if 1
503: hx0 = static_cast<THID *>(hxP[i]->Clone ("dencminator"));
504 )

505

506 // set same colors as above

507: BR[1]->SetLineColor (color[1]1)

508: hR[1]->SetMarkerColor (color [1]);
509 hR[1])->SetMarkerstyle (20);
hR[1])->SetMarkerSize (0.5);

V4

// Get ratio to 0-th histogram
BR[1]->Divide (nx0) ;

hR[1)->SetMinimum(0.0); // y-range
hR[1]->SetMaximum(2.0); /.
BR[1])->Setstats (0); // no statistics box
BR[1]->Draw("same") ; // ratio plot

settings
// remove title

// Ratio plot (h3)
BR[i]->SetTitle ("

// ¥ axis ratio plot settings
hR[i])->GetYaxis () ->SetTitle ("Ratio");
BR[1)->GetYaxis () ->CenterTitle();
BR[1]->GetYaxis () ->SetNdivisions (505) ;
BR[i]->GetYaxis () ->SetTitlesize (20);
hR[i]->GetYaxis () ->SetTitleront (43);
BR[1]->GetYaxis () ->SetTitleOffset (1.55);
BR[1]->GetYaxis () ->SetLabelFont (43) ;
BR[1]->GetYaxis () ->SetLabelSize (15) ;

// X axis ratio plot settings
BR[1]->GetXaxis () ->SetTitleSize (20);
BR[1]->GetXaxis () ->SetTitleFont (43);
BR[i]->GetXaxis () ->SetTitleOffset (4.);
hR([1]->GetXaxis () ->SetLabelFont (43);
hR[1])->GetXaxis () ->SetLabelSize (15);

)

// Draw horizontal line
const double ymax = 1.0;
Line = st

Line->SetLineColor (15) ;
line->SetLineWidth (2.0) ;
Line->Draw();

make_shared<ILine> (minvall_,

// in pixel (precision 3)

// in pixel (precision 3)

ymax, maxvall_, ymax);

Vi
// Remove x-axis of UPPER PLO
h[0]->GetXaxis () ->SetLabeloffset (999) ;
h[0]->GetXaxis () ->SetLabelSize (0);

} // RaTIOPLOT

// Give y-axis title some offset to avoid overlapping
hI0]->GetYaxis () ->SetTitle0ffset (1.45);

559
// Create output directory if it does not exist
aux: :CreateDirectory (fullpath) ;

77 save par
string fallfile - fallpath ¢ name_ + .pdf’;
566 co-Savens (Burifile o str )]
567:

s68: 7/ Save logscate ot
569 if (MINVAL > {

570: padi- >cd(7—>setLog‘/Hv // pad2 becomes the current
571 fullfile = fullpath + name_ + "_logy" + ".pdf’;

572 0. 5aveds (fullfile.c_str();

593 )

574

575:  if (RATIOPLOT)
// Remove histograms
for (const auto &i : indices(hR)) (
delete hxP(i);
delete hRIi];

)
delete hx0;
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// Eikonal density and screening class

a
7/ (¢) 2017-2020 Mikael Miesk
// Licensed under the MIT License <http://opensource.o.

#include <vector>

/ owun
#include "Graniitti/MAux.h"
"Graniitti/MEikonal.h"
#include "Graniitti/MForm.h:
#include "Graniitti/MMath

: #include "Graniitti/MPDG.h
#include "Graniitti/MTimer.h"

#include

// Libraries
#include "extmath.hpp"
: #include "json.hpp
#include "rang.hpp"”

// Return total, elastic, inelastic cross sections

void MEikonal::GetTotXs (double &tot,

/ Construct density and amplitude
: void MEikonal::$3Constructor (double s_in, const

bool onlydensity,
S3Constructor: "

std::icout << "MEikonal

// This first
Numerics.ReadParameters () ;

// override
if (NumberBT > 0)
if (NumberkT2 > 0)

{ Numerics.NumberBT = NumberBT;
{ Numerics.NumberkT2

// Mandelstan s and initial state

INITIALSTATE - initialstate_in;

std: :vector<gr:
int NumberBT, int NumberkT2)
td: sen

with numbers

pad

-org/licenses/MIT> .

double sel, double §in) const {

ticle> sinitialstate_in,
[

dli

}

NumberKT2; }

Vi
// Calculate hash based on all free variables ->

// calculate new densities

// Proton density

if something changed,

const std::istring hstr = std:ito_string(s) +
std::to_st

hash - gra

const unsigned long
std:istring  filename = gra

const.

// Try to read pre-calculate
bool ok = MBT.ReadArray (filename);

tring (INITIALSTATE (1] .pdg)

Numerics.GetHashString();

djb2hash (hstr) ;

ux: :GetBasePath (2)

std::to_string (INITIALSTATE(0] .pdg) +
to_string (INITIALSTATE(1] .pdg) +

oString (msqrt (s), 0) +

std::cout << "Initializing <eikonal density> array
MET.sqrts = meqrt(s); /7 FIRST THIS
MBT.Set (" ics.MinBT, Numerics.MaxBT, Numerics.NumberBT, M 1ogBT) ;
VBT Tnitareay O 0/ Tnitiatize (eall instl)
std::to_string (INITIALSTATE[0].pdg) + "_" +

+ PARAM_SOFT: :GetHashString ()

+ "/eikonal/" + "MBT_" +

to_string (hash) ;
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while (1ok) ( // Problem, re-calculate s/
// Fointer o menber function: Returniype Va
// (ClassIype:: <) (ParaneterIypes.
:complex<double> (MEikona:

L4 double) const = sHELkona
SSCalculaLeArraymET, i

MBT.WriteArray (filename, true);
ok = MBT.ReadArray (filename);
}

// For eikonalization see:

S3ensity; // [REFERENCE: Desgrolard, Giffon, Martynov, Predazzi, arxiv.org/abs/hep-ph/9907451v2]

: // [REFERENCE: Desgrolard, Giffon, Martynov, Predazzi, arxiv.org/abs/hep-ph/0001143]
Va

a

ome discussion about Odderon versus Pomeron,

i // [REFERENCE: Ewerz, Maniatis, Nachtmann,
7’
// Calculate cross sections

(is fast)
s3calexs();

arxiv.ors/abe/1303.3478)

std: :complex<double> MEikonal

// Discretization o

const double kt_STEP
I

// Init cut Pomerons (is fast)

3Density (double bt) const {
s3InitCutPomerons ()

IntegralliaxkT - Numerics.FBIntegrallinKT) / N FBIntegraln;
VAR
// Amplitude st 20w FBInt
if (onlydensity t
std::cout nitializing <eikonal amplitude> array:" << std::endl;

N+ 1, 0.0);
/7 FIRST THIS

// Initial state configuration [NOT IMPLEMENTED
// P

MSA.sqrts = msqrt (s);

MSA.Set ("kt2", Numeri

= SAME FOR pp and ppbar]
if (INITIALSTATE(0].pdg == PDG::PDG_p 66 INITIALSTATE[1].pdg == EDG::PDG_P) (
; 12, W NumberKT2, Numerics.logKT2); / 18D
WA Tnitheray 07 ) nitiaize (eats Tasel)
) else if ((INIEIALSTATE(D).pdg - PDG::20G p s INITZALSTATE[L) .pdg - -20G::505 ) ||
const std:istring hstr = std:ito_string(s string (INITIALSTATE[0] .pdg) + (INITIALSTATE (0] .pdg ==
td: to_string (INITIALSTATE [1].pdg) + PARAM_SOFT::GetHashString() +
)lumerxcs GetHashString();

DG_p && INITIALSTATE(1].pdg

DG_p))
7/ 8D
)
const unsigned long hash

gra
const std::string

filename = gra:
sta.

::djb2hash (hstr) ;
ux: 1GetBasePath (2) + "/eikonal/" +
to_string (INITIALSTATE[0] .pdg) + '
to_string (INITIALSTATE(1] .pdg) + '

oString (msqrt (s), 0) + "'

// Loop over
for (const auto &i : indices(f)) {
const double kt = Numerics.FBIntegralMinKT + i * kt_STEP;

Rt

Catassto _string (hash) ;
// Try to read pre-calculated

// Negative,
bool ok = MSA.ReadArray (filename);

with Mandelstam t "= -kt"2
const doubl

= —gra::math::pow2 (kt) ;
while (lok) ( // Problem, re-calculate
// Pointer to member function: Returniype

7 Fomezon exchange (positive signatur
td: :complex
// (Classtype:: ) (pazaneterTypes.

x<double> A = Singl

hmpElastic(s, €, 1)

// odderon exchange (negative signature)
if (PARAM_SOF RON_ON == true) { A += SingleAmpElastic(s, t, -1); |
std: :complex<double> (MEi 14 (double) const - HEikonal::S3screening;
s3calculatehrray (MSA, f7; // value
MSA.WriteArray (filename, true); A EESSI0 (bt - kt)
ok = MSA.ReadArray (filename); A cyl_bessel_3(0, bt * kt) * kt; // c++17, slow
}
) v (2pi from Bessel phi-. 1ntegral] /L (2piae2) 2porourier factor) * s )
// Tag it done const double FACTOR = 1 / (2
S3INIT = true;
) ::CSIntegral (£, kt_STEP) * FACTOR;
// single elastic-pp Pomeron (0dderon) exchange amplitude
7 // Calculate eikonalized elastic screening amplitude: A_eik(s,t=-kt"2)
// This is used within eikonalization procedure i // in kt"2 space via bt-space Fourier-sessel integ:
Vi
e 7
al: double t, int type) ( MEikonal::
37 Srocon fomm factors Icould b here. extended to multichannel)
const double F_i )7
const double F_k = gr:

(double kt2) const (
// Local discretizati

const double STEP = (Numerics.MaxBT - Numerics.MinBT)
oo ©);
// Pomeron trajectory alpha(t),

/ Numerics.FBIntegrall;
const double alpha P =

st do = gra::imath::msqrt (kt2);
the same for Odderon stdz.vec\:or<std..complex<dou.ble>> Evamorics, FBIntegralN + 1,
gra::form: :S3PomAlpha (t);

// Pomeron exchange amplitu

// [Regge signature x Proton Form Factor x coupling x Proton
// Form Factor x coupling x Propas

const double s0 = 1.0;

0.0);

(b_t) space
for (const auto &i : indices(f))

b
ator

// Mumerical integral loop over impact parameter
[
N t = Numerics.MinBT + i * STER;
const std::complex<double> Omega = MBT.InterpolatelD (bt);
/ Typical (normalization) scale GeV"{-2}
if (type

return gre

/ I. STANDARD EIKONAL APPROXIMATION
b L7 pomeron (Coeven) const std::complex<double> A = gra::math::zi *
e

* F_i * F_k * gra::form::ReggeEta(alpha_p, 1) *

) else it (type == -1
return gra::math::pow2 (PARAM_SOFT::gN_0) * F_i * F_k * gra::form::ReggeBta(alpha_P, -1) *
std:zpow(s / s0, alpha_P);
)

(1.0 - std:iexp(gra:imathiizi * Omega / 2.0))
£11) = A ¥ BESSI0(X ¢ ke) * bt;
/7 Eli] = A sicyl_bessel_j(0, bt * kt)

" bt; [/ o++17, slow
V) sesaet phi- integral factor
Chrow std:: invalid_argunent ("MEikonsl:

const double FACTOR =
:SingleAmpElastic

Unknown input type
o_string (type));

// Mumerical integrati.
return (2.0 * s) * FACTOR * gra::mat
)

cSIntegral(f, STEP);

/7 broten be-density onega(s,b_t) by Fourler-bessel xansforn of the t-density
166: // see

// Calculate screened total, elastic and inelastic cross sections
// in the eikonal model
%
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a

= \int_0"\inf \int_0%{2\pi} r dr d\theta f(r, \theta)
2\pi \int_0"\inf £(r) r d
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// Composite Simpson’s rule, real is taken for Ci+ reasons in order to
// be able to substitute into double

real(gra:

1
cout << "MEikonal:

imath: CIIntegral (£_tot, STER)) * PDG::Gevzbarn;
{ ath::CSIntegral (f_el, STEP)) * PO v2barn;
:S3Calexs: << std:iendl << std::endl; h::CSIntegral (f_in, STEP)) * PDG::GeV2barn;
// cross check

// Local discretization
const unsigned int N =
const double

sigma_tot - sigma_el;

i // even numbe: // comments for the "multichannel” formalism [next version]
Srer - (numoticn Haxon < Nemesics inoT) / i

// Total cross section
// Two channel eikonal eigenvalue solutions obtained via symbolic 77 exen (-omega (3.1) /2))
// calculation see e.g. std::icout << "Si.
a Printf(" Total xs

24\ine @°2b sum_ik |a_i|~2|ak|*2 (1 -
Khoze, Martin, Rys
Roenr,

in, arxiv.org/abs/hep-ph/0007359v2]
inspirehep.net/record/1351489/Fi1es/Thesis-2014-Roehr . pdf] // Elastic cross section:
P/ et (-omega (5,5)/2))°2
// Unitary transformation matrix printf (" Elasti.
const Matrix<dowble> cc = ((1, 1, 1, 1),  // pp
-1,1,1, -1, // pu

sle Channel Bikonel:” << o
s

d:rend
mb \n", lel“Ltnt * lE37r
\int @°2b (sum_ik |a_i|~2|a_k|~2 (1 -

%0.3f mb \n", sigma_el * 1E3);

// Inelastic cross section: \int d*2b sum ik |a_i|~2|a k|*2 (1 -
7/ exp* (~omega (3,) /2))
L S I TR Printf(" Inelastic xe: $0.3fmb \n\n", sigma_inel * 1£3);
// Eigenvalues
const std::vector<double> lambda = { const double sigma_el 2 = IC * std::real(gra:imath::CSIntegral (£ 2(0], SIEP)) * PDG::Gevbarn;
gra:imath:ipowz (1.0 - PARAM_SOFT::gamma), 0w (1.0 + AR SOFT: gamma). Const double sigma_sd a - IC ¢ std:ireal(gra: imath: CSIntegral(2(1], STEE)) + BDG:.GevVabarn;
1.0 - gra::imath::pow2 (PARAM_SOFT: w2 (PARAM_SOFT: :gamma) | ; const double sigma_sd b = IC * std::real(gra::imath::CSIntegral (£ 2[2], STEP)) * PDG::Gevbarn;
Yz const double sigma_dd IC * st real(gra::math::CSIntegral (£ 2[3], STEP)) * PDG::GeV2barn;
// N#1 // Scale
std::vector<std::complex<double>> f_tot (N + 1, 0.0); const double kappa = sigma_el / sigma_el_2;
st complex<double>> f_el (N + 1, 0.0);
std: :vector<std: :complex<double>> £ in(N + 1, 0.0); < "Two Channel normalized to Single Channel [PROTOTEST]" <<
i printf("Calculated k = <ell>/<el2> = %0.3f \n", kappa);
// Two-channel eikonal, N+1!
st i £204, signa_diff[0] = signa_el 2 * kappa * 183;
std:ivector<std: :complex<double>> (N + 1, 0.0)); sigma_diff(1] = sigma_sd_a * kappa * 1E3;
sigma_diff(2] = sigma_sd b * kappa * 1E3;
// Mumerical integral loop over impact parameter (b_t) space sigma_diff[3] = signa_dd * kappa * 1E3;
for (const auto &i : indices(f_tot)) (
nst double bt = Numerics.MinBT + i * STEP; printf(" pp
// calculate density

xs: $0.3f mb \n", s:
Printf (" pN* xs: %0.3f mb \n", sigma_

Printf (" N*p xs
Omega = MBT.InterpolatelD (bt); Printf (" NNt xs
)

const std:

_dif£[0]);
1££(1]);
50.3f mb \n", sigma_diff(2]);
$0.3f mb \n\n", sigma_diff[3]);

// Single-Channel eikonal

/ calculate interpolation ar
// Elastic amplitude A_el(s,b)

375) void MELkonal: S3Calculateneray (1ArraylD sazr, stdssconplexcdouble> (MELkonal::*f) (dovble) const) |
380:  std::icout << "MEikonal::S3Calculatehrray:" << std::endl;
const std::complex<double> A_el = gra::math::zi exp(gra:imath:izi * Omega / 2.0)); futures; // std:
MTimer
// TOTAL: 2.0 ¢ In Ael(s,b)
£tot[i] = 2.0 * std::imag(A_el);

::async return values

timer (zrue) ;

// ELASTIC: |a_el(s,b)|"2
gra

// Loop over discretized variable
£ elli]

for (st et i = 0; i < arr.F.size_row(); ++i) {
const double a = arr.MIN + i + arr.STEP;
math::abs2 (Ael); arr.E(d) () as
[/ IuEaSTIC: 2in Aclisib) - |aeliaib| 2 Transforn input to linear if log stepping, for the function
ings) - 2. maq(Ael) - gratimathiisbaz(hel); const double var = (arr.islog) 7 std::exp(a) : a7
z
gra (1 / static_c
7)) tro-channel ikonal sotucions for ppo>p (p (%)
const. std: svector<std:

(are.N + 1))

sync, £, this, var));
lex<double>> sol =

1.0 - std:zexp 1gxa::ma(h i * lambda[0] * Omega / 2.0),

i * lambda(l] * Omega / 2.0),
i * lambdal2] * Omega / 2.0,
i lambda[3] * Omega / 2.0)};

Fiturcs puch_hack (sta: sasyne (st

Taunch

learprogress();
std::icout << std::endl;
Printf("- Time elapsed.

%0.1f sec \n\n', timer.ElapsedSec());
// Retrieve std::async valu

for (const auto &i : indices(futures))
)

for (std:isize_t k = 0;
// Amplitude squared
£20k) (4] = o

Ko< 4 ) 0

(arr.Fli]1¥] = futures(il.gec(); )
math: :abs2 ( 403: // Wirite the array to a file
(s0110] * cclk][0] + soll1] * celk][1] + sol[2] * cclk](2] + sol(3] * celk][3]1) / 4.0); std::string 6fil bool const {
£2(KI[4] *= bt; // Jacobian // Do not write if file exists already
)
// Jacobian

Filemxist (filenane)

£tot[i] *= bt;
£elli] *= bt;
£in(i] *= bt;

write)
T ound pre-caloulateds << std

ofstrean file;
file.open (filename);
if (ifile.is_open())

tring

// 2D-Integral factor
const double IC = 2.0 * gra

"1 1D::WriteArray: Fatal IO-error with: " + filename;
Chrow sta::invalid_argunent (st s




./src/MEikonal.cc /7
"$s = §0.3f [%0.3f, $0.3£] \n*,
name.c_str(), a, MIN, MAX);
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name.c_str(),

Out of grid domain");

MTimer timer (true);
cout << "IArraylD::WriteArray
unsigned int line_number throw std::invalid_argument ("InterpolatelD
)
int i = std::floor((a - MIN) / STEP);

// Int needed for this, instead of unsigned int

£ 1= 0; i< F.size_rou(); ++i) {
// We got N+l elements in

{{ Boundary protestion
if (L<0) ( 0}

// Write to file
file << std:isetprecision(15) << std::real(F[i][X]) << ", << std:ireal(F[i][¥]) << ",
imag(F[i][¥]) << std N b LN
/7y = g0 + (x - x0)*[(yl - y0)/(x1 - x0)
L i+ @ e e e et /e s e - e

++1ine_number;
)

// Calculate the number of cut soft Pomerons for the inelastic

) cateh (...)
"+ filename + " at line

throw std:

«
invalid_argument ("IArraylD:WriteArray: Error in file
std::to_string (line_number));

)
7
void MEikonal::S3Inteoutbomarons ) |
ut [PROTOTEST] " << std::endl;

Printf("Time elapsed %0.1f sec \n", timer.ElapsedSec());
file.close(); std: 3InitCutPomerons
return true;

// Mumerical space
const double ST / Numerics.NumberBT;
P_array = s

integral loop over impact parameter (b_t)
5P

Numerics.MaxBT - Numerics.MinBT)
NumberBT + 1, 0.0));

t < Jumerdcs NumbersT ¢ 17 +13) {

for (std. 0 3
const double bt = Numerics.MinBT +
const double XI = std: :imag (MBT. Interpo]acelbkbt)).

// Read the array from a file
ay1D: std::string &fil )t

: boo Tazxa

ifstream file;

it open (£ilename) ;

if (1file.is_open()) (

tring str = "IArraylD::ReadArray: Fatal TO-error with
return false;

)

stdiistring line;

unsigned int fills = 0;
st

// Poisson probabilities P_m(bt)

"+ filename;
for (std::size_t m m < MCUT; +m) {

exp(-2 * XI);

td::pow(2 * XI, m) / gra::math::factorial(m) * std:
Poarray (Rl (3] = bm + Bti /) she Erom jacobian \int doip

cout << "IArraylD::ReadArray
unsigned line_number

)
// Impact parameter <bt> average probabilities
P_cut.resize (MCUT, 0.0);

for (stdiisize_t m = 0; m < MCUT; ++m) {
smath:: STEP) / (Numerics.MaxBT - Numerics.MinBT);
€ (m]) ;

try (

for (st

) read evesy. Line trom the steeam
getline(file, line);

i< F.size_row(); ++i) {

~" << std::endl,
coumalate (beut begin(), P_cut.end(), 0.0));

istringstream stream(line);
)
std::icout << "

vector<double> columns (3, 0.0);

string element;
Printf("B_cut [SUM |
{/ Get every lins element (3 of them) ssparated by separator
int k = 0; // Calculate zero-truncated average
while (getline (stream, element, ',")) { double avg = 0;
columns[k] = std::stod(element); // string to double for (std:isize t m = 1; m < P_cut.size(); +tm) { avg += m * P_cutlml; }
Printf ("<p_cut(m>0]> = $0.2¢ \n\n', ava);

)

P
++£ills;
}
FLi][X] = columns[0]; ) // namespace gra
FLil (Y] omplex<double> (columns[1], columns(2]);

++Lline_number;

"+ filename + " at line " +

«
invalid_argument ("IArraylD:ReadArray: Error in file
std::to_string(line_number));

)
file.close();

if (fills 1= 3 % (N + 1)) {

tring str = "Corrupted file
out << str << std::endl;
return false;

"+ filename;

st ut << rang:ifgiigreen << [DONE]" << rang

return true;

)
// Standard 1D-linear interpolation
77

1 lateld (double a) const (

td. TArrayld
const double EPS = le-5;
(@ < MIN) { a = MIN; }

// Truncate before (possible) logarithm

// Logarithmic stepping or not
if (islog) { a = std::log(a); }

if (a > MAX % (14 EPS)) {
printf(
"IArraylD

InterpolatelD(¥s) Input out of grid domain
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// Collinear parton model 2->2 or (2->N) type phase space class ProcPtr.LIPSDIM = 2; // All processes

(remnant) considerations
// Not applicable here

// if (EXCITATION == 1) ( ProcPtr.LIPSDIM += 1; |
// if (EXCITATION == 2) { ProcPtr.LIPSDIM += 2; }

7/ for calculations without proton
a

/7 (¢) 2017-2020 Mikael Mieskolainen
// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

No screening loop kinematics
: bool MParton:
3:  return false;

considered here
std: plp, const std:: &p2p) {

7/ o
#include <algorithm>
#include <complex>
#include <iostream>
#include <random>
#include <vector>

{/ Return donte Carlo integrand weight
: double MParton: : srandvec, AuxIntData &aux) (
8

double W = 0.0;

// own
// Kinematics and cuts
aux.kinematics_ok = B2RandomKin (randvec);
aux. £ideuts_ok FiducialCuts();
aux.vetocuts_ok Vetocuts ();

5
2
£
8
g
g
H
:
g
g
H
H
§

if (aux.valid()) {
b / Matrix element squared
#include "Graniitti/MUserCuts.h" Const double MatESq - Gathmp2 ();
// Calculate central system Phase Space volume
double exact
Decayiidthes (exact) ;
1ts.DW_sum_exact .Add (gr:

// Libraries
aux.vegasweight) ;

#include "rang.hpp"
MCH (exact, pow? (exact), 1),

Kinematics

// Add to the integral sum and take into account the VEGAS weight

1ts.DW_sum.Add (1ts.DW, aux.vegasweight);

double C_space

// We have some legs in the central system

if (lts.decaytree.size() != 0 & lts.PS_active) {
C_space = lts.DW.Integral();

77
// Cascade resonances phase-space
C_space *= CascadePs();

BDG: :GeV2barn;

// ** EVENT WEIGHT **

W = C_space * (1.0 / S_factor) * MatESQ * B2Int. O * Gevzbarn /
MollerFlux();

namespace gra {
This is needed by construction

MParton::MParton() { Initialize(); }

1Volume ()

Onecp> &syntax) )

{2 constructar
sMParton (std
ritiaiiee0;
InitHistograms();
SetProcess (process, syntax);

const std::vector<aux:

string process,
CheckInfNan () ;

aux.amplitude_ok

// As the last STEP: Histograms
// if (laux.burn_in_mode) (
const double totalweight = W * aux.vegasweight;

// Init final states
FillHistograms (totalweight, 1ts);

Mavec zerovec(0, 0, 0, 0);

for (stdiisize t i = 0; i < 10; ++i) ( lts.pfinal.push_back(zerovec); }

std::cout << "MParton:: [Constructor done]” << std::endl; 2
return W;

void MRart

const std::vector<std
cp // Fiducial cu

bool MPart

nitialize() {
"yy_pE");

tring> supported y_LUX",
lcuts() const { return CommonCuts(); }

MSubProc (supported, CID);
// Record event

: bool MParton: :EventRecord (HepMC3::GenEvent &evt) | return CommonRecord(evt); }

Procper

PrintInit (bool silent) comst {

// pestructor

: MParton:: MParton() {}
void MParto

if (isilent)
PrintSetup();

// Initialize cut and process spesific postsetup
post. Constructor ) (

/7 Gonstruce prectyprint diagran
td:istring proton
tring proton2

Hes pore only smqie resonances
L& (ts.ResonavcEs. size() 1= 1)
»

single resonance supported for this

post_Constructor: onl
(RESPARAM. size () != 1)
nvalid_argument (str);

Je
if (BXCITATION
F2-XXRXRRARE> ]

1
protonl

2)
protonl
protonz

;
if (BXCITATION
F2- s ;.

EER——

{/ Set sampling boundaries
(geuts, ;

// Initialize phase space
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// Kinematic checks

// Total 4-momentum conservation

{ return false; )

if (1CheckEMC (beamsum - (lts.pfinalll] + lts.pfinal0])))

+ lts.pfinalf2]

<std::string> feynmangraph;

Eeynmangeaph = (1]

/{ prine diagran
<< protonl << std: 1; Vi
&i : indices(feynmangraph)) ( // Central system decay tree first branch kinematics set up here, the
if (SCREENING) { // Put red // rest is done recursively
std::cout << rang::fg:ired << %% " << rang::style::reset;
} else { // Mother mass
" << rang::style::reset; std: :vector<double> masses;

ed <<

std::icout << rang::fg

}

std::cout << feynmangraph(i] << std::endl; // collect decay product masses
for (const auto &i : indices(lts.decaytree)

<< proton2 << std::endl; // 86 Note, we need to take offshell masses here @@

<< std masses.push_back (ts.decaytree[i].m_offshell)

<< std

<< rang

<< std

)
std::vector<Mivec> products;

a1;

style::reset << std::endl

(generic),

endl;
::style:tbold << "Generation cuts

// false if amplitude has dependence on the final state leg:
// true if amplitude is a function of central system kinematics only (limited)

const bool UNWEIGHT = !lts.PS_active;

endl;

<< "~ None (full x1,x2 range in use)" <<

LiMCW w;

PrintriducialCuts();

it ats. decaytree.sizel) == 2) (
w TwoBodyPhaseSpace (1ts.pfinal[0], lts.pfinal[0].M(), masses, products,
random) ;

)
([ ginensional phase space vector initialization gra::kinematics
td srandvec) {
randvec(0]; // 3-body
randvec([1]; ) else if (lts.decaytree.size() == 3) {
w = gra::k tics::T final(0], 1ts.pfinal(0).M(), masses, products,
const unsigned int MAXTRIAL = led; UNWEIGHT, random);
unsigned int trials = 0; // N-body
) else if (lts.decaytree.size() > 3) (
= gra: tics:: P £inal[0], 1ts.pfinall0].M(), masses, products,
UNWEIGHT, random) ;

while (true) {
uble M_sum = 0.0;
// Pick daughter masses )
4
if (w.GetW() < 0) (
return false; // Kinematically impossible

for (const auto &i : indices(lts.decaytree)) {
GetOffshellMass (lts.decaytree[i], lts.decaytree[i].m offshell);
M_sum 4= lts.decaytree[i].m offshell;

lts.DW = w;

// collect decay products

const unsigned int offset = 3;

for (const auto ol : indices (lts.decayizee)) (
1ts.decaytree[i].p: products(il;
lts.pfinalli + otfaet) products[il;

)

"

if (x1 * x2 * lts.s > pow2 (M_sum)) ( break; ) // kinematics possible

++trials;
if (trials > MAXTRIAL) {

return false; // Impossible given daughter masses and this x1 and x2 value

// Treat decaytree recursively

© indices (lts.decaytree)) (

)
return B2BuildKin(xl, x2); for (const auto &l :
if i 1 i1)) { return false; }
)
// Build kinematics for 2 -> 1 x 1 -» N collinear
bool MParton: :B2BuildKin(double x1, doubl: 7
static const MiVec beamsum = lts.pbeaml + lts.pbeam2; // Check that we are above mass threshold —> not necessary, this is
// done in mass sampling function
// We-work in CMS-frame const unsigned int Nf = lts.decaytree.size() + 2;
return GetlorentzScalars (Nf);
[{ Initial state collinear (pt=0) and massless (n=0) parton 4-nonentun )
MdVec ql(0, 0, x1 * lts.sqrt_s / 2.0, x1 * lts.sart_s / 2.0);
Mivec q2(0, 0, -x2 * les.sqrt_s / 2.0, x2 * lts.sqre_s / 2.0); [/ Calculate puze Phase Space Decay wideh (Volune)
void ecayWidthPs (double Gexact) const {
7 exact —
// tow boost if asymmetric beams // Massive exact closed form for 2-body case
if (std::abs (beamsum.Pz()) > le-6) if (lts.decaytres.size() ==
constexpr int sign = 1; // positive -» boost to the lab exact = gra:: : (1ts.m2, pow2( 101.p4.M0),
Kinematics: :LorentzBoost (beamsum, 1ts.sart_s, ql, sign); pou2 (1ts.decaytree(1].p4.M()));
kinematics::LorentzBoost (beamsum, lts.sqrt_s, a2, sign); )
) // Massless case
” i Uts.decayeree.size() > 2) (
exact = gr. :PSnMassless (1ts.n2, 1ts.d size());

1ts.pbeaml - ql; // Remnant
1ts.pbeam - q2; // Remnant
// system

Mavec pl
mavec p2
Mvec pX = gl + q2;

// 2-Dim Integral Volu
Gouble Mparton: :B2IntegralVolume () const ( return 1.0 )

// 2-Dim phase space weight
i

// save
: double MParton::B2PhaseSpaceWeight () const | return 1.0;

lts.pfinal(l] = pl;
lts.pfinal(2] = p2;
lts.pfinal[0] = pX; // Central system

) // namespace gra

Va
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1

v
// Test the normalization
auto fsum = (] (const std::vector<double>s x) (

double value = 0.0;

for (stdiisize t i = 0; i < x.size(); ++i) ( value += x[i]; }

return value;

// optimal Transport Algorithms
a

/7 (¢) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

const double £PS = -5,
£ (st

#include <complex>
#include <iostream>
#include <randor
#include <vector> Input p elements sum != 1;
throw std::invalid_argument (str);
// own
#include "Graniitti/MMatOper.h" if (std::abs(fsum(q) - 1) > EPS)
const std::string str = "SinkHorn:: Input q elements sum = 17;
throw std::invalid_argument (str);

16: #include "Graniitti/MMath.h"
17: #include "Graniitti/MMatrix.h"
Graniitti/MTransport.h"

V4

18: #include
19
20: // Eigen
21: #include <Eigen/Dense> const stariatzet n = Kosizeon()s
22 const. st. t m = K.size_col();
23: namespace gra {
// Transposed version
M¥atrix<double> KT = K.Transpose();

24: namespace opt (
25:
26:
i // Imputi n, m  Kernel dimensions // Initialization
Vanbda, Entropic regularization st // 1o need for initialization
V7
Lol iont-al

Convolution kernel matrix
vector<double> ones_p(m, 1.0);

Sl piv1-p
ca:
vector<dounles ones_q(n, 1.0);

a
/7 output: K (n x m

:size_t n, std::size_t m, double lambda, MMatrix<double>s K) {
linspace (0.0, n - 1.0, n);
-0

: voxd ConvKernel (std:
vector<double> x
mteperuscalevec\'.ot(x, o

4] (conse wmistrixcdouneni P4
const std::vector<double> lhs one:
for (std:isizet i 1 <heisize0s ey ( value +=

return value;

auto resnorm_p =
double

bs (1hs(i] - pLil); ]

m - 1.0, m;

sta redouble> y = math:
matopars Scalevectar(y, 1.0/ (m-

Linspace (0.0,
1.00);

MMatrix<double> X;
MMatrix<double> ¥,
matoper::MeshGrid(x, v, X, ¥);

[6] (const MMatrix<double>s PiT) {
value = 0.0;

ector<double> lhs PiT * ones_

size_t i = 0; i < lhs.size(); ++i)

auto resnorm_g =

bs (Lhs(i) - qlil); }

TV vatue += sea

// Convolution matrix

@)

lambda,  Entropic regularization
(n x m), Cost matrix

// Input:
Vi
Vi MMatrix<double> PiT;
/7 output: K (n x m) Giibs (Gausaian convolution) kernel matrix
for (stdiisize_t k = 0; k < iter; ++k) {
const std::vector<double> Kv = K * v; // >= 0
/ std::max(SAFE_EPS, Kv(il); }

444 Gibbaxesnel double Lanbds, const Mstcix<doublest C, WMatrixcdoublers K {
// Gibbs Kernel: Entropy regularized distance matrix for (std:isize t i = 0; i <n; ++) { uli] = p(i]
- Matrix<double (C sizo_rou(), C-sizocol()):
const std: ivector<double> KTu = KT * u; // >= 0
(st i <mp ++i) { vIi] = qli] / std::max (SAFE_EPS, KTulil); }

for (std:isize t i = 0; i < C.size_row(); ++i)
for 0; 3 < C.size_col(); ++]J { K[41[3) = std::exp(-C[1][3] / lambda); }

iter - 1) (

// Calculate metrics
i€ ((k+ 1) % (iter /10) =0 || k=0 || k
// Transport coupling matrix
- ::diaghdiag(u, K, v);
PiT = Pi.Transpose();

// Sinkhorn-Knopp non-linear but convex optimization algorithm

7/ Input:
a
// Kernel matrix between elements of p and q (n x m) // Transport cost
// Probability density p (histogram / dirac point mass) (n x 1) with \sum = 1 p_cost = resnorm p(Pi);
// Probability density q (histogram / dirac point mass) (m x 1)  with \sum = 1 q_cost = resnorm_q(eiT);
// Iterations (scalar)
77 printf(
/7 output: "iter = ¥4lu / %4lu : p_cost = %0.5E, log(p_cost) = %4.1f, g cost = $0.5E, log(q_cost)
v "34.1€ \nv,
// optimal Transport Matrix Pi (n x m) K + 1, iter, p_cost, std::log(p_cost), g cost, std::log(g cost));
// bistance measure (scalar) )
Va )
double i, const K, std:: ®
return p_cost;

::ivector<double>: q, std:
const double SAFE_EPS ;

—64;

) // namespace opt

SinkHorn optimization:"

std::icout << "opt
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167
168

)

// namespace gra
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complex<double>> (4, 0.0));

// Madgraph
const double alpha_s = lts.GlobalSudakovPtr->AlphaS_2 (1ts.s_hat);
AMPMG5_gg_gg.CalcAmp2 (1ts, alpha_s);

// Amplitude evaluated outside the Qt-loop (approximation)
Dgg2gg (1ts, Amp);

// Run lo
“eturn DQtloop (1ts, Amp) s

// agbar continuum
else if (process == "qab «
// [Final state hel;cx[zes/polarzzstxons x 4 initial state helicities]
Amp (4,
std::vector<std: :complex<double>> (4, 0.0));

Je
// Madgraph

const double alpha_s = lts.GlobalSudakovPtr—>Alphas_02(1ts.s_hat);
AmpMGS_gg_uubar . CalcAnp2 (1ts, alpha_s)

*/

// Amplitude evaluated outside the Qt-loop (approximation)
Dgg2qabar (1ts, Amp);

// Run loop
return DQtloop(its, Amp);

// Meson pair continuum

) else if (process == "avbar")
// [Pinal state helicities/polarizations x 4 initial state helicities]
std:: : : Am

std::vector<stds: :complex<double>> (4, 0.0));

// Amplitude evaluated outside the Qt-loop (approximation)
Dgg2Mibar (1ts, Amp);

// Run 1
return DQtloop(lts, Amp);

// chic(0) resonance
else if (pro "ehic(0)") {
7/ frinal Srace helicities/polarizations x 4 initial state helicities)
td: Amp (1,
std::vector<std: :complex<double>>(4, 0.0));

7/ pmplitude evalusted outside the Ot-loop (approxination)
r<double> null;
nggzcmcnucs, Amp, null, null);

// Run 1
return DQtloop(lts, Amp);

// Flux with |a| =1
else if (process == "FLUX
/( [Final state hel)cx[zes/polarzzstxons x 4 initial state helicities]
ta: anp (1,
std::vector<std: :complex<double>> (4, 0.0));

// Initial state gluon helicity combinations,
// ++ and —- give contribution for 0+ state (see DHelProj function)
const double A = 1.0;

omplex<double>> is(d, 0.0);

is(pe)

// No polarization for the final state to loop over, only one index
Anpl0] = is;

// Rus
“atusn DOt loop (1ts, Amp);

Vi
Va
// Implement more processes here ...

Va
) else {

7: using math

: static const st
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// *Durham QCD’ Processes and Amplitudes
7

// (c) 2017-2020 Mikael Mieskolainen

// Licensed under the MIT License <http://opensource.org/licenses/MIT>.

/7 crr
#include <complex>

: #include <random>
#include <vector>

#include "Graniitti/MDurham.h"

#include "Graniitti/MSudakov.h"
// Libraries

#include "json.hpp"

#include "rang.hpp"

namespace gra {

: using PDG: :mp;
: using math::PI;

using math::msqrt;
owz;

using math;

// 2-body incoming or outgoing helicity combinations
// (keep it algebraic order to match with HadGraph)

// 2-body final state helicity configurations
diivector<int> f£s2 = (MM, MP, PM, PP};

// Central system J°P = 0%+, 0°=, +2°%, -2

enum SPINPARITY { 20, MO, P2, M2 }; // Implicit conversion to int

// Constructor

MDurham. ham (gra: : LORENTZSCALAR &lts, comst std::string modelfile) (
// @6 MULTITHREADING LOCK NEEDED FOR THE INITIALIZATION @0
gra:ig_mutex.lock();

// Not created
{6 TtsGronatsuaakovper

nullptr) { lts.GlobalSudakovPtr = new MSudakov(); )

// Not initialized

if (lts.GlobalSudakovPtr->initialized == false) {
ery (
1ts.GlobalSudakovPtr->Init (lts.sqrt_s, lts.LHAPDFSET, true);
} cateh (...) {
gra::g_mutex.unlock(); // need to release here, otherwise get infinite lock
throw;

)
if (tParam.initialized) {

try (
Paran.ReadParameters (modelfile) ;

} caten (.
gra::g_mutex.unlock(); // need to release here, otherwise get infinite lock

// Durham QCD / KMR model

7
// [REFERENCE: Pumplin, Phys.Rev.D 52 (1995)]
Kaidalov, Martin, Ryskin, Stirling, arxiv.org/abs/hep-ph/0507040]
Martin, Ryskin, arxiv.org/abs/hep-ph/0605113]

land-Lang, Khoze, Ryskin, Stirling, arxiv.org/abs/1005.0695]
// [REFERENCE: Harland-Lang, Khoze, Ryskin, arxiv.org/abs/1409.4785]
Va

LORENTZSCALAR &lts, const std

tring &process) (

std: i
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std::istring str = "MDurham::Durham: Unknown subprocess: " + process;

throw std::invalid_argument (str);

/) Helicity basis deconposicion

7 tn the forwara 1imit qlt=-qzt=-0c¢

// => gives gluon polarization vectors eps_l = -eps_2 => central system J_z = 0

V4

inline void MDurham: :DHelicity(const std::vector<double> &ql, const std::vector<double> &q2,
std::vector<std: :complex<double>> &JzP) const (

// component for readability

const unsigned int X = 0;
const unsigned int Y = 1,
// 1/2 qi_t dot q2_t

2P [PO] .5 % (qlIX] * Q2[X] + all¥] * q2[¥]);

/7 1/2 1 |al e x a2t
JzP[MO] = -0.5 * math::zi * st

abs (ql(X] * q2(¥] - qll¥] * q2(x]);

const double Re

*(qllX] * @2[X] - qllY] * q2[¥]);
const double Im Rt

=05
= 0.5 % (qL(X) * q2(¥) + ql(¥] * q2(x]);
/7 41/20 (xx - yy) + Llxy + yx) ]

J2P[P2] = Re + math:izi * Im;

/7 #1/2[ (xx = yy) - i(xy + yx) ]
JzP[M2] = Re - math::zi * Im

: // M_{\lambda_1, \lambda_2}

7/ ile. g(\lambda_1) g(\lambda_2) -> X (system) helicity amplitudes
7

/
// where lambdal, lambda2 are the initial state gluon helicities

// (REFERENCE: arxiv.org/abs/1405.0018v2, formula (20)]
4

vector<std: :complex<double>> &A,
vector<std: :complex<double>> &JzP) const

inline std::complex<double> MDurham::DHelProj(const st
const st

/7 Mgt} )
// (this term gives J_z"BC = 0%++ selection rule in the forward pt->0 limit)
const std::complex<double> aP0 = JzP[PO] * (A[PR] + A[MM]);

7/ M_{++)
const st * (A(PR) - ADMM));
7/ M_{=+}

const std::complex<double> aP2 = JzP[P2] * ADMP];

/ M_(+-)

const std::complex<double> ali2 = JzP(M2] * A[PM];

L5 a0 << srdziendl

// coherent sum!
return aP0 + aMO + aP2 + aM2;
)

// MADGRAPH HELICITY FORWAT [direct algebraic order]
const static int helicities[ncomb] [nexternal]

[
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(1, 1, 1, -1}, 14
(1, 1, 1, 1}); 15
*/
{/,Mrernative (semi-ad-hoo) scenarios for the scale choise
urham: :DScaleChoise (double qt2, double ql_2, double q2_2, double &Q1_2_scale,
double &02_2_scale) const {

inline void MD

Lo (Poram 2DE_seate -2 ) (
Qlzseate = starmin(atz, a2

Q2.
) else if (pazan-POF_scale
o cal. 2% ql2) /2.0;
(qtz + q2_2) / 2.0;

2.
) else {

throw std::invalid_argument ("MDurham::DScaleChoise optiont™);

Unknown ‘Durham: : PDF_scale’

)
.5867)
arxiv.org/abs/1405.0018v2]

// [REFERENCE: Khoze, Martin, Ryskin, 1
// [REFERENCE: Harland-Lang, Khoze, Martin, Ryskin, Stirling,
a

7/ see also:
// [REFERENCE: Lonnblad, zlebcik, arxiv.org/abs/1608.03765]
Vi

a
: // burham loop integral amplitude:
/78 = pin2 \int \frac(d"2 0.t Mlgg X)) (0_t02(0.¢~(p1t))"2(0-t1p_(261)2)

£g(x_1,x 17,012, \mu_2;¢_1)

Vi x
a £g(x_2,x.27,0.2"2, \mu_2;¢_2)
LORENTZSCALAR & its,
: amp) |
// Forvard (proton) syaten pt-vectors
const std: : Bt £inal[l].Px(), lts.pfinalll].Py()};
pt2 = {lts.pfinall2].Px(), lts.pfinal(2].Py()};

const std: :

a
7/ ** Process scale (Gev) / Sudakov suppression kt*2 integral upper bound **

const double MU = msqrt (1ts.s_hat / Param.alphas_scale);
7"

// Init 2D-simpson weight matrix (will be calculated only once, being
// static), C++11 handles multithreaded static initialization

const static MMatrix<double> WSimpson = math::Simpson38Weight2D (Param.N_qt, Param.N_phi);
// NOTE N + 1, init with zero!

4 for example for the gg —> gg process [initial states summed coherently]

// Amp.size
st

omplex<double>> (Param.N_qt + 1, Param.N_phi + 1, 0.0));

Amp.size(), MMatrix<std

7 Spinparit

vector<std: : complex<double>> JzP (4, 0.0);

// 2D-loop integral
i

= \int dphi \int dat gt [..

// \int @*2 \vec(qt} [.
V4

// Linearly discretized qt-loop, N+l!

for (std:isize_t i = 0; i < Param.N_gt + 1; ++i) {
const double qt = Param.qt_MIN + i * Param.qt_STEP;
const double qt2 = pow2(qt);

// Linearly dxscremzed phi in [0,2pi), N+1!
for (st 0; 3 < Param.N_phi + 1; ++3) (
onat double qphi = § @ param.phi_STEe;

Vi
// Loop vector
const std::vector<double> qt_ = (qt * std::cos(qphi), qt * std::sin(qphi)};

// Fusing gluon pt-vectors

const std::vector<double> ql = {qt_[0] - pt1[0], qe_[1] - pti[1]};
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void MDurhan: :DggZChicO (conet gra:

ahmp,
ot e vacror o len ST, Comet tas ectorcasubler §qt2) const. |
const double alpha_s = lts.GlobalSudakovPtr->Alpha$ 02 (1ts.s_hat / Param.alphas_scale);

const doubla gs2 = 4.0 ¥ PI* alphas; // coupling

const double K_NLO 68; // NLO correction
const double MO0 3ianirss // chi_c(0+) mass (Gev)
const double WO = 0.0108; // chi_c(0+) wideh (Gev)
const double NC = 3.0; // #eolors

/7 Gluonte wideh \Ganma(\chic (04) > gg), see references
x<double> A = K_NLO * 8.0 * math::zi * gs2 / MO * msqrt(0.075) / msqrt(PI * MO * NC);

// Apply Breit-Wigner propagator shape delta-function
A *= gra::form::deltaBiamp(lts.s_hat, MO, WO);

// Initial state gluon helicity combinations,
0+ state (see DHelProj function)

7/ ++ and — give contribution for
std: :vector<std: :complex<double>> is(4, 0.0);
is[vM] = A;
is(up] = 0;
is[eM] = 0;
is[eR] = A;

// Wo polarization for the final state to loop over, only one index

Amp (0]

Va
7: // g9 -> gg tree-level helicity amplitudes

Vi
// Basic result: d\hat{\sigma}/dt = 9/4 \pi \alpha_s"2 / E_T"4
Vi

// In pure gluon amplitudes: when gluon helicities are the same,

// or at most one is different from the rest, vanish for any n >= 4,
// where n is the total number of gluons (intout)

// [REFERENCE: Dixon, arxiv.org/abs/1310.5353v1]

(a,b) are in a color singlet state,

: // Note that incoming gluons
] has been applied

/ i.e., a =b or \delta“(ab} Tr [ .color algebra.

/7
: void Moushan: :Dag2gs (const. gra: :LORENTISCALAR ¢ 1es,
st )
const double alpha_s

samp)
"lts.Globalsudakovptr—>Alphas 02 (ts.s hat / Faram.alphas_scale);
[/ Vertex factor coupling, 922 = 4 pi alpha_s
uble norr .0 * alpha_s;

// color part
const double NC = 3.0;
o NC / msqrt(NC * NC - 1);

= lts.decaytree[0].pd.Phi();
stdszexp(-zi ;
td:zexp(zi * phi);

const doub: phi
const std::complex<double> negphase =
const std::complex<double> posphase =

const double aux0l = pow2(lts.s_hat) / (lts.u_hat * lts.t_hat);
const double aux23 = lts.u hat / 1ts.t_hat;

// We use natural binary order / Madgraph order here
vector<std: : complex<double>> dualAmp(16, 0.0);

{/ Loop over final state gluon pair helicity conbinations
for (st 0; h < fs2.size(); ++h)
st omplex<double>> 1514, 0.0);
)

:norm * aux0l; // = = ++
Vs

; R
is[ep] (£s2(h] == PP) ? norm * aux0l 0; /7 #4 =>4+
) else ir (geamn - e || se2tn) - W)
is(MM] = g
isee) = negphase * morm * ((£s2[h] == PM) ? 1 / aux23 : aux23); -+
is(PM] = posphase * norm * ((£s2[h] == PM) ? aux23 : 1 / aux23); -+

0;

./src/MDurham.cc

5/10
vector<double> g2 = (qt_[0] + pt2(0], qt_[1] + pt2(11};

const std::

vpow2 (q1) ;

const double ql 2 = mat
vpou2 (32) ;

const double q2_2 = mat

/7 Get fusing gluon spin-parity (2zF) components
/7 [q1,q2] => (0%4,0%-, -2n-]

DHelicity(ql, q2, JzB);

// ** Durham scale choise **
double g1_2_scale - 0.0;
double 02_2_scale = 0.0;
DscaleChoise (qt2, ql 2, q2_2, 01_2_scale, 02_2_scale);

// winimum scale cutoff
if (012 scale < Param.qe2 MIN || 02_2_scale < Param.qt2_MIN) | continue; )

Vi
// Get amplitude level pdfs

const double fg_1 = lts.GlobalSudakovPtr->fg xQ2M(lts.xl, Q1_2_scale, MU);
const double fg_2 = lts.GlobalSudakovPtr->fg x02M(lts.x2, Q2_2_scale, MU);

// Amplitude weight
2 : see original KMR papers: (\alpha_s CF -> p:
// % 2 : factor from initial state boson-statistics, chec)
qt : jacobian of d"2qt —> dphi dgt gt

o lex<double> weight = £g.1 * fg.2 / (qt2 * ql.2 * q2.2);
eiane o mah T 2.0 * at;

x £g] for fo.1 and £9.2
K it

// Loop over (outgoing) helicity combinations.
// amp[h] contains initial state gluon helicity combinations --,
// Here we sum coherently

for (std:isizet h h < f.size(); ++h)

E—

 £[n][1][3) = weight * DHelProj(Amp(h], JzP);

} // phi-loo
Vo /7 lat|-loop
// Bvaluate the total numerical integral for each helicity amplitude
sedvectorstd: scomplexcdoubler aun (£ size(), 0.0);

for (stdiisize_t h = 0; h < e ++h)
sum(h) = math; S)mp:nnBBInteqral2D{flh]r Wsimpson, Param.qt_STEP,

Param.phi_STEP);

// *****Make sure it is of right sizel*+*+
lts.hamp.resize(f.size());

// outgoing helicity combinations

douple 22 = 0.0;

for (st h=0; h<f.size(); ++h) {
Teshanp(n] = sum(h];

g

// Apply proton form factors
183 (Les.t1);

1ts.hamp(h] *=
lts.excitel ? gra::form::S3FINEL(lts.tl, lts.pfinal(1].M2()) : gra::fom

1ts.hamp(h] *=
lts.excitez ? gra

t:form::SIFINEL(1ts.t2, lts.pfinall2].M2()) : gra::form::S3F(Its.t2);

// apply phase space factors

= msqrt (lts.s / lts.s_hat);

1ts.hamp[h]

// For the total amplitude squared (for no eikonal screening applied)
72 += math::abs2(lts.hamp(]

)
// Initial state helicity average 1/4 not needed here

Vi
{{ Amplieude cueoct (rard pecturhative Linit)
i€ {grasimath: imaqrt (Ite.n2) < 2.0 (

0.
. hamp - st tvector<std: :complex<double>> (£.size (), 0.0);

)
V4

return A2;

Va
// Exclusive \chi_c(0+) sub-amplitude

Ryskin, Stirling, arxiv.org/abs/hep-ph/0403218]

// [REFERENCE: Khoze, Martin,
Teryaev, arxiv.org/abs/0709.0857v1]

// [REFERENCE: Pasechnik, Szczurek,
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for (std:rsizet k = 0; k < 4; ++k) { dualAmp(4 * k + h] = is(k]; }

const bool DEBUG = false;

if (DEBUG) (
// TEST amplitude squared WITH MADGRAPH (UNDER IHPLEUENTATION)

i< 16w

= %0.3¢ , |amp|~2 = %0.3£ \n, i, math::abs2(lts.hamp[il),
math::abs2 (dualAmp[il));

madsum += math::abs2(lts.hamp[i]);

thissum += math::abs2 (dualamp(i]) ;

Raun 1= thissun / nadsun;

Tath/vcRaTa = 30.10¢ \m\n", Asum / Nsum);

7/ g9 —> meson pair (gg —> q\bar(a) q\bar(g))
Va

// [REFERENCE: Harland-Lang, Khoze, Ryskin, Stirling, arxiv.org/pdf/1105.1626.pdf]
// Meson wave-function (without scale 0a\20l»dependence)

// x the longitudinal momentum fraction of a parton within the meson

// £ the meson decay constant

// Normalization: \int_0°1 dx phi(x) \equiv fM/(2\sqrt{3})
Va
double MDurham: 1phi_Cl (doble x, dowble 1) const
return 5.0 * std:rsqre(3.0) * fM * x * (1.0 - x) L POW2(1.0 = 2.0 * x);
// return 6.0%std::sqrt(3.0)*fM * x*(1. o s

// For tabulating the meson wave function

// (REFERENCE: Takizawa,
: // http://www-nuclth.phys.sci.osaka-u.ac. jp/ip-usw/talk/Takizawa.pdf]

Va
// Here, one could perhaps update the phenomenology (check more recent papers).

// Three charge neutral state are in the SU(3)_F quark model nonet
7/ (octetsinglet

7/ pio, etas, etad

i

// Rotation (mixing) to physical basis via:

7

-sin th] (etas>

7/ leta > = (cos th
cos th] [eta0>

7/ leta’>  (sin th

Vi
// Decay constants:
a

// f_{8etaj = £.8 * cos th
// f_(8eta’) = £.8 * sin th
a

// £.{Osta} = -£.0 * sin th

// £_{Octa’} = £0 * cos th
7

: svector<double> MDurham: :EvalPhi (int N, int pdg) const {
// Meson decay constants
double - 0.0
static const std: :vectordouble> supported = (111, 211, 321, 311); // pi0, pit, K+, K0
if (std::find 0, d0), pdg) ! d.end () (

™ Cmeson. ot ipagrs

o {
M = BDG::fM meson.at(111); // else, take pi0
// just use pi0

const double fM_etad = fM * 1.0;
7/ just use pi0

const double fi_eta0 = fM * 1.0;

// Mixing angle
static const double THETAste
const double
const double

eg2Rad (-15.4) ;

Sieth
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void MDurham: :Dgg2MMbar (const gr

const double

2
// eta via mixing

£[i] = costh * phi_Cz(x, £M_etad) - sinth * pm C2(x, fM_eta0);
} else if (pdg // etaprime via mixi

100 “oineh + phi_catx, BM_atas) + costh » phi_CZ(x, fM_eta0);
} else {

£04] = phi_CZ(x, fM);
)

)
return £;

// Meson pair amplitude
/.

LORENTZSCALAR & 1ts,
sta:: : samp) {

// Wave function x-discretization

// (Basy speed & accuracy improvement: Check lambda-functions belo

// they aould be pre-selculated and interpolated a2 & function of Costhera)

const int 967

Conet dodble STEPx

1.0 / Nx;

// Init 2D-simpson weight matrix (will be calculated only once, being
// static), C++11 handles multithreaded static initialization
const static MMatrix<double> WSimpson th::Simpson38Weight2D (Nx, Nx);

const double delta AB = 8; // Sum over \delta®AB [gluons in with the same color]
3; // Three colors

(POW2(NC) = 1.0) / (NC * 2.0); // SU(3) algebra

const double alpha_s = lts.GlobalSudakovPtr->AlphaS 2 (lts.s_hat / Param.alphas_scale);

const dounte sha = lts.s_hat
= lts.decaytree(0].pd.M()
=~ kinematics::Beta(pow2(m), shat);

const double costheta? = pow2 (costheta) ;

7/ ++ Hard angular cut-off **
7/ some sub-amplitudes are singular when |costheta| —> 1

if (std::abs(costheta) > Param.MAXCOS) {
Amp(0] = std::vector<std: :complex<double>>(4, 0.0); // Return zero
return;

// Helicity phase
£ doubl

T lsidecaytrec(o] 4. PhHYv
Complex<double posphase std:zexp (2
complex<double> negphase = st

exp (- 500 pm),

i

1/ Mesons scalar flavor octet (non-singlet) snplitude:
/7 |\pi0\pi0>, |\pit\pi->, |K+K->, |KO\b: 0>
a

RS
auto T_SFO_PM = [4] (double x, double y) {

const double a = (1.0 - x) * (1.0 - y) + x *y; //+
const double b = (1.0 - x) * (1.0 - y) - x * y; // -

return 1.0 / (x * y * X F (1.0 -yt (x* (1.0 - x) +y ¥ (1.0 - p)
(pow2 (a) - pﬂlekb) * costheta2) * (NC / 2.0) * (costheta2 - 2.0 * CF / NC * a);

7
7/ SU(3)_F scalar flavor-singlet amplitude:

/7 |\eta’\eta’ >

7/ |\etaleta >, |\etaleta’ > (|\eta-\eta’ > mixing)
7

R
auto T_SFS_PP = [&] (double x, double y) {

zeturn 1.0 / (x * y * (1.0 = x) * (1.0 - y)) * (1.0 + costheta2) / pow2(1.0 - costheta2);

/7 T4 = T
auto T_SFS_PM = [4] (double x, double y) {
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)

)

// namespace gra

(1.0 + 2.0 * lts.t_hat / lts.s_hat - 2.0 * pow2(m) / lts.s_hat) / beta;
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return 1.0 / (x * y * (1.0 - x) * (1.0 - y)) * (1.0 + 3.0 * costheta2) /
(2.0 * powzu 0 - costheta2));

Vi
Vi
// pi0, pi+, K+, KO

static const std::vector<int> SFO_PDG = {111, 211, 321, 311};
// eta, eta’

static const std::vector<int> SFS_PDG = {221, 331};

static const int pdg0 = std::abs(lts.decaytree(0].p.pdg) ;
static const int pdgl = std::abs(lts.decaytree[1].p.pdg);

// Evaluate only once the meson wave functions
static const std::vector<double> wfphi0 = EvalPhi(Nx, pdg0);
static const std::vector<double> wiphil = EvalPhi(Nx, pdgl);

// To avoid singularity at x = 0, x
linspace (CUTOFF, 1.0 - CUTOFF, Nx + 1);

CUTOFF = le-15;
math

Vi
// Integral over meson wave functio

77 Mhin %1 cx dy \phi (%) \BAL \bar(M) () T_{\lanbda\lambda’)

1/ (xeye Vhat (53, \inetay

// Normalization factor
const double norm = (delta AB / NC) * (64.0 * math::PIPT * pow2 (alpha_s)) / shat;

// Scalar flavor octet
if ((std::find(SFO_PDG.begin(), SFO_PDG.end(), pdg0)
std: ivector<std: :complex<double>> is(d);

sF0_PDG.end (1)) {

MMatrix<double> £ EM(Nx + 1, Nx + 1, 0.0);

for (std::siz
for (stdirsize t j = 0; j < Nx + 1; ++3) {
£ PM[i](§] = wEPhiO[i] * wiphil(3] * T_SFO_PM(xvallil, xvalljl);

)

et 1= 0; i<Wk +1; +4i) {

}

is(ee]
is ()
is(PM) = norm * math: S)mpsﬂnSBInteqra]ZD{iJH, Wsimpson, STEPx, STEPx) * posphase;
150) - To(Pu)  megphas

Anpl0] = is;
)

// Scalar flavor singlet
elas if ((std::find(SFS_PDG.begin(), SFS_POG.end(), pdgo)
std: ivector :complex<double>> is(4);

SFS_PDG.end())) (

MMatrix<double> £ PP(Nx + 1, Nx + 1, 0.
MMatrix<double> £ BM(Nx + 1, Nx + 1, 0.

Zet L= 0; & <Nk 1 ) (
sizet 3 = 0; 3 < Nx + 1; ++3)

£PPIL1(3] = wEphiO(i] * wfphil[j] * T_SFS_PP(xvallil, xvall3]);
£2PMI41[3] = wEPhiO[i] * wephil[3] * T_SFS_PM(xvallil, xvall3l);

}

is[PP] = norm * math::Simpson38Integral2d(f_PP, WSimpson, STEPx, STEPX);
is(M) = is(PP];

is(PM] = norm * math::Simpson38Integral2D(f_PM, WSimpson, STEPx, STEPX) * posphase;
is[MP] = is[PM] * negphase;

Anp[0] = is;
} else {
throw sta: :invalid_argunent ("Mbushan: :Dgg2ithar: Unsupported meson: © +
d::to_string(lts.decaytree[0].p.pdg));

// g9 -> agbar tree-level helicity amplitudes
Va

a

void MDuzhan: :Dgg2qgbar (conat. gx
td: s : sAmp)

invalid argument (*HDuzham: :DurhanGcD: qubar amplitade in the next version®);

LORENTZSCALAR & 1ts,
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