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Chapter 1

Introduction

The dynamics of strong interactions and the internal content of the proton have been a
matter of interest for particle physics ever since the discovery of quarks. This thesis focuses
on the analysis of processes involving heavy quarks in the final states and, in particular,
on a phenomenon called intrinsic charm, which is a model that predicts the existence
of charm quarks in the initial state of the proton. The study of charm quarks relies on
heavy flavour b- and c-jets, which can be produced in hadronic collisions. The work was
done in the context of the Z+heavy flavour group, one of the groups performing precise
measurements in the ATLAS experiment of the cross section of the production of the Z
boson.

This allowed me to familiarize with all the high energy physics analysis techniques, from
event selection to background estimate and Monte Carlo event generators. In particular,
my focus was on developing predictions for Z+b-jets in a particular calculation scheme with
massive quarks (called 4 Flavour Number Scheme), on intrinsic charm sensitivity optimiza-
tion and intrinsic charm predictions. A second part of my thesis involved Parton Density
Function parameterization, with a focus on an innovative Machine Learning technique called
symbolic regression. Before delving into my analysis work, in Chapter 2 I will give a the-
oretical background to the physics that will be discussed. Chapter 3 will be dedicated to
the experimental apparatus of LHC and ATLAS, and Chapter 4 will be focused on ob-
ject reconstruction and identification procedures. Chapters 5 and 6 will contain the actual
analysis work, from the measurements of Z boson cross sections, to the study of variable
sensitivity to intrinsic charm. The last part, Chapter 7, deals with Machine Learning ap-
plied to Parton Density Functions parameterization via symbolic regression, which extracts
simple functional forms given a dataset, to simplify and quicken the PDF parameterization
process.






Chapter 2

An introduction to theory and
phenomenology

The Standard Model (SM) is one of the most brilliant triumphs of particle physics, if not
of the whole of physics. In the span of half a century, the Model was developed and later
confirmed by several experimental evidences which culminated with the announcement of
the observation of the Higgs boson by the ATLAS and CMS collaborations in 2012, the last
building block of one of the most accurate and at the same time simple theories in modern
physics.

Despite all its successes, to this day the Standard Model is still incomplete: there are many
physical phenomena beyond our current understanding. Their research is comprehensively
called Beyond Standard Model (BSM) physics, and it includes several branches of particle
physics, from neutrinos to dark matter, from supersymmetry to Grand Unification theories,
which all have in common an attempt to expand the Standard Model. These lines of re-
search deal with events that are very hard to detect for a number of reasons: they are very
rare because they have a low cross section and they are hard to detect with the instruments
currently at our disposal. For this reason, there is a discipline parallel to BSM which works
on precise measurements, with the goal of perfecting our knowledge of Standard Model
compliant events in order to be able to identify with as much precision as possible those
that are not.

2.1 Particles and forces in the Standard Model

The Standard Model is the quantum field theory that embodies all of our current un-
derstanding of particle physics. According to it, all interactions in nature happen between
particles through three types of force: electromagnetic (EM), weak, and strong (QCD). The
fourth type of known interaction, gravity, is for now not included in the Standard Model.
The forces are carried by spin-1 particles called vector bosons. Each force is associated to
a Quantum Field Theory (QFT) and to a symmetry. As seen in Figure 2.1, there are four
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types of boson (although, there are 12 vector bosons, 8 for QCD and 4 for electromagnetic
and weak interactions).

Electromagnetism Strong interaction Weak interaction
e e q q e Ve i Ve Ve
e gs Iw ! 4
Y g w | z
All charged particles Only quarks All fermions i All fermions
Never changes flavour | Never changes flavour | Always changes flavour | Never changes flavour
a¥1/137 (st-' (XW/Z:1/30

Figure 2.1: Interactions as they appear in Feynman diagrams [1]: the coupling constant at the
vertex, whose approximate value is given in natural units below each diagram, is directly related to
the relative strength of the interaction.

The rest of the particles in the Standard Model are spin % fermions: leptons, who have
integer charge, and quarks, who have fractional charge and, unlike leptons, can only be
detected as bound states called hadrons (e.g. the proton and the neutron). There are 12
fermions in the SM. In QF T, particles are described by fields. In particular, spin % particles
are described by spinors v, whose free dynamics is described by the Dirac equation:

(79— m) > = 0 (2.1)
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Bosons
Boson | Mass [GeV] | Charge [e]
Photon 0 0
Gluon 0 0
W boson 80 +1
7 boson 91 0
Quarks
Quark | Mass [GeV] | Charge [e]
up 0.005 +1
down 0.003 -3
charm 1.3 +%
strange 0.1 —%
top 4.5 +1
bottom 172 -%
Leptons
Lepton | Mass [GeV] | Charge [e]
e 0.0005 -1
Ve 0 0
1 0.105 -1
vy 0 0
T 1.7 -1
Vr 0 0

Table 2.1: Particles in the SM

It is customary to divide leptons and quarks in three generations, based on mass and
flavour. Most of common matter is made up of particles from the first generations. There
is very strong experimental evidence that confirms that there are no more than three gen-
erations.

Even though the Standard Model is the only theory that, so far, has matched almost per-
fectly with experimental data, there is still something missing from the theory. First of
all, the fourth fundamental interaction, gravity, is yet to be added to the Standard Model,
and its vector boson still has not been observed. Another pressing issue is the neutrino
mass: it has been shown experimentally, by studying solar neutrinos, that they undergo
flavour oscillations. This is possible only if they have a mass: however, according to the
Standard Model they do not. Current advances in neutrino physics have set an upper limit
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to the neutrino mass, but so far only the relative mass difference between mass eigenstates
is known.

2.2 Symmetries

The Standard model relies on gauge symmetries to describe the interaction between particles
mathematically. The vector bosons described earlier are, in the language of Quantum Field
Theory, gauge fields that need to be introduced to maintain local gauge invariance, which
is in turn needed to keep the Lagrangian symmetric and to ensure renormalizability, which
is of the utmost importance to remove divergences in high-order calculations and to obtain
finite results. The Standard Model Lagrangian is invariant under U(1) x SU(2) x SU(3)
transformations, which correspond to the electromagnetic, weak and strong interactions.

2.2.1 Electromagnetism

The concept of gauge invariance is already familiar in electromagnetism without the addition
of quantum mechanics: the vector potentials ¢ = A and A, associated to the electric field
and the magnetic field respectively, were invariant under the gauge transformation

Ay = Al = Ay — 9,x (2.2)

The concept of gauge invariance translated into quantum mechanics becomes a request of
invariance under the local phase transformation ¢/(1). This means that the Lagrangian
must be invariant for

Y() = ¢/ (2) = Ula)p(x) = XD y(a) (2:3)

However, the Dirac equation (Eq. 2.1) is not invariant under such transformations, because
it does not involve interactions (it is a free theory). In order to become invariant, a new
degree of freedom must be added:

(17" Op +iqAu) ¥ — mip = 0 (2.4)

This new addition is the massless gauge boson field of the photon.

2.2.2 Weak interaction

Weak interactions were first studied by Enrico Fermi to justify the 8-decay n — e~ +p+v..
He proposed an effective theory, which admitted parity violation and had a mass scale of
A = 300 GeV. His theory, however brilliant and formally correct, presented a few issues,
namely it was not renormalizable and was inaccurate at energies greater than A, since some
cross sections diverged above it. Fermi’s theory can be transformed into a gauge theory,
solving both problems: gauge theories are always renormalizable, and the massive gauge
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boson will be the cut-off necessary to avoid divergences. It was already known, at the time,
that weak interactions only involved left-handed particles and right-handed antiparticles.
The associated Noether current is:

_ 1 =
J: = Vg’yu§ (1 =)l = EL'Y/LUJFEL (2.5)
where o7 = % (01 + i09) is a linear combination of Pauli matrices. The gauge symmetry
has been found, and it is SU(2), whose generators are precisely Pauli matrices. Left handed

leptons will participate in the interaction and be placed in SU(2) doublets, like <V6L>,

€r
whereas right handed leptons will be placed in singlets. SU(2) has three generators, which
means there are two more currents: J,” and J, 3, which is neutral. J 3[ can be easily identified
as the currents associated to the vector bosons W*. However, Jf} and its boson WS are not
associated to the Z boson, because the current does not admit coupling to right handed
particles, while the Z bosons couples to them, albeit with different intensity. For the same
reason, this neutral current is not the electromagnetic current.

2.2.3 Electroweak unification

In the 1970s, Glashow, Salam and Weinberg proposed a solution to the issue of the neutral
weak current. In order to add a second neutral vector boson to the theory, it was sufficient to

include a /(1) invariance, that is requesting the invariance under a transformation analogous

to the one described in Eq. 2.3. The conserved charge % is called hypercharge and the

boson field is B,,. The Lagrangian for the neutral current interaction is
_ LY
Ly =Yy, |gT3W5 +g 53“ v (2.6)

¥ is a vector which includes both right- and left-handed particles. T3 is the quantum
number of weak isospin, which is 0 for singlets and j:% for doublets. The hypercharge
quantum number can now be set in order to obtain the electromagnetic current in Eq. 2.6.
First, the two neutral bosons are rotated to obtain 4, and Z,,.

BF = AFcosby — Z'sinfyy (2.7)
Zt = Absinfy + ZFcosOyy (2.8)
Equation 2.6 now becomes:

_ Y _ Y
L,=T <gsin0WT3 + 2g'COSHW) WAY + U (gCOSGWTg — 2g'sin9W> s (2.9)

The two terms are, respectively, the electromagnetic current and the Z neutral current.
Conventionally, Y (/1) = -1, which means that

gsinfy = g'cosfyy = e (2.10)
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q q g g 9
f ; g 9 M
g g g g

Figure 2.2: The three vertices involving quarks and gluons predicted by SU(3) invariance [1].

Hadrons can be added to the Langrangian in the same way, but the doublet is usually

. ur
written as ( : ), where
dy,

1 dr
si | =V st (2.11)
vy br,

in which V is the CKM matrix of flavour mixing.

2.2.4 Strong interaction

The strong interaction is the most intense of the four fundamental forces. It is 137 times
stronger than electromagnetism, and almost 10° times stronger than the weak interaction.
It is described by Quantum Chromodynamics (QCD), which is a non-abelian gauge theory
associated to the SU(3) symmetry. Due to its being non-abelian, the theory predicts self-
interaction between the mediators, which is why Feynman diagrams that involve 3 or 4
gluons are allowed, as seen in Figure 2.2. SU(N) symmetries have N2 — 1 generators, which
means that QCD has 8 massless vector bosons. Furthermore, their representations are 3 x 3
matrices called Gell-Mann matrices. This means that there are three degrees of symmetry,
which are identified by the colors red, green and blue. Gluons only couple to particles
that have non-zero color charges, that is quarks. Due to confinement, QCD bounds them
together in zero-color bound states called hadrons: two quarks form a meson, three quarks
form a baryon. At very high energies or at very short distances, the intensity of QCD is
greatly reduced, and quarks and gluons are free. This concept is called asymptotic freedom,
and it allows experimentalists to study the behaviour of these fundamental particles when
the energy is high enough. The strong interaction does not distinguish between quark
flavours. However, since quarks have vastly different masses, the flavour symmetry in the
QCD Lagrangian is approximate.
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Figure 2.3: Running of the QED coupling con- Figure 2.4: Running of the QCD coupling con-
stant [1] stant [1]

2.2.5 Running couplings

The relative intensity of the fundamental forces is determined by their coupling constants.
In the language of Feynman diagrams, they appear in the vertices, determining the strength
of the interactions. As seen when discussing QCD, the strength of the interaction is neither
fixed nor constant, it depends on the energy scale. For example, the intensity of the strong
interaction decreases with energy (the so-called asymptotic freedom), while the electromag-
netic’s increases. The evolution of the coupling constant is governed by the g function [2]:

do

=u— 2.12
Bla) = p o (2.12)
where « is the generic coupling constant and p is the energy scale. In the case of the

coupling of the electromagnetic force,

2 1

= T
Bo 1nAQED

() (2.13)

where f3y is the first-order expansion of the 3 function and Agrp = 10?%¢ is the Landau

pole, the energy scale at which the interaction is too strong for a perturbative approach.
From Figures 2.3 and 2.4, the behaviour previously described is evident: the QCD coupling
constant decreases with energy, the electromagnetic one increases.

2.3 Parton Density Functions

2.3.1 The internal structure of the proton

As seen in Section 2.1, the proton is not one of the fundamental particles of the Standard
Model. It has a composite structure, whose nature was first investigated in electron-proton
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scattering. Whenever these two particles interact electromagnetically, a virtual photon is
exchanged with a wavelength \ that is inversely proportional to the center of mass energy.
If the energy is sufficiently high, the photon’s wavelength is smaller than the classical radius
of the proton r;, and the interaction consists of deep inelastic scattering between the electron
and one of the fundamental components of the proton, as seen in Figure 2.5.

Az, A~r A<ry
Figure 2.5: Electron-proton interaction at different energy scales [1]

In general, the elastic e"p — e p cross section is:

R B— Z in?~ 2.14
A0~ 4E%sin’(0/2) Eu (COS 2 2z 2 (2.14)
e_;
Figure 2.6: As seen in Eq. 2.14
where Q? = —¢?. In Eq. 2.14, the term in sin?(0/2) comes exclusively from spin-

spin interactions. However, it assumes that the proton is a point-like particle, whereas it
actually has a radius, as stated earlier, and electric and magnetic charge distributions. The
previous equation can therefore be corrected in the Rosenbluth formula (Eq. 2.15) by adding
Gg(Q?) and Gy (Q?), two form factors depending on the virtual photon four-momentum
and connected to the Fourier transforms of the distributions.

Q- Qr 1+ @
mp

2
d Ara? | G2+ G2 2,2 1
g - A | ZE me M (1— - m52y >+2y2G%4 (2.15)
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Due to these distributions, the elastic cross section at high energies decreases rapidly:

do 1
— — 2.1
(dQ> elastic > Q6 ( 6)

This means that the higher the energy, the higher the chances of the proton breaking up
and there being an inelastic scattering interaction instead of an elastic one. In the inelastic
interaction, the cross section depends on another Lorentz-invariant (LI) kinematic variable,
which is = 1 in elastic interactions:

QQ
xr = 2.17
2p2 - q (2.17)
so that 2 ) ( QQ)
o dro Fy(z, 9 2
= 1—y)——7-—= F; 2.1

where it is assumed that Q* > m2y?. Fi(z, Q%) and Fy(z,Q?) are related to Gp and Gy
and are called structure functions. A very important experimental observation is Bjorken
scaling, which shows that structure functions do not depend on Q2. This was one of the
first hints to an internal point-like structure of the proton. The suspicion was furthermore
confirmed by the Callan-Gross relation, that proved that

Fy(x) = 2xF(x) (2.19)

which means that an inelastic proton-electron interaction is actually an elastic scattering
of electrons with half-spin internal components of the proton: the quarks. In particular, it
is a eq — eq interaction, whose Feynman diagram is in Figure 2.7.

e e

P+ Ps

P2 P4

q q

Figure 2.7: Leading order quark-electron scattering Feynman diagram
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The matrix element for this process is:

62
Mfi = Q(;]Q [ﬂ(pii)’y“u(pl)} Guv [ﬂ(m)vyu(pz)] (2.20)

and the differential cross section for deep inelastic scattering as a function of 8* of Figure
2.8 comes out as
do Qge4 [1+ £(1 + cos6*)?]
dQ*  8m2s (1 — cosf*)?

(2.21)

XA

Figure 2.8: Quark-electron scattering in the center of mass frame [1]

2.3.2 The parton model

According to the parton model, the proton is made up of fundamental constituents called
partons, and the total deep inelastic scattering cross section is the sum of all their indi-
vidual contributions. The proton is energetic enough to be considered massless, and every
transverse component of the parton momentum can be neglected. Each parton carries a
fraction £ of the total momentum of the proton, so that

Pq = &p2 = (£p2,0,0,8p2) (2.22)

10
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(Ez, P2) P2

P2 cpo+q
(SE, Epo)

Figure 2.9: Parton model interaction

It can be shown that the fraction of momentum is the same as Bjorken z, because as
seen in Figure 2.9
(Epp + q)% = mg (2.23)
and given that both the parton and the proton are massless
_ ¢
S 2p9-q

£ z (2.24)

which is exactly the definition of the Bjorken x.
Hence, the center of mass energy of the quark-electron interaction is

sq = (p1 +ap2)? = 2xp1 - p2 = x5 (2.25)
and the differential cross section for elastic scattering is
202 2
5;2 - QW;QQ [1 + (1 + Z?)] (2.26)
Defining analagous variables as those of Sec. 2.3.1,
Q*=—¢ (2.27)
_ Pq-4g Tp2 - q

y = = (2.28)
Pq- D1 Tp2 - p1
and substituting them in Eq. 2.26, it becomes:
do 4ra’Q? y2
Q7T ar [(1 “uY 2} (229)

This is the same structure as the deep inelastic scattering Eq. 2.15. In order to understand
the physical meaning behind this analogy, a bit of Quantum Chromodynamics is needed.

11
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¢]
Proton \% u

c
]

Figure 2.10: QCD interactions inside the proton [3]

2.3.3 Parton Density Functions

The interactions of quarks inside the proton are governed by their momenta distributions,
called Parton Density Functions, or PDFs. Each quark will carry a fraction of the momen-
tum of the proton and, since at high energy the scattering happens between electron and
quark, these distributions, which will be called ¢;(z) with i identifying the flavour, will be
related to the structure functions of Eq. 2.18. At these energy scales, the functions can
not be inferred because QCD can not be treated perturbatively, due to the high value of
its coupling constant a; = O(1): they are usually determined experimentally. In order to
understand the relationship between PDFs and structure functions, the cross section for
electron-quark scattering needs to be generalized. PDFs are defined so that g;(z)dz are
quarks carrying a momentum fraction between x and x 4 dx. Hence, the double differential
cross section for all flavours will be:

2 aQ 2
o _ A [(1 —y)+ ﬂ >_ Qi) (2.30)

dzdQ? Q4

It is straightforward then to compare Eq. 2.30 and Eq. 2.18 to find out that PDFs are
related to structure functions by

Fy(2,Q%) = 22F (2,Q%) = Z Q%qi(x) (2.31)

12
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Assuming that third-generation quarks are negligible inside the proton due to their size:

2 2
Fy(z) = <§) [u(z) + u(x) + c(x) + é(x)] + <§1’>) [d(az) +d(z) + s(x) + 5(33)] (2.32)

H1 and ZEUS
-
u2 =10 Gev?’

08| —— HERAPDF2.0 NLO _
‘ uncertainties:

I cxperimental

] model xu

[ parameterisation v

- HERAPDF2.0AG NLO

Figure 2.11: Valence and sea PDFs, HERA collaboration [4]

Since quantum numbers associated with QCD still need to be conserved, the structure of
the proton can be described as three valence quarks u v, d, and many quark-antiquark
pairs that constitute the sea quarks ¢,q, which are radiated from valence quarks, as in
Fig. 2.10. For this reason, gluons and sea quarks have PDFs that grow logarithmically as

x — 0, as seen in Fig. 2.11, while valence quarks have peaks.

2.3.4 DGLAP equations

QCD is a scale-dependant interaction, and PDFs make no exception. Their dependance on
the exchanged momentum Q? is regulated by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equations [5-7], which are different for quarks ¢ and gluons g¢:

dg(z,Q%) _ as(Q?) /
din@% 27 J,

7qu (z (QQ)) q(z,Q / *qu (QQ)) 9(2 Q%)
(2.33)

13
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d s 2 s 2 s 2 1 d
Z(ITISQ =2 Q / *qu (Q2)) q(z, Q2)+aég)/ ?Zng (%,QS(Q2)> g(z,Q%)
(2.34)

They take into consideration both the emission and absorption of softer partons through
the splitting functions P;; [2]

2.3.5 Proton-proton collisions

So far, only electron-proton collisions have been discussed. In the LHC, however, the
collisions are between two hadrons, which means that there are parton density functions
on both sides of the interaction. There are, then, three unknown variables: Q?, z1 and x.
As said earlier, the final states of a hadron collisions are jets, which is why the observables
have to be jet-related. It is customary to use the two jet-angles and one of their transverse

pr =\/P2 + D} (2.35)

However, since the center of mass of the protons is not the same as the center of mass of
the partons, it is better to use a Lorentz invariant for the jet angles as well: the rapidity .
It is defined as

momentum

11 E+p,
2 E-p:

Whenever the energies of the jets are high enough, the jet mass can be neglected and the
pseudorapidity 1 can be used

(2.36)

n=—In (mi) (2.37)

As seen in Section 2.5.1, hard scattering, which is the actual interaction between protons,
can be treated perturbatively: for an ij — X interaction (partons ¢ and j with final state
X)) there exists a Feynman diagram, like those in Figure 2.12, and a cross section can be
computed as a function of the Mandelstam variables of the parton-parton system:

N A d®p
Gij—x(8,t,1) /|MU—>X| (2m)*6 ™ (pi + p; — pr Hm (2.38)
f

However, once this cross section is inserted in the global pp — X cross section, Parton
Density Functions have to be taken in consideration, because they determine the momentum
distribution of the i and j partons:

g = Z / dl‘ldl‘z fi(ZL‘l, QQ) fj (ZL‘Q, QQ) &ij_g((g, f, ’&) (2.39)

1,J

Thanks to the factorization theorem, the perturbative and non-perturbative calculations
can be dealt with separately.
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Figure 2.12: Examples of Feynman diagrams in ij — 2 jets [1]

2.3.6 Determination of PDFs

Since PDFs are de facto probability distributions, they can not be determined theoretically.
Current approaches at producing PDFs usually start from different sets of data (deep inelas-
tic scattering, Drell-Yann, jets etc.) and, after reconstructing the events and applying QCD
calculations, they use various fitting methods to extract the PDF. There are many types of
PDF, and each collaboration is different from the other both in the kind of data they use
to produce the sets, and in the fitting method. The previously mentioned HERA collab-
oration [4] uses xFitter [8], a QCD fit-framework that can evolve PDFs with the DGLAP
equations, parameterise sets and test different theoretical predictions. Other collaborations
use different methods: the NNPDF collaboration [9] uses neural networks like the one in
Figure 2.13, to avoid the bias of a predetermined fitting function.
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Figure 2.13: Neural network for PDF fitting [10]. In the top right corner, the equation shows the
PDF functional form, where &;, are the NN node weights.

2.4 Intrinsic charm

Intrinsic charm as a theory was first proposed by Brodsky, Hoyer, Peterson and Sakai as the
BHPS model [11] in response to a series of experimental observations in fixed-target proton
experiments that did not match predictions. In particular, they cite a higher charm cross
section (above the 10-15 pb predicted by perturbative QCD) and an excess of production of
DT and A} in the forward region. The latter was unexpected in particular for the D meson,
because, since it does not share any valence quarks with the proton (it has a wc structure),
its production is expected to be reduced in the so-called proton fragmentation region of the
proton. This region is also broadly identified with the central region, which explained the
different configurations for valence and sea quarks, as seen in the previous Section: valence
quarks transport a higher momentum fraction and are more easily described by perturba-
tive QCD, and their interactions involve a lower momentum transfer, hence the products
are produced at a smaller angle with respect to the z-axis.

2.4.1 Models for intrinsic charm

Several theoretical models for intrinsic charm have been developed. In the BHPS model,
perhaps the most notorious, intrinsic charm is defined in a way that is subtly different from
a full-on pentaquark approach. It is, rather, a matter of introducing a |uudcc) component
in the Fock space decomposition which is non-negligible with respect to the |uud) one.
Its origin is non-perturbative, as opposed to sea quarks which come from radiative QCD
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processes. Therefore, while in the penta-quark state there are five valence quarks, in the
intrinsic charm model the charm quark has a wvalence-like behaviour which allows him to
exist inside the proton over longer time scales than sea quarks. The model is defined
around three parameters: the charm content, which is the fraction of momentum carried
by intrinsic charm quarks, the charm PDF, and the scale energy at which intrinsic charm
is relevant. Studies for the presence of intrinsic charm have been performed both on fixed
target experiments, such as muon-electron DIS, and collider ones, and they all agree on
putting an upper limit on IC content around 2%.

2.4.2 Experimental and phenomenological state of the art

The intrinsic charm model has been around since the 1980s, and many collaborations have
attempted to measure it.

At LHCDb, a study on the production of the Z boson and charm jets in the forward region
used RL = gg;g to show an excess of charm in the region consistent with the model,
although a charm percentage could not be given [12]. Also, the CMS collaboration has
performed several measurments of Z + ¢ inclusive and differential cross sections [13]. In
the summer of 2022, the NNPDF collaboration published a paper claiming evidence of
intrinsic charm in the proton [14]. Their approach, instead on focusing on one dataset and
studying, for instance, the Forward /Central Ratio, exploits the techniques used in producing
Parton Density Functions to extract a non-radiative PDF for the charm. Through NNLO
calculations, and by comparing matching conditions in 3 and 4 flavour schemes (i.e. PDFs
in which either the b quark or both the b and the ¢ are considered massive and integrated
away), they managed to extract a valence-like shape for the charm PDF (see Figure 2.14),
which matches the required conditions: it is compatible with zero at low x and has a peak
roughly in the middle of the [0, 1] interval.
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Figure 2.14: Comparison of intrinsic charm PDF with PDFs that also contain radiative charm
components at different matching orders (left) and comparison with different intrinsic charm models,
the BHPS and the meson-baryon cloud model (right). The charm PDF on the right is consistent
with an IC model, in that it is compatible with 0 at lower x and has a peak roughly around 0.4-
0.6 [14].

NNPDF was not the first collaboration to include intrinsic charm in their PDF: in this
thesis, the CTEQ14 PDF will also be mentioned. The main difference between the two is
that in the CTEQ14 PDF the intrinsic charm component was manually added as predicted
by the BHPS, the model presented by Brodsky in [11], whereas in NNPDF the intrinsic
charm component was fit in the PDF.

2.5 Introduction to jets and hadron physics
2.5.1 Hadronisation and jets
A QCD process can be divided in different phases starting from the parton interaction:

1. Hard process: this is the actual parton interaction, as seen in the Feynman diagram.
It is perturbative and the matrix element can be calculated.

2. Parton shower: additional processes of quark or gluon emissions.

3. Hadronisation: non-perturbative phenomenon in which the free quarks combine to
form hadrons and, subsequently, jets.

4. Underlying events, multi-particle events, pile-up: extra interactions that do not come
from the primary parton-parton interaction.

Since hadronisation is non-perturbative, the events have to be reconstructed phenomeno-
logically, via jet algorithms that will be described in Chapter 4. Through heavy meson
identification, the flavour of the parton that originated the jet can be inferred.
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Figure 2.15: Sketch of a hadron-hadron interaction [15]
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2.5.2 Heavy mesons

The heavy mesons used in flavour identification are B and D mesons. They are bound
qq states, in particular B mesons contain one b-quark and D mesons one c-quark. Due to
the different masses of the two quarks, these mesons have different masses and lifetimes,
which is why they can be easily distinguished and used to identify the flavour of the jet.
An overview of the two families can be seen in Tables 2.2 and 2.3. Both D and B mesons
undergo oscillations in which they change into their own antiparticle.

Meson | Quark content | Charge [e] | Mass [GeV] | Lifetime [s]
Dt cd +1 1.87 1.04-10712
Dy cli 0 1.86 4101071
DY cs 0 1.97 5.00-10713

Table 2.2: D mesons

Meson | Quark content | Charge [e] | Mass [GeV] | Lifetime [s]
Bt ub +1 5.28 1.64-10712
By db 0 5.28 1.52-10712
BY sb 0 5.37 1.52-10712
Bf cb +1 6.27 0.51-10712

Table 2.3: B mesons

2.5.3 Monte Carlo Generators and QCD calculations

Perturbative quantum field theory is the best way to solve QCD interactions. The basis of
the calculations are Matrix Elements (MEs), which are the quantum mechanics amplitudes
for any given process and to which differential cross sections are proportional. They are
actually a perturbative series, which can be known within a certain order: the first term is
the leading order (LO), and the following are next-to-leading order (NLO), next-to-next-
to-leading order (NNLO) and so on. At tree level, ME calculations are usually fairly easy.
The reality is quite different: in an actual QCD interaction, real-emission corrections, also
called legs, and virtual corrections, or loops, must be introduced. At all orders, the matrix
element differential cross section for a certain variable O for a final state F is:

-y / 15 |3 MY, 250 — O(@p.y)) (2.40)
k=0 =0

The sum over k takes into account real-emission corrections (which, in Feynman diagrams,
appear as extra legs in the initial and final states, hence the name), while the sum over ¢

20



An introduction to theory and phenomenology

represents loops. If k = 0 and £ = 0, it stands for the leading order calculation. If £ = 0 but
k = n, it is the LO for the final state F' 4+ n jets. If k + ¢ < n, it is the N"LO calculation.
Multileg Monte Carlo generators like Madgraph or Sherpa perform these ME calculations,
which, however, have no physical meaning unless paired with a parton shower generator,
like Pythia or Alpgen, whose output are truth-level events, which means they contain infor-
mation on the particles as they come out of the interaction. The main issue ME generators
are faced with is double counting: whenever different order calculations are performed,
the same physical process might be counted several times, leading to an overestimation of
its contribution. This can be taken care of with matching techniques, which ensure that
the combination of different-order calculations and parton showers happens smoothly and
without double counting. There are several matching schemes, like CKKW or FxFx, that
mostly rely on three techniques, slicing, subtraction and unitarity, as seen in [16].

2.5.4 Flavour schemes

) b
g QQ0Q0p—— 8
1 B vlZ =11
h ——WW /7 — ] g
b
5FNS: b is massless 4FNS: b is integrated away

Figure 2.16: Z+b-quarks in 4 and 5 flavour scheme, respectively: the first diagram gives rise to one
b-jet, the second to two.

All quarks are not born equal, and their vastly different masses have a profund im-
pact on proton physics. Quarks are usually distinguished between heavy and light. Heavy
quarks are defined as those whose mass is such that the strong coupling constant a(m?)
at their mass scale is in the perturbative region. This is the case for bottom and top quarks.

Calculations involving b-quarks can be performed in two separate ways, depending on
whether the quark mass is considered negligible or not. The first is the massive, or 4-flavour
(4FNS) option. Since b-quarks are more massive than the proton, they can only be produced
in pairs through gluon splitting at high Q2. There are no b-partons involved and it is, in
a sense, an effective theory in which the b-quarks do not have a PDF of their own (they
are "integrated away”) and do not contribute to the calculation of the running coupling
constant.

The second approach is massless, and is called the 5-flavour (5FNS) scheme. This approach
is valid whenever the energy scale is higher than the b mass. Higher order perturbative
corrections may introduce logarithmic terms of the type 10g%§ which lead to ultraviolet

divergences. Assuming that the b-quark mass is negligible at this energy scale, logarithmic
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terms can be resummed with DGLAP equations into a distribution function for initial states
(the PDF of the b-quark) and in perturbative functions for final states.
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Chapter 3

The Large Hadron Collider and the
ATLAS experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring superconducting hadron accelerator and
collider. It is located at the border between France and Switzerland, near Geneva, on
the site of CERN, the European Center for Nuclear Research. Its construction started in
the early 2000s in the circular tunnel that once hosted the LEP (Large Electron Positron)
collider. Inside the collider, which has a 26.7 km circumference, two types of particles are
accelerated: protons and, for a shorter period of time during the year, heavy ions. The four
major experiments operating on the ring are ATLAS, CMS, ALICE, and LHCb. Collisions
happen at their locations, also called Interaction Points (IP).

LHC is characterised by periods during which it is fully operational, the so-called Runs, and
periods during which it undergoes reparations and upgrades, the Long Shutdowns. Run 1
started in 2011, with an integrated luminosity of 30 fb~! and center of mass (COM) energy
of up to 8 TeV, and ended in 2013 with the Long Shutdown 1. Run 2 began in 2015 with
much higher center of mass energy (13 TeV) and luminosity (190 fb=1). After the second
Long Shutdown, which started in 2019 and during which all major experiments underwent
several upgrades, in 2022 LHC began colliding again, with COM energy 13.6 TeV energy
and luminosity 450 fb~!. As of summer 2023, LHC is in Run 3 phase, which is set to last
until 2025 and will be followed by an important update to LHC machinery that will be
discussed in Section 3.1.3
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Figure 3.1: Timeline of LHC data taking, with center of mass energy on top of each running year:
Runl in 2011-2012, Run2 (which is the dataset analyzed in this thesis) in 2015-2018, the on-going
Run3 and the planned High-Lumi LHC.

3.1.1 Structure and performance

The main accelerator ring, the actual LHC, is too big to be the only accelerating structure.
Instead, protons (i.e. hydrogen atoms stripped of electrons) undergo a series of successive
accelerations, that begin in LINAC 2, a linear accelerator that injects them in the Proton
Synchrotron Booster (PSB). They are later accelerated up to 1.4 GeV and enter the Super
Proton Synchrotron, from where they are injected into the main ring. Protons travel in
bunches of O(10'!) and have an interaction rate of 140 MHz.

24



The Large Hadron Collider and the ATLAS experiment
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Figure 3.2: CERN Accelerating Complex

The acceleration of the particles is performed along the rings by radiofrequency (RF)
cavities and superconducting magnets.
Radiofrequency cavities are metallic chambers that contain an electromagnetic field oscil-
lating at 400 MHz. The field transfers energy to the protons, nudging them forward and
accelerating them. The periodic nature of RF cavities is also responsible for separating the
beam in bunches. There are 8 cavities for each beam, and they are all installed in the same
region of the ring.
Superconducting magnets [17] are present in LHC as dipole or quadrupoles. Some of them
can generate fields of up to 8.3 T. These types of magnet need to operate at temperatures
as low as 1.9 K, which is why LHC is the coldest place on Earth. Inside the magnets,
there are superconducting cables made of NbTi, inside which runs a current of tens of thou-
sands of Amperes. Dipole magnets guide the beam along the collider, keeping it stable and
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aligned with the desired trajectory. They are installed on % of the circumference: there are
1232 dipole magnets, each 15 meters long and weighing 35 tons. The rest of the ring has
quadrupole magnets, whose role is tightening the beam, making the bunches more compact

before collision. After impact, more magnets are responsible for decreasing the energy of
the proton and for dumping the used beams
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Figure 3.3: Cross section of a quadrupole superconductor used in LHC

As of Run2 [18], LHC has reached center of mass energy 13 TeV, which means that
each beam has an energy of 6.5 TeV, since COM energy is defined as

The goal of a particle physics analysis is comparing experimental data to theoretical predic-
tions, which are given as cross sections. Since the formula for the number of signal events

of a certain process with final state x, taking into account the acceptance A of the detector
and the efficiency ¢ of final state reconstruction, is

Nm,obs - Nm,bkg = Aw,sig Ex,5ig Oi—x /[’(t) dt

the instantaneous luminosity of the colliding beams has to be accurately known in order
to perform the analysis. It is a function of the number of particles colliding n, the collision
Y

rate fand, assuming the beams collide head-on and have a Gaussian profile, their root mean
square along the x- and y-axis o

(3.2)

ning
L=
drooy

(3.3)
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The maximum instantaneous luminosity achieved by LHC in Run 2 has been 2.01 -10734
-2 1
cm™ 7 s,

3.1.2 Experiments

LHC is the largest and most powerful accelerator ever built, so it is no surprise that it
hosts numerous and varied detectors. ATLAS, the largest of the nine and the experiment
in which this thesis was conducted, will be described in Section 3.2. The remaining eight
are:

e CMS (Compact Muon Solenoid) is the second largest. It is a general purpose detector
that deals with several branches of research, from Standard Model to dark matter and
supersymmetry;

e LHCDb specializes in studying the asymmetry between matter and anti-matter by
focusing on the b-quark;

e ALICE (A Large Ion Collider Experiment) uses heavy ion collisions to study a pri-
mordial state of matter, the quark-gluon plasma, recreating extreme temperature
conditions similar to those of instants after the Big Bang;

e LHCT simulates cosmic rays by using particles escaped from collisions;

e Totem (Total, Elastic And Diffractive cross section Measurements) studies proton
physics by analysing them after the collisions;

e MoEDAL (Monopole and Exotics Detector At the LHC) is specialized in Beyond
Standard Model Physics. It searches for instance for magnetic monopoles and gravi-
tons;

e SNDQ@LHC (Scattering and Neutrino Detector) is one of the two neutrino-based
experiments at LHC. It studies collider muon neutrinos.

e FASER (Forward Search Experiment) studies weakly interacting particles like neu-
trinos, and searches for dark matter and supersymmetric particles.
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Figure 3.4: The ATLAS experiment

3.1.3 High-Luminosity Upgrade

The Large Hadron Collider machinery will undergo a period of major upgrade during the
second half of the 2020s, the High-Lumi upgrade. The goal is increasing the luminosity
to probe rarer events. It will increase more than five times, reaching over 4000 fb~! of
integrated luminosity in 10 years. This will allow detectors to collect more data than ever,
probing rarer events and furthering their studies in SM and BSM physics.
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3.2 The ATLAS experiment

ATLAS (A Toroidal LHC Apparatus) is the largest experiment operating in LHC. It is
a general-purpose detector, which means that it is equipped to detect almost all kinds of
particles. The research conducted there is varied: from precise Standard Model to search
for new, beyond Standard Model Physics.

The detector has the shape of a cylinder 46 m long and with a diameter of 25 m. It weighs
7000 tonnes and it lays 100 m deep in a cavern near the town of Meyrin, Switzerland. As
of 2023, more than 6000 scientists from 47 countries participate in the collaboration.
ATLAS has a concentric structure: layers of detectors wrap around the interaction point,
each with its own function of registering the momentum, the energy, or the position of
the particles. The construction of the detector finished in 2008, but it only became fully
operational in 2009. During Run 2, it recorded the record instantaneous luminosity of
1.2-103 fb~! [19] and accumulated 140 fb~! worth of data, as seen in Figure 3.5.
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Figure 3.5: Integrated luminosity during Run 2: the plot shows histograms of the luminosity
delivered by LHC (green), collected by the ATLAS experiment (yellow) and good for physics (blue)
from 2015 to 2018 [19].

LHC has almost full coverage in the solid angle around the Interaction Point, that is
it has full forward-backwards symmetry. Coordinates are defined as seen in Figure 3.6:
it is a right-hand system with origin in the IP. The z-axis is then parallel to the beam.
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Pseudorapidity is defined as

n = —In [tan <g)} (3.4)

ALICE
LHC

CMS

Figure 3.6: Definition of coordinates in the ATLAS experiment

The main components of the detector are described in the following Sections, including
an overview of the Data Acquisition System.

3.2.1 Inner Detector

The inner detector is the first component of ATLAS that records charged particles after the
collision. It is very compact: 6.2 m in length and 1.2 in height. Its goal is tracking momen-
tum, charge, and directions of the particles thanks to a magnetic field of 2 T generated by
the central solenoid. It is composed of three different detectors that have similar functions
but different construction features. It covers a range of || < 2.5.
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) End-cap semiconductor fracker

Figure 3.7: Cut-away of the inner detector [20]

The Pixel Detector is the closest to the interaction point, and it is composed of roughly
92 million pixels of size as small as 50 x 250 pm for the inner part, and 50 x 400 pum for the
outer part. The pixels are mounted on 1736 modules with over 45 000 readout channels per
module. The high granularity gives rise to extreme tracking precision. They are organised
in 4 cylindrical layers and 3 disks per endcap.
The Semiconductor Tracker has the same role as the Pixel Detector, but it exploits silicon
microstrips instead of pixels for detecting purposes; they are organised in 4 barrel layers
and 9 disks per endcap. It contains over 6 million microstrips and has a sensitivity of 25
.
The Transition Radiation Tracker complements the other two detectors providing particle
identification. It is composed of planes of straw tubes with a tungsten wire and exploits
the ionization of gaseous Xenon to identify the radiating particle.

3.2.2 Calorimeters

Calorimeters measure the energy of the passing particle. There are two types of calorime-
ter in ATLAS: one that exploits liquid argon, the other scintillating plastic tiles. Both
calorimeters use the sampling technique: they alternate the active material with layers of
passive materials like lead, tungsten and steel. In the LAr calorimeter, the particles in the
metal generate an electromagnetic shower that ionizes the liquid gas, generating a current
that is dependent on their energy.
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In the Tile Calorimeter, specialized in hadronic showers, the particles interact with the
scintillating material producing photons which are later converted to an electrical current.
It surrounds the LAr calorimeter detecting the particles that escape it. It is the heaviest
component of the ATLAS detector, weighing more than 2900 tonnes. Most of the par-
ticles produced in the interaction are absorbed inside the calorimeter, except muons and
neutrinos.
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Figure 3.8: Cut-away of the calorimeter [20]

3.2.3 Muon system

Since muons do not generate showers, they leave the calorimeters mostly unscathed. For this
reason, a muon spectrometer is installed to detect their tracks through magnetic deflection.
The field is generated by two different sets of magnets: the barrel toroid for |n| < 1.4, two
smaller endcap magnets for 1.6 < |n| < 2.7 and a combination of the two in the middle
region. The muon chambers wrap around the beam axis in the barrel region, and are
orthogonal to it in the endcap regions. In most of the rapidity range, the chambers contain
drift tubes, but at high |n| they contain Cathode Strip Chambers.
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Figure 3.9: Cut-away of the muon system [20]

3.2.4 Forward Detectors
There are three smaller detectors that lie in ATLAS forward region:

e LUCID (Luminosity measurement using Cerenkov Integrated Detector), an online
luminosity monitor;

e ALFA (Absolute Luminosity for ATLAS), another luminosity monitor that lies 1 mm
from the beam and uses scintillating fibers;

e ZDC (Zero-Degree Calorimeter), employed in heavy ion collisions.

3.2.5 Trigger and data acquisition

The volume of data generated by interactions in ATLAS is immense: each proton-proton
collision produces roughly 1.6 MB of data which, taking into account 40 MHz of beam
crossing frequency means requiring 1 Pb/s of data acquisition. This is obviously impossible,
both for storage reasons and for the incredibly high data flux for each channel. For this
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reason, there are triggers inside the experiment whose purpose is deciding if the data that is
being collected is worth saving. ATLAS employs a first level trigger, L1, which is hardware
based, and a High Level Trigger which is software based.

The L1 trigger analyzes the information coming from coincidences of calorimeters and muon
detectors to determine whether and event could be of interest. This manages to reduce the
volume of data of a factor of 400. As seen in Figure 3.10, there are dedicated triggers for
various types of particle. In Section 5, electron and muon triggers will be employed in the
analysis. They are always labeled EL and MU.
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Figure 3.10: L1 Trigger [21]

The HLT further reduces the data of a factor 100 by using all the information from
the detectors and a farm of more than 30 000 CPUs that has complete access to the data
recorded by calorimeters, muon chambers, and internal trackers.
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Figure 3.11: High level trigger [21]

At the end of the triggering system, of the billions of collisions only a few thousand re-
main: these events are channeled to storage by the Data Acquisition System, to be analyzed
later. The offline analysis of this data is performed by the ATLAS Computing Service, and
all memebers of the experiment have access to it thanks to the Worldwide LHC Computing
Grid. The ATLAS collaboration uses a C++/Python based framework called Athena 21.0
which encompasses all the tools necessary for the offline analysis. Truth-level simulated
events can go through a GEANT4 based detector simulation and data reconstruction, after
which they are called reco-level data and can be compared to experimental data.
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Chapter 4

Object reconstruction and
identification

As described in Section 2.5.1, a hadronic collider is a very complex environment, in which
millions of events happen at once. It is therefore of paramount importance to be able to
correctly identify and recognize the events of interest. The final states at LHC are produced
from parton interactions, or hard scattering, and, after undergoing the processes of parton
shower and hadronization, manifest themselves to experimentalists as particles or, more
often, collections of particles called jets. The real challenge is then recognizing the so-called
physical objects from the signals in the various parts of the detector and being able to
trace them back to the phenomena that originated them. In the following Sections, the
techniques used by the ATLAS collaboration to identify jets and their flavour, leptons, and
tracks and vertices in general will be discussed.

4.1 Tracks and vertices

All charged particles have their trajectory bent when immersed in a magnetic field. The
ATLAS experiment exploits a solenoid magnet whose field is directed along the Z-axis
combined with the ionization in the Inner Detector (ID) to determine the track of charged
particles. The trajectory of a charged particle in a magnetic field is a helix, which is
described by 5 parameters:

e dy: the transverse impact parameter, which is the minimum distance from the z-axis;

e zp: the longitudinal impact parameter;

¢o: azimuthal angle at minimum distance

0: polar angle

e ¢/p: curvature (it has the same sign as the charge of the particle);
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track

Figure 4.1: An overview of the helix parameters used in charged particles track reconstruction.
The z-axis runs along the proton beam axis.

When passing in the ID, which is composed of silicon detectors, the particles deposit

energy. The hits, which are the signals in the detector, are grouped in clusters, and
track seeding identifies the vertex of origin of the object.
Once the vertex has been identified (the vertex with the most tracks pointing to it is
called primary vertex) and there is a series of points that could belong to the track, the
track fitting fits the trajectory parameters, taking into account the deflection from the
magnetic field, Coulomb scattering and energy loss.
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4.2 Leptons

Leptons are fundamental to every analysis because they are easy to unequivocally identify.
They represent =~ 10% of the weak bosons decays and, since they participate in a weak
interaction, it is a very clear signature in an otherwise overwelming background of hadrons
and jets produced in proton-proton collisions. Lepton identification relies on algorithms
which use a combination of signals from various parts of the detector, because every lepton
behaves differently and has a unique signal.

4.2.1 Electrons

. hadronic calorimeter
third layer a,
AnxAg—0.05x0.0215

second layer
AnxAp=0.025x0.0245

first layer (strips)
AgpeAp=0.00310.008

presainpler

TRT (73 layers)

beam axis pixels

beam spot

do

insertable B-layer

Figure 4.2: Path of an electron inside the ATLAS detector (red line). The dashed red line is a
photon produced inside the tracker.

High-energy electrons are charged particles, which means they leave a track in the Inner De-
tector (ID) which can be reconstructed as seen in the previous Section, and in the calorimeter
where they deposit energy via bremssttrahlung. Their reconstruction is articulated in three
phases. Seed-cluster reconstruction is based on the clusters of energy deposited in the
ECal. Track reconstruction exploits the techniques previously described to identify the
tracks in the inner detector. The information from these two phases is combined in the
electron candidate reconstruction, in which clusters and tracks are matched to identify
the electron candidate.

Electron identification is carried out with a likelihood approach, by using a product of the
distributions of the variables for signal (S) and background(B):

n

Lsp) (@) = [[ Pysyi(i) (4.1)
=1
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and the optimal discriminant is defined as

Ls

_ _ 4.2
Ls+ Lp (4.2)

dr,
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Figure 4.3: Transformed likelihood-based discriminant for reconstructed electron candidates. Signal
(black histogram) is prompt electrons in a Z — ee simulation sample, background (red dashed line)
is a generic two-to-two process simulation sample [22].

The signal are elctrons coming from the original interacton (i.e. not produced in sec-

ondary vertices), meanwhile background is composed of "false” electrons (which are other
objects mimicking an electron signal), and electrons coming from interactions within the
detector or hadronic decays.
Different analysis groups may have different requirements when it comes to background re-
jection, which is why the discriminant has different operating points: Very-Loose, Loose
whose efficiency for electrons at E' = 30 GeV is 98% and requires at least 2 hits in the pixel
detector and seven in the whole ID, and Medium with 88% and Tight at 80%, which also
both require hits in the innermost layer.

4.2.2 Muons

Muon identification relies mainly on the muon spectrometer (MS), the ID track and the
energy they deposit in the calorimeters as minimum ionizing particles, or MIP. There are
four main algorithms that use combinations of this information to identify muons.

In the Combined approach, the muon is reconstructed via a global fit that uses hits from
both the tracker and the spectrometer. In the Segment-tagged, the ID track must be
matched to at least a track segment in the muon chambers. In the Calorimeter-tagged,
the ID track must be associated with hits in the calorimeter compatible with a MIP. Finally,
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in the Extrapolated, the track is reconstructed only from the MS, as long as it’s compatible
with the vertex of origin.

As it is the case for electrons, muons are identified via a likelihood based approach, which
has another four operating points: Loose, Medium, Tight, High pp.

4.2.3 Isolation requirements

Leptons produced in weak interactions are independent from hadron events, which is why
they are expected to have very little activity around them. Isolation variables, based on
the amount of energy deposited in the cone around the lepton, are therefore an important
feature for the identification of prompt leptons, because they increase the purity of the
selection of those produced in the hard interaction against those coming from quark decays.
The radius of the cone is defined as AR = /(An)? 4+ (Ag¢)2.

Isolation can be calorimeter based, by looking at the sum of the transverse energies of a
cluster inside a cone of R = 0.2, or track-based, in which the variable is the sum of transverse
momenta in a cone of R = min (0.2, 10 GeV/Er). As is the case for LH identification,
isolation also has several operating points with different variables and constraints. Looser
constraints can be helpful especially with background studies, meanwhile, tighter constraints
produce purer samples, at the expense of efficiency.
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Figure 4.4: Data isolation efficiency for different operating points. Data from 2015-2016 LHC Run2
at /s = 13 TeV. [22]

4.2.4 Tau leptons

Tau leptons are a lot trickier to identify, because their lifetime is very short. They can
decay both leptonically and hadronically, thanks to their large mass. In the first case, the
electrons and muons from the decay might be confused for prompt leptons, but there is
evidence of missing energy because the decay involves two neutrinos. In hadronic decays,
mostly pions are produced: the cone is similar to a jet, but more collimated. Tau leptons
will not be considered further in this analysis.
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4.3 Jets

As seen in Section 2.5.1, the products of a QCD interaction are jets of particles. The goal
is being able to trace back the jets to the parton-parton interaction that produced them.
As seen in Figure 4.5, a single event in the ATLAS experiment is very complex, which is
why one of the biggest challenges is the reconstuction and identification of jets, which relies
heavily on algorithms.

~ Run: 271516
" Event: 7786087
2015-07-13 09:38:38 CEST

ATLAS

EXPERIMENT

Figure 4.5: Display of a candidate boosted top quark pair production event from proton-proton
collisions recorded by ATLAS with LHC stable beams at a collision energy of 13 TeV. [23]

4.3.1 Jet Reconstruction

The so-called jet finding algorithms have the task of grouping together detected particles
that have a common origin, in order to understand the physical properties of their source.
Every algorithm uses different procedures and variables and must be calibrated accordingly.
However, there are phenomenological restraints to these algorithms that must be respected
in order to have results that are comparable to theoretical calculations: infrared and
collinear safety (IRC). In the first case, soft radiation must not affect the outcome of
the reconstruction, in the second, reconstruction must not be different if there are more
collinear particles with smaller impulse with respect to fewer particles with higher impulse.
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Mathematically speaking, an observable O is IRC safe if it is invariant in the limit of
collinear splitting or soft emission.

O(X;p1y ey PP +1 = 0) = O(X;p1, .., D) (4.3)

Algorithms can be top-down, which means they draw stable cones by identifying regions
of particles with the correct variables. This is the case for cone algorithms [24] like
the Iterative Seed Fixed Cone Jet Algorithm,or SISCone. However fast, these types of
algorithm are not IRC safe, because they often rely on variables such as transverse impulse.
Bottom-up algorithms are a better choice when it comes to IRC safety. The most important
ones are Recursive Recombination Jet Algorithms [25], which are used in the ATLAS
experiment. They iteratively measure the distance between pairs of particles (i,j) and
compare them to a characteristic distance for a single particle:

ARZ,
R2

dij = min(di, dj) (4.4)

d; = pn (4.5)

If the minimum is d;;, the particles are grouped together to form a single object in the list;
if it is d; the particle becomes a jet and is removed from the list. R is a parameter of the
algorithm and is usually R ~ 0.4 — 0.7 (in ATLAS, R = 0.4). If n = 1 the algorithm is
called kr algorithm, if n = 0 it is the Cambridge Aachen algorithm, if n = —1 it is
the anti-kp algorithm. Different algorithms may produce different jet configurations, as
seen in Figure 4.8
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Figure 4.6: Different jet reconstruction outputs by 4 algorithms. [26]

All algorithms use as input ParticleFlow objects, which are lists of particles obtained
by dedicated algorithms that combine information from the tracker and the calorimeter.

4.3.2 Flavour tagging

Once the jet has been reconstructed, it is necessary to find out which parton originated
it. Flavour tagging allows experimentalists to categorize jets in three flavours: b-jets, from
b-quarks, c-jets from c-quarks and light jets from any other parton. Jets coming from b- and
c-quarks contain heavy B and D mesons, which are used to identify them. As described
in Section 2.5.2, these mesons have longer lifetimes and higher masses, which means that
their decays happen after a longer time, in a displaced location that identifies a secondary
vertex which can be as far from the primary vertex as some cm for B mesons. Their decays
can be identified because they have higher pr with respect to the jet-axis. Also, at the end
of the chain of decays that they trigger there is often a non-isolated lepton.
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Figure 4.7: Run 2 b-tag efficiency by three different algorithms as a function of pr [27].

Flavour tagging algorithms take as input kinematic variables from the particles in the
jet, like secondary vertices locations and impact parameters, and combine them to properly
identify the flavour of the jet. Some algorithms, like the Soft Muon Tagging, also look at
low-momentum, non-isolated leptons for the identification of hadronic decays.

The same algorithm is always used on both reco-level data and experimental data, which
is why some calibration has to be performed in order for the efficiency of the algorithm to
match in the two cases. This is achieved through scale factors (SF): the efficiencies for the
simulated data are corrected bin-by-bin:

SF = Sdata (4.6)
EMC

Scale factors are computed separately by calculating tagging efficiencies and mistagging
rates for MC ¢t samples and a ¢t rich and pure data sample. The efficiencies affected
concern lepton triggers, lepton selection, jet vertexing and flavour tagging.
The performance of algorithms is usually evaluated using single-cut operating points (OPs).
The discriminant distributions used by the flavour tagging algorithm are divided in pseudo-
continuous bins identified by increasing efficiency percentage. Different OPs offer trade-

45



Object reconstruction and identification

offs between efficiency and mistagging rates: higher efficiency implies higher chances of
misidentification, while lowering efficiency means improving purity. This technique is called
pseudo-continuous b-tagging (PCBT).
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Figure 4.8: b-jet tagging probability (a,c) and simulation-to-data SFs (b,d) for two algorithms, MV2
(a,b) and DL1 (c,d) with pseudo-continuous binning. Vertical error bars are statistical uncertainties,
while green bands also include systematic uncertainties.

4.4 Missing transverse energy

Whenever particles are produced in an interaction, but not leave a signal in the detec-
tor, there is an imbalance in the energy and momentum in the transverse plane, where
they should otherwise add to 0, because negligible momentum is present in the transverse
direction of the collision. This is the case whenever a neutrino is produced (in leptonic
decays, for example for the W boson). It could also be the manifestation of some BSM
phenomenon, which is why missing energy reconstruction is very important. Since the full
kinematics of the parton-parton interaction is not known, only the transverse component
can be inferred, by looking at the conservation of momentum on the plane that is transverse
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to the beam axis. An estimate of the missing transverse energy is performed by listing all
the reconstructed object, separating between hard and soft interactions.

miss __ e ¥ T jet tracks
Er™ =— E Pr— E Pr— E Pr— E P — E Pr
selected electrons selected photons accepted T accepted jets unused soft tracks
(4.7)
There is an important contribution to the soft term from pile-up interactions, which are

secondary collisions from protons in the same bunch as the ones from the main collision
event.
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Chapter 5

The Z boson and heavy flavours

In this thesis, the focus was on the production of a Z boson in association with heavy flavour
jets (Z+HF), i.e. b- or c-tagged jets. These types of final states are of interest especially
because they represent a test for QCD. The analysis has been ongoing for a couple of years
by a team within the ATLAS collaboration on the full Run2 dataset, with the goal of
extracting inclusive and differential cross sections. Z4+HF production can be used to probe
the proton structure, to study pertubative QCD predictions and compare Monte Carlo
event generators at different order of perturbative accuracy and evaluated with different
calculation schemes. Z+b-jets also constitutes a background for other analyses, especially
those involving the Higgs boson, whose primary decay is in two b-quarks. Furthermore,
the most important feature for this thesis are final states involving c-jets, because they
will be fundamental to analyze the charm component of the PDF. In particular, the final
state which includes only one c-jet, as seen in Figure 5.1, is a direct way of probing the
charm PDF. Results involving intrinsic charm are extensively described in the next chapter.
The fiducial measurement of the Z+HF differential cross section proceeds according to the
following steps, which will be described in later sections of this Chapter:

e identification of events in the phase space region of interest through cuts in pr and
flavour selection;

e estimate and subtraction of the main backgrounds using a partially data-driven tech-
nique that allows for different fractions of Z+c-jet, Z+b-jet and Z+I-jet to be ex-
tracted from data using MC templates;

e extraction of cross section measurements with statistical unfolding, removing efficiency
effects and detector resolution.
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Figure 5.1: Examples of leading order (LO) and next-to-leading order (NLO) Feynman diagrams
for Z production.

In an analysis, events must be accurately selected. In Section 5.4, the criteria used for the
Z+heavy flavour analysis will be reported and discussed, and in Section 5.3 the simulation
process will be described and the data sampled listed. Backgrounds and systematics are
discussed in Sections 5.5 and 5.8 respectively, and results are presented in Section 5.9.

5.1 State of the art

Several measurements of both inclusive and differential cross sections of Z+heavy jets pro-
duction have been made before this one by various collaborations: at /s = 1.96 TeV there
are the CDF [28] and DO [29] collaborations; at /s = 7 Tev, /s = 8 TeV and /s = 13 TeV
(with a partial data-set from Run2) the ATLAS and CMS collaborations [30-33].
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Figure 5.2: cross section results: comparison between data and several MC predictions from a Run
2 partial ATLAS dataset for Z + b and Z + bb at /s = 13 TeV [32]
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5.2 Measurements performed and fiducial phase space

The Z+HF measurement is performed in a phase space region defined through pr and
rapidity cuts on final state leptons and jets, but also through flavour selection (according
to hadrons within the jets). Table 5.1 describes the criteria used in event selection: fiducial
phase space is defined first through kinematic criteria on leptons produced in the decay,
which must be of opposite sign (OS), and jets, and later through flavour constraints, thus
identifying 3 fiducial regions: Zge1B_truth for events with > 1b-jet, Zge2B_truth for events
with > 2b-jets, and ZgelC_truth for events with > 1 c-jet but no b-jets. A b-jet (c—jet)
is tagged if there is a B (D) hadron within AR = 0.3 of the center of the jet, where
AR = /(A¢)? + (Ay)?. The following differential distributions are reconstructed in the
identified phase space:

1. Jet multiplicity, jet properties, Z and Z-jet distributions, which are used in QCD
predictions, PDF models sensitivity studies and MC event generators modeling of
Z + b-jets:

e 7+b-jet production cross section as a function of the inclusive jet multiplicities
for 1 and 2 b-jets: Ny_jers > 1,2

e differential Z 4 b-jet production cross section for events with Nj_jeis > 1 as a
function of
(i) pr of the leading b-jet;
(ii) pr of the Z boson;
(iii) zp variable, which is defined as xr = 2pr|sinh(n)|/\/s;

o differential Z+b-jet cross section as a function of the difference in radius AR
between the Z boson and the leading b-jet

2. Jet multiplicity, jet properties, Z and Z-jet distributions, which are used in QCD
predictions, PDF models sensitivity studies and MC event generators modeling of
Z + c-jets:

e Z+c-jet production cross section as a function of the inclusive jet multiplicities
for 1 c-jet: Ne_jets > 1

o differential Z 4 c-jet production cross section for events with N._jets > 1 as a
function of
(i) pr of the leading c-jet;
(ii) pr of the Z boson;
(iii) xp variable;

e the ratio of the differential Z + c-jets production cross section as a function of
the pr of the Z boson, for events with N._jets > 1, measured in two ranges of

Z rapidity, defined as ”central” if |y| < 1.2 and "forward” if |y| > 1.2. It is
expected to be sensitive to intrinsic charm.
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3. Di-b-jets distributions used in QCD predictions or in topologies sensitive to Higgs and
BSM physics:

e the differential Z+b-jet production cross section as a function of the invariant
mass myy, of the 2 leading b-jets for events with Nj_jets > 2;

e the differential Z+b-jet production cross section as a function of the azimuthal
angle difference between the 2 leading b-jets A®y, for events with Ny_jeqs > 2.

Object selection Acceptance cuts
Z — up 2 OS p with ppr > 27 GeV, n < 2.5, my, = 91 GeV £15 GeV
Z — ee€ 2 OS e with ppr > 27 GeV, 1 < 2.5, mee = 91 GeV £15 GeV
b-jet pr > 20 GeV and |y| < 2.5, AR(b-jet, £)> 0.4
c-jet pr > 20 GeV and |y| < 2.5, AR(c-jet, £)> 0.4
Event selection Acceptance cuts
Z > 1b-jet (ZgelB_truth) Z and 1 b-jet
Z > 2b-jet (Zge2B_truth) Z and 2 b-jet
Z > lc-jet (ZgelC_truth) Z and 1 c-jet

Table 5.1: Fiducial regions for measurements at particle level.

5.3 Monte Carlo samples and data

Experimental data used in this thesis was recorded by the ATLAS detector during Run2
and consists of a total integrated luminosity of 140 fb~! with an uncertainty of 0.8% of p—p
collisions at /s = 13 TeV.

The simulated samples used in this thesis were all produced using either the MadGraph5_AMC@NLO
or SHERPA 2.2.11 programs. MadGraph is a parton-level generator that produces matrix
elements, which are the probability amplitudes associated with all the possible Feynman
diagrams of the parton in the hard interactions, before the hadronisation process. The NLO
calculations were performed in 5FS and 4FS. The NNLO calculations were performed in 5FS,
and the different jet multiplicities were merged via the FxFx [34] prescription. The PDFs
used in the generations were NNPDF 3.1 NLO, NNPDF 3.1 NLO 4FS, NNPDF 3.1 NLO 3FS.
Three series of samples were generated and later merged, MC_16_a, MC_16_d and MC_16_e.
The three samples correspond to three phases of data taking: 2015-2016, 2017, and 2018
respectively. It is important to differentiate the years of data taking, because to each corre-
spond different detector conditions, luminosities (as seen in Figure 5.3) and pile-up collision
profiles, which are the secondary proton-proton collisions that happen in the same bunch
as the primary interaction.
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Figure 5.3: Plot of the different luminosities and mean interactions per bunch crossing in the
different years of data-taking (Run2).
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Reweights with other PDFs will be discussed in the next chapter. The output of a
Madgraph simulation is a Les Houches file .1he which contains the output of the parton-
level interaction. In order for the results to have physical meaning the hadronisation and
parton shower processes must be simulated. The Pythia8 [35] interface takes care of these
two steps. The output is an HEPMC file (High Energy Physics Monte Carlo). To analyze the
results, the RIVET toolkit [36] has been used: it is a truth-level analysis, which means that
is the data not affected by detector effects, or reconstruction or experimental uncertainties
unless explicitely addedd.

5.3.1 Theory uncertainties

A contribution to systematic uncertainties, which will be discussed later, comes from the
Monte Carlo generators. There are two kinds of theoretical uncertainties: QCD scale uncer-
tainties and PDF uncertainties. The former come from the perturbative nature of QCD and
they are based on the 7-point variations of two parameters: the renormalization scale, ug,
which is a free parameter that intervenes at the energy scale at which the strong coupling
constant a is fixed, and the factorization scale, pr, which is used to determine the scale at
which QCD goes from perturbative to non-perturbative. PDF uncertainties correspond to
the Root Mean Square of the replica sample of the PDF which was chosen in the generator
and o uncertainties. However, PDF uncertainties were shown to have negligible impact
on the analysis, and were therefore not considered in the final results.

5.4 Selection criteria, object definition, signal

The Z boson is identified through its decay in a lepton-antilepton pair, because it is the
easiest channel to reconstruct due to the absence of jets. Most events in a proton-proton
collision only have jets in the final state, because they have a much higher cross section in
QCD interactions. Selecting events with a leptonic signature means then reducing by many
orders of magnitude the rate of events that are not of interest for the analysis. Both data
and simulated predictions have to respect a strict set of rules in order to be admissible for
the analysis. Furthermore, the data has to come from events that have not had issues in
neither the liquid argon, nor the tile calorimeter systems, no errors in the inner detector,
and are not incomplete. They have to respect a combination of High Level Triggers (Tab.
5.2) that depend on the flavour of the Z-generated lepton.
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Muon channel

HLT mu20_iloose_L1MU15
HLT mu20_iloose_L1MU15

2015

HLT mu26_ivarmedium

HLT_mub50

2016-2018

Electron channel
HLT_e24_1lhmedium_L1EM20VH
2015 HLT_e60_lhmedium
HLT_e120_1hloose

HLT_e26_lhtight nodO_ivarloose
HLT_e60_1hmedium nodO
HLT e140_1hloose_nodO

HLT_e300_etcut

2016-2018

Table 5.2: High Level Triggers on lepton identification: the name of the triggers identifies whether it
is for electrons e or muons mu, then the next number is the pp threshold. If the name has an L1 label,
it indicates the threshold at L1 trigger for the leptons. The labels that follow 1h are the likelihood
based levels of identification at trigger level, whereas i indicates the isolation requirements.

Collision vertices are identified through two ID tracks with py > 500 MeV. The vertex
with the highest total squared transverse momentum is the primary vertex (PV).

5.4.1 Object reconstruction

As seen in Chapter 4, object reconstruction relies on algorithms and discriminants to identify
leptons. Electrons must have ID tracks matched to clusters in the EM calorimeter, and come
from the PV. In order to identify the vertex of origin, conditions on the longitudinal and
transverse impact parameter are set. There are also constraints on the electromagnetic
shower shape, the energy released in it, and the tracks within a cone of AR = 0.2 of the
presumed electron.

Muons do not shower in the EM calorimeter, so their identification relies on the muon
spectrometer. It is performed either by matching tracks in the inner detector (ID) to tracks
in the spectrometer, or by using standalone tracks in the latter. They must be isolated,
and have similar requirements on impact parameter and tracks in the nearby cone. Both
leptons have to have a pr > 27 GeV and have also requirements on pseudorapidity.
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Muon channel

ID Medium
Isolation FCTight
Vertex association | |dypsign| < 3 and zpsinf < 0.5 mm
pr 27 GeV
n In| <2.5
Electron channel
ID Tight
Isolation Tight VarRad
Vertex association | |dgsign| < 5 and zpsinf < 0.5 mm
pr 27 GeV
n In| < 1.37 or 1.52 < |n| < 2.47

Table 5.3: Lepton Selection Criteria, as described in Section 4.2: for ID and isolation the operating
points of the discriminant are given. Vertex association relies on the conditions on track parame-
ters,as seen in Figure 4.1. The gap in electron rapidity || is due to the crack region between endcap
and barrel calorimeters.

Jets
Algorithm anti-k;, R = 0.4, AntiKt4EMPFlowJets
pr 20 GeV
" | < 2.5
JVT Tight
b-tagging Cut on DL1r discriminant with 85% efficiency
Rejection rate for c—jets | 3 (corresponding to a selection efficiency of ~ 30%)
Rejection rate for light jets 40

Table 5.4: Jet Selection Criteria: JVT is the Jet Vertex Tagger, which matches the jet to the
primary vertex.

Jets are harder to reconstruct: they come from PFlow objects and are reconstructed
using the anti-kp algorithm. The requirements are pp > 20 GeV, rapidity |y| < 2.5, AR
> 0.4. There are stricter requirements for jets coming from pileup vertices. The b-tagging
efficiency is roughly 85% and b-jets are required to have pr > 20 GeV and pseudorapidity
In| < 2.5.
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5.4.2 Flavour classification and scale factors

Flavour tagging uses cone-based criteria to assign b,- c- or light jets labels: a b-jet is classified
as one if there is at least one b-hadron with pr > 5 GeV within a cone of AR = 0.3. The
check is analogous for c-hadrons. If neither check is positive, the jet is labelled as light.
Simulated jet events are used to define classifications: events with only one b-jet are called
Z + b, then there are Z + bb who have two. Events with 1 or 2 c-jets and no b-jets are
Z + c and Z + cc, and then there are Z + [, the remaining ones. These categories are then
used to define signal and background regions. Since the efficiencies of reconstruction and
classification may differ between simulations and actual data, the former are corrected using
scale factors. The efficiencies affected concern lepton triggers, lepton selection, jet vertexing
and flavour tagging.

5.4.3 Signal region

Events with a Z-boson are selected through the di-lepton channel. They must have exactly
two oppositely charged leptons of the same flavour that respect the aforementioned require-
ments of Table 5.3. Furthermore, their invariant mass must be in the range 76 GeV < mys <
106 GeV. There are additional selection cuts on missing transverse energy if the Z has a
lower transverse impulse, because of the significant ¢ background: it has to be E}”iss < 60
GeV if the transverse impulse is pr < 150 GeV. A summary of the parameters can be found
in table 5.5. Signal regions are defined based on the presence of b-jets, as summarized in
Table 5.6. In the first signal region, ZGeq1B, both Z 4 c—jets and Z + b—jets are measured,
taking first the former and then the latter as background. In the second region, the signal
is composed of just Z + 2b—jets.

Z selection
Leptons exactly 2 of the same flavour and opposite charge
Di-lepton mass 76GeV < my < 106GeV
Missing transverse energy Emiss < 60 GeV if pr < 150 GeV

Table 5.5: Parameters for Z boson selection through its leptonic decay

Signal regions
ZGeqlB | at least 1 good b-jet
ZGeq2B | at least 2 good b-jets

Table 5.6: Definition of signal regions based on jet flavour.
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5.5 Backgrounds

The primary source of background in this analysis are jets of unwanted flavours, which
correspond to light jets in all cases, and jets of ¢ (b)-flavour whenever studies on b(c)-jets
are made. These backgrounds are taken care of with the flavour fit method, described in
Section 5.5.2. The rest of the background contribution comes from weak interactions (sin-
gle and diboson) and top quarks. In general, background evaluation is performed either
by using Monte Carlo samples or through a data-driven approach. In the data-driven ap-
proach, which was used to estimate ¢ and multijet backgrounds, instead of relying solely
on theoretical predictions, a control region is chosen in the data (it has different parameters
than the signal region, so that the background of interest dominates) and it is enriched with
the background process until it makes up for roughly 90% of the contribution. A transfer
factor is then used to scale the control region to the signal region. This approach reduces
the theoretical uncertainties that come from generators. Another data-driven approach,
that uses template fits, is performed to estimate multijet background contributions. This
contribution comes from lepton fakes that contaminate the signal selection, and is very
difficult to simulate. In this analysis, multijet background contributions were found to be
negligible.

5.5.1 Monte Carlo background estimates

The MC estimates of background and signal samples are in Tables 5.7 and 5.8 (percentage)
and 5.9 and 5.10 (total yield). In the tables, the signal Z + ee or Z + pup is not yet divided
by jet flavour.
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Z > 1b—jet Z > 2b—jet
Sample MC16a | MC16d | MC16e | MC16a | MC16d | MCl6e
Z— ptu 97.6 97.84 97.81 84.36 85.97 85.84
Top 1.7 1.51 1.53 13.54 12.04 12.17
Z =TT 0.02 0.01 0.01 0.0 0.01 0.01
VV = 0/tv/vv+q3 | 0.62 0.58 0.59 1.71 1.62 1.62
VH 0.06 0.06 0.06 0.38 0.36 0.36

Table 5.7: MC estimates for signal and background (percentage), Z — ptu~. The first line
represents the signal, while the three column represent the three Monte Carlo samples from the
different periods of data taking, as seen in Section 5.3

Z > 1b—jet 7 > 2b—jet
Sample MC16a | MC16d | MC16e | MC16a | MC16d | MCl6e
Z —ete” 97.36 97.58 97.54 83.49 85.04 84.71
Top 1.89 1.71 1.74 14.34 12.88 13.19
Z =TT 0.01 0.0 0.01 0.0 0.01 0.01
VV — U/tv/vv +qq | 0.67 0.64 0.64 1.75 1.67 1.69
VH 0.07 0.07 0.07 0.42 0.39 0.4

Table 5.8: MC estimates for signal and background (percentage), Z — e™e™.The first line represents
the signal, while the three column represent the three Monte Carlo samples from the different periods
of data taking, as seen in Section 5.3
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Z > 1b—jet
Sample MC16a MC16d MCl16e
Z— ptu 664821 £ 1467 | 8732556 + 1678 | 1133170 + 1991
single-top 986.4 + 11.3 1163.4 +£12.3 1534.5 + 14.1
ttbar 11323.0 £ 39.4 | 12977.2 4+42.2 17247.6 + 48.7
Z =TT 67.8 +£12.2 66.6 +14.3 66.6 +14.3
VV = U/tv/vv +qq | 4612.8 +14.4 5548.7 + 14.8 7346.4 +20.9
ZH 19294+ 0.4 227.7+1.3 302.7 £ 0.5
Z > 2b—jet
Sample MCl16a MC16d MCl16e
Z — ptu 41725 + 298 54643 + 338 70484 + 390
single-top 221.5 & 5.3 249.1 £ 5.7 327.9 £ 6.5
ttbar 6237.0 + 29.2 7154.3 + 31.3 9492.8 + 36.1
Z =TT 0.6 +2.0 1.3+ 2.3 1.3+2.3
VV = /tv/vv + qq 817.3+5.4 1004.7 £ 6.9 1318.9 £8.3
ZH 99.2 +£0.3 118.1 £ 1.0 156.4 +0.3

Table 5.9: MC estimates for signal and background (total yield), Z — utu~. The first line
represents the signal, while the three column represent the three Monte Carlo samples from the
different periods of data taking, as seen in Section 5.3
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Z > 1b—jet
Sample MC16a MC16d MCl16e
Z — ete— 383517 £+ 1072 | 485377 + 1226 | 634467 + 1417
single-top 645.7 £ 9.0 727.3+£9.8 960.2 + 11.3
ttbar 7254.9 + 31.2 8193.7 + 33.7 10921 + 39.1
Z =TT 48.9 +10.6 46.6 +12.4 46.6 £12.4
VV = /tv/vv +qq | 2877.2+11.4 | 3416.5+11.4 | 4491.0 £16.2
ZH 128.4+ 0.3 149.4+ 1.1 199.0+ 04
Z > 2b—jet
Sample MC16a MC16d MCl16e
7 — ete— 24759 + 215 31746 + 248 42218 + 228
single-top 129.9 + 4.0 167.4 + 4.7 206.5 + 5.3
ttbar 4011.1 £ 23.2 | 4544.5 + 25.1 6049.9 + 291
Z =TT 6.2 +2.2 4.7+ 24 4.7+ 24
VV = /tv /vy + qq 508.7 £ 4.2 615.4+5.4 810.8 £ 6.6
ZH 66.4 £ 0.2 78.3+0.8 104.5+0.3

Table 5.10: MC estimates for signal and background (total yield), Z — ete™.

The first line

represents the signal, while the three column represent the three Monte Carlo samples from the
different periods of data taking, as seen in Section 5.3

5.5.2 Flavour fits

Once both event selection and background rejection have been performed, flavour fits are
necessary to to extract the background distributions in the signal region and improve the
agreement between data and simulation, because the flavour fractions provided by the Monte
Carlo are not always reliable. This is achieved via a maximum-likelihood bin-by-bin fit, for
Z+4c¢, Z+band Z+1 in the Geq1BiJ region 5.4, and Z + bb, Z 4+ b, Z 4+ c and Z + [ in the
Geq2BiJ region 5.5. The fits are performed with the jet PCBT output described in Section
4.3.2 on intervals of the variables of interest, for example in the [20,24] interval of py in
Figure 5.5. In the same plot, the odd shapes come from the combined PCBT output of the
two b-jets.

5.6 Detector level distributions

In this section, detector level distributions for the main variables of interest are presented.
First, the inclusive jet distributions are shown, before the b-jets selection: the events in the
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Figure 5.4: The pre- and post-fit PCBT distributions with the [20, 24] bin of p&B7 of the combined
lepton channels in the Geq1BiJ region.

plots have a Z boson candidate and at least one jet with pr > 20 GeV and |y| < 2.5. Then,
distributions in the signal region are shown before and after the flavour fits, rescaling the
Z+jets background. In the bottom part of the plots, the ratio of predictions over data is
shown. Predictions include all MC signal, plus background. In all plots, the shaded part
corresponds to systematic uncertainties, described in Section 5.8.

5.6.1 Distributions in the Z-+jets inclusive region
The variables shown are the the transverse impulses pr of the leading jet (Fig.5.6) and of
the Z boson (Fig. 5.7), and the dijet invariant mass (Fig. 5.8).

5.6.2 Pre- and post-flavour fit distributions in the signal regions

The plots shown are always pre-(on the left) and post-flavour fit (on the right). MC pre-
dictions slightly overestimate the data in the ZGeql1BiJ region, while agreement in the
ZGeq2BilJ is better.
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Figure 5.5: The pre- and post-fit PCBT distributions with the [10, 30] bin of my, of the combined
lepton channels in the Geq2BiJ region.

5.6.2.1 GeqlBilJ

The variables of choice are the transverse impulse pr of the leading b-jet (Fig. 5.9) and of
the Z boson (Fig. 5.10), and the leading b-jet zr (Fig. 5.11).
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Figure 5.11: Detector level plot of leading b-jet xp distributions before and after the flavour fit.

5.6.2.2 Geqg2BilJ

Figure 5.12 shows the di-lepton invariant mass distributions before and after the flavour fit.
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Figure 5.12: Detector level plot of di-lepton invariant mass before and after the flavour fit.

5.7 Unfolding

As seen in the previous Sections, Monte-Carlo generated events can be dealt with at truth-
level, before the interaction with the detector, or at reco-level, when the final states have
been reconstructed and detector effects taken into account. When it comes to measured
events, however, the data only presents itself at reco-level: the truth-level distributions
must be extracted in order to remove the distortion that comes from detector interaction,
especially if a data comparison is to be made with different experiments or new theoretical
predictions. The technique employed to reverse engineer reco-level data is called unfolding
[37]. It is a linear inverse problem based on the integral equation

Freco() = /Q R(ly) foran () dy (5.1)

where x and y are respectively the reco and truth variables with their respective distribu-
tions. R(z|y) is the response matrix, which can be defined as

R;; = P(observed in bin i|truth value in bin j) (5.2)

The unfolding technique employed in this analysis is iterative Bayesian [38], and is imple-
mented in the RooUnfold package [39].

5.8 Systematic uncertainties

Systematic uncertainties incorporate detector-level uncertainties and performance issues
and have to be applied to both unfolded data and Monte Carlo generated signal, where
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level to reco-level distributions.
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they are applied to reconstruction-level plots and summed in quadrature. They include,
among others:

LUMI: uncertainty on the luminosity;

EG: uncertainties on electron reconstruction and identification. These include energy
scale and resolution, and reconstruction, identification and trigger efficiencies;

MUON, uncertainties on muon reconstruction and identification. These include smearing
of the muon track, scale corrections and reconstruction, identification and trigger
efficiencies;

MET: uncertainties on scale and resolutions of the soft tracks used in missing transverse
enrgy calculations;

JES: uncertainties on Jet Energy Scale, which is the calibration performed to match
the energy of the jet to that of the particles that compose it;

JER: uncertainties on Jet Energy Resolution, which quantifies the fractional uncer-
tainty on the reconstructed energy of the jet;

PRW: uncertainties on pileup vertices;

FTAG: flavour tagging uncertainties, which are mainly composed of variations in the
calibrated efficiencies, i.e. corrections to the scale factors.

As seen in Tables 5.11, 5.12 and 5.13, flavour tagging and jet reconstruction are among the
main sources of uncertainty in measured cross sections.
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Z — 0H0~ > 1bjet

Syst. source | Rel. uncertainty (%)
BTagging +3.58
DIBOSON £0.07
EGAMMA +0.24
FxFx 40.48
Jet +2.41
Luminosity +0.80
MET +0.42
MUON +0.11
PRW £0.60
SINGLETOP +0.03
TTBAR +0.12
UNFOLDING +4.69
VjBkg +0.60
ZH £0.00
ZTAUTAU +0.00
Statistics +0.16

Table 5.11: Breakdown of relative systematic uncertainties on measured cross section for events
coming from Z decay in both electron and muon channel + > 1b—jet.
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Z — 0H0~ > 2b-jet

Syst. source | Rel. uncertainty (%)
BTagging +5.71
DIBOSON +0.18
EGAMMA +0.25
FxFx +0.33
Jet +4.34
Luminosity +0.87
MET +0.51
MUON +0.11
PRW £0.57
SINGLETOP +0.06
TTBAR +0.28
UNFOLDING +5.53
ViBkg +£1.49
ZH +0.02
ZTAUTAU +0.00
Statistics +0.44

Table 5.12: Breakdown of relative systematic uncertainties on measured cross section for events
coming from Z decay in both electron and muon channel + > 2b—jet.
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Z — 070~ > lejet

Syst. source | Rel. uncertainty (%)
BTagging +10.27
DIBOSON 0.11
EGAMMA +0.38
FxFx —
Jet +6.45
Luminosity +0.74
MET +0.34
MUON +0.11
PRW £0.17
SINGLETOP +0.03
TTBAR +0.01
UNFOLDING £5.62
VjBkg +1.58
ZH £0.00
ZTAUTAU +0.00
Statistics +0.32

Table 5.13: Breakdown of relative systematic uncertainties on measured cross section for events
coming from Z decay in both electron and muon channel + > 1c—jet.

5.9 Results

5.9.1 Inclusive cross sections

The inclusive cross sections for regions ZGeq2B, ZGeqlB, ZGeqlC are presented in this sec-
tion. The tables feature the cross section as extracted via Unfolding compared to the cross
section predicted by the MadGraph simulations. Data results are presented in the form o [pb]
+ stat. £ syst.. MC results are presented as o[pb]+ MC stat.
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Figure 5.14: Uncertainty breakdown on the unfolded results of the Z boson pr for an event with
at least 10— jet, in the electron-muon channel.

Z > 1b—jet
Signal Data [pb] MC [pb]
Z — ptp~ | 10.438 £0.020 £ 0.741 | 11.736 £+ 0.017
Z —ete™ | 10.61140.025 4+ 0.614 | 11.662 £ 0.017
Z — 070~ | 10.490 +0.017 4+ 0.684 | 11.699 + 0.012

Table 5.14: Inclusive cross sections in the Z+ > 1b—jet signal region
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7 > 2b—jet
Signal Data [pb] MC [pb]

Z — utp~ | 1.379 4£0.008 £ 0.131 | 1.568 + 0.005

Z —ete™ | 1.42340.010 & 0.130 | 1.556 + 0.005

Z — 0T~ | 1.39440.006 + 0.129 | 1.562 4 0.003

Table 5.15: Inclusive cross sections in the Z+ > 2b—jet signal region

7 > lc—jet

Signal Data [pb] MC [pb]
Z — ptu~ | 20.706 4+ 0.083 £ 2.887 | 18.370 4+ 0.021
Z —ete” | 21.091 £0.106 £2.774 | 18.390 & 0.021
Z — 070~ | 20.890 £ 0.068 £ 2.818 | 18.380 £ 0.015

Table 5.16: Inclusive cross sections in the Z+ > lc—jet signal region

5.9.2 Differential cross sections

Differential cross sections plots are shown for various kinematic variables of interest. For
signal regions with one b-jet, plots for the transverse impulse pr of the leading b-jet and
of the Z boson, and the leading b-jet xp are presented for electrons and muons separately
(Figures 5.15, 5.17 and 5.20 respectively) and after combination (Figures 5.16, 5.19 and
5.18 respectively). The Z pr and leading c-jet variables are presented for events with one
c-jet in Figures 5.21 and 5.22. For the two b-jets signal region, the di-lepton invariant mass
myyp is shown in Figure 5.23.

In all plots, the black line represents unfolded data and the red and blue lines represent
Madgraph and Sherpa predictions, respectively.
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Figure 5.15: Differential cross section for leading b-jet pr: comparison of unfolded data and predic-

tions from MG54+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron (left)
and muon (right) channels.
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Figure 5.16: Differential cross section for leading b-jet pr: comparison of unfolded data and predic-
tions from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron+muon
channel.
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Figure 5.17: Differential cross section for leading b-jet xr: comparison of unfolded data and predic-
tions from MG54+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron (left)
and muon (right) channels.
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Figure 5.18: Differential cross section for leading b-jet zr: comparison of unfolded data and predic-
tions from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron+muon
channel.
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Figure 5.19: Differential cross section for Z boson pr: comparison of unfolded data and predictions
from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron+muon
channel.
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Figure 5.20: Differential cross section for Z boson pr: comparison of unfolded data and predictions
from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one b-jet, electron (left) and
muon (right) channels.
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Figure 5.21: Differential cross section for Z boson pr: comparison of unfolded data and predictions
from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one c-jet, electron+muon
channel.

80



The Z boson and heavy flavours

3 %I: T TT | ITTT | T 1T | I TTT | T T T | T 1T LI T TT | T 1T | T TT I.| T T E
2.5 L ATLAS Internal Zy* (=) +=1cjet -
w - = -1 “%~ Data (Madgraph Unf.)3
%" F 13 TeV, 280.1 b graph Unf.)5
210" ="antik, jets, R=0.4  —* Madgraph =
S10°E P} > 20 GeV, |y*| < 2.5~ Sherpa —
102 ;Ettt é
10 & =
= * =
1=~ == =
1 0_1 ;_ s _;
107 = f =
10° = =
104 E
1 I I I I l I | l I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I |_
g 147 o e 4 2
Q
O oglrrry
S 0ol TNV .

. L1 Y,
0 005 01015 0.2 0.25 0.3 035 0.4 0.45 05
X (leading c-jet)

Figure 5.22: Differential cross section for leading c-jet xr: comparison of unfolded data and predic-
tions from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least one c-jet, electron+muon
channel.
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Figure 5.23: Differential cross section for lepton invariant mass: comparison of unfolded data
and predictions from MG5+PY8 FxFx and SHERPA v2.2.11 for events with at least two b-jets,
electron+muon channel.
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5.10 5FNS and 4FNS comparison

As explained in detail in Section 2.5.4, a major contribution to the final states of an hadronic
collision comes from PDFs. It is then a relevant exercise to compare results in samples
generated with different PDFs. In this section, a comparison of differential cross sections
calculated in both 5FNS and 4FNS to unfolded data is presented. As expected, the cross
sections in 4FNS are consistentely smaller, because the sole contribution from b quarks
comes from gluon splitting, and there is no further contribution from perturbative b-quarks.
After the plots, integrated cross sections for three different variables, the transverse impulse
pr of both leading b-jet and Z and the di-jet invariant mass are presented. The invariant
mass is the variable that is least influenced by the difference in the two schemes.

o [pb]

Variable [GeV] Unfolded data | Madgraph 4FNS | Madgraph 5FNS

pr(leading b-jet) | 10.3693 + 0.0127 | 3.3255 £ 0.0455 | 11.7046 + 0.0123
My 1.3916 £ 0.0024 | 1.4083 + 0.0513 | 1.5621 + 0.0034

Table 5.17: cross sections for data and different flavour schemes simulations.
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Figure 5.24: Differential cross section for leading b-jet pr: comparison of unfolded data and pre-
dictions from Madgraph at 4FNS (with statistical error bands) and 5FNS for events with at least
one b-jet, electron+muon channel.

84



The Z boson and heavy flavours

— —
8| Q B ATLAS Internal
O 1078
' Vs =13 TeV
- ._" e  Unfolded data
T moe m Madgraph 4FNS
-2 -
10 = —— . Madgraph 5FNS
N ==
10°%
§ =g
- ——
1074 — e
107 =
:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
oo
© 2
(@)
~~
O =
=

p.(2) [GeV]

Figure 5.25: Differential cross section for Z pr: comparison of unfolded data and predictions
from Madgraph at 4FNS (with statistical error bands) and 5FNS for events with at least one b-jet,
electron+muon channel.
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Figure 5.26: Differential cross section for di-jet invariant mass: comparison of unfolded data and
predictions from Madgraph at 4FNS (with statistical error bands) and 5FNS for events with at least
two b-jets, electron+muon channel.
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Chapter 6

Intrinsic charm sensitivity

As stated in previous chapters, the presence of intrinsic charm in the proton can be inves-
tigated by studying the final states which contain one c-jet. In particular, the differential
cross section is of the utmost importance: the first intrinsic charm theories, like BHPS [11],
originated from discrepancies in the cross sections for the production of D mesons and un-
expected values in the comparison between forward and central regions.

This gives rise to two questions: which is the optimal kinematic variable to use for the
differential cross section, and which is the optimal way of defining the forward and central
regions. The regions are defined from rapidity, which is a kinematic variable that identi-
fies the relative angle between the particle and the beam, as seen in Eq. 2.36. The b-jet
signal from the data used in this analysis cover a rapidity range of |y| < 2.5. Setting a
cut at a fixed ¥y means defining the central region as wherever y < ¢, and the forward
region wherever y > y. In the next sections, the distribution of kinematic variables as the
percentage of intrinsic charm changes will be analyzed through the reweighting procedure,
and a scan of rapidities will be performed, to determine the optimal variable at the optimal
cut to calculate the ratio of cross sections in the forward and central regions. The ratio
is chosen for this analysis because correlated uncertainties between the two regions cancel
out, improving the sensitivity.

6.1 PDF Reweighting for intrinsic charm sensitivity studies

PDF reweighting is a method that allows to better understand the impact that different
PDF choices have on the output of the simulation. The reweighting process is, in a way,
an a posteriori PDF choice to correct a sample generated with an old PDF to a new one.
Weights are calculated as follows:

B finew(xl’ Q2)fjnew(x2’ QQ)
N inld(xlﬂ Q2)fj01d($27 Q2)

The reweighting process was performed once with a PDF that contained intrinsic charm,
and once with one that did not. The PDFs used in reweighting can be found in Table 6.1

w(z1, 22, Q%)

(6.1)



Intrinsic charm sensitivity

Reweight PDF Notes

NNPDF_3.1_NNLO contains IC component in unknown percentage
NNPDF_3.1 _NNLO_pch only contains perturbative charm
CTEQ14_NNLO_IC/0000 does not contain intrinisc charm

CTEQ14 _NNLO_IC/0001 | contains 0.6% intrinsic charm according to BHPS models
CTEQ14_NNLO_IC/0002 | contains 2.1% intrinsic charm according to BHPS models

Table 6.1: PDFs chosen for the reweight process, as can be found in the LHPDF repository from
the NNPDF [40] and CTEQ14 collaborations [41].

The PDFs chosen for the reweighting are two: NNPDF 3.1 and CTEQ 14. The reason

for this choice is the fact that both come in two versions: one that contains intrinsic charm
and one that does not. In NNPDF, one PDF contains intrinsic charm, while the other
only contains perturbative charm. CTEQ14 PDFs come in two variations to the central
value CTEQ14_NNLO_IC/0000 that has no intrinsic charm:, CTEQ14_NNLO_IC/0001 contains a
fraction of intrinsic charm of 0.6% and CTEQ14_NNLO_IC/0002 contains a fraction of intrinsic
charm of 2.1%, in both cases fit in according to the BHPS model.
Reweighting was performed on samples from Z — p™p~ in the signal area ZGeqlC, which
contains at least one c-jet and no b-jets. The studies focused on the pr of both jets and
Z boson, and xp of the leading jet, because according to several studies, for instance [42]
and [43], these variables are the ones that are most likely to be impacted by the presence
of intrinsic charm, which should manifest itself in the forward region.

As seen in Figures 6.1, 6.2 and 6.3, at high pr and zp, which correspond to higher

values of |y| (i.e. in the Forward region), up to 30% increases in data are shown for PDFs
containing higher percentages of intrinsic charm.
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Figure 6.1: Reweighting for leading jet pp: NNPDF30Onnlo is reweighted to CT14nnloIC with both
BHPS1 and BHPS2.
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Figure 6.2: Reweighting for leading jet xp: NNPDF30nnlo is reweighted to CT14nnloIC with both
BHPS1 and BHPS2.
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Figure 6.3: Reweighting for Z py: NNPDF30Onnlo is reweighted to CT14nnloIC with both BHPS1
and BHPS2.
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Figure 6.4: Differential cross section for leading b-jet pr: comparison of unfolded data and predic-
tions from MG5+PY8 FxFx reweighted with two PDF's containing different fractions of IC. Events
with at least one b-jet, electron+muon channel.

6.2 Variables and uncertainties

Once the events have been reweighted, a range of y is decided to determine the forward
and central region. The scan was performed from y = 1.2 to y = 2, with a step Ay = 0.2.
Examining the forward/central ratio allows for many uncertainties to cancel. The kinematic
variables taken into consideration were either the pr of the Z boson or of the leading b-jet
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(LBJ), or their zp. The rapidity cut was performed either on the Z or on the LBJ. A
detailed overview of the variables of interest is given in Table 6.2

Variable | Cut on yz | Cut on yrps
T, v v
PTis v v
TE, X X
TFypg v X

Table 6.2: Variables subject to optimization

For each variable, the ratio of Forward over Central region was calculated. Both sta-
tistical (Poisson) and systematic uncertainties have been taken into consideration. An
exhaustive list of uncertainties can be found in Section 5.8. Theoretical uncertainties (scale
and PDF variations) have been excluded because of their negligible effect. The total error
is, bin by bin, the square sum of the contribution of each uncertainty. Calculating the ratio
helps reducing the impact of systematic uncertainties.

6.3 Significance

In order to quantify the sensitivity to the presence of intrinsic charm, significance was
calculated. For each variable, the ratios produced from samples generated with (1%) or
without (0%) intrinsic charm were compared in this formula:

N ) 9
(Vo0 — Vi)
2= E — (6.2)
i=1 %0%

where o is the sum in quadrature of all the errors of the ratio histograms for each bin:
n
2 2
0 = Estat T Z Esyst,j (63)
j=1

As seen in Figure 6.6 , the optimal variable is the pr of the Z boson, with a cut on yz.
The significance does not vary much across cuts, so the choice fell on y = 1.2. A more
conservative choice allows to have higher statistics in the forward region. Figures 6.5a and
6.6a show significances for electrons and muons final states reweighted with the CTEQ14
PDF's, whereas Figures 6.5b and 6.6b with NNPDF 3.1.
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6.4 Results

The Central/Forward differential cross sections in the pr of the Z boson ratios are presented
in Figures 6.7a, 6.7b and 6.8. The systematics breakdown for combined leptonic signals can
be seen in Figure 6.9. Figure 6.10 shows the Forward/Central cross section ratio for Z pr.
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Optimization of IC sensitive variables: electrons
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Figure 6.5: Rapidity cut scans for kinematic variables for two different sets of PDFs, Z — eTe™.
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Optimization of IC sensitive variables: muons
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Figure 6.6: Rapidity cut scans for kinematic variables for two different sets of PDFs, Z — uTp~.
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Chapter 7

Symbolic regression

Parton Density Functions, as seen in Chapter 2.3, give a description of the momenta dis-
tribution of the quarks inside the proton. Whenever strong interactions are involved in a
simulation, a choice of PDF must be made. The largest pre-computed PDF repository is
LHAPDF (Les Houches Accord PDF), which hosts PDFs of all kinds from different collabo-
rations. The PDFs are impossible to be determined theoretically, they have to be extracted
from data and each collaboration employs a different technique: the NNPDF [40] collab-
oration uses neural networks trained on toy-samples, HERAPDEF uses global fits on deep
inelastic scattering, meanwhile CTEQ [41] uses data from DIS, Tevatron and more.

These PDFs are presented in the repository as a collection of points at various energy scales.
They are the results of fits on experimental data and the evolution from the DGLAP equa-
tions Parameterizing these functions is without a doubt an interesting exercise, that has
been approached in different ways in the last years. In this chapter, a novel approach, which
involves a machine learning technique called symbolic regression, will be discussed.

7.1 Introduction to machine learning

Machine learning is a form of artificial intelligence that uses algorithms that can learn from
data without being explicitly programmed. It plays a fundamental role in particle physics
because it can be applied to a multitude of cases, whenever it is necessary to interpret
complex systems. It is most commonly used in tracking and vertex finding, flavour tagging
and event classification. Every ML problem is unique in its own way, but most of them have
some features in common. For instance, data is always split between training and validation
sets: the former is used by the model to learn, the latter to validate the outcome of the
training. The discrepancy between the predictions made by the model and the target values
is quantified by the loss function £. The goal is minimizing this function, whose values are
an expression of the distance between the values predicted by the model and the actual
values. There are many types of loss functions: in regression problems, the most common
one is the Mean Squared Error function, whereas in classification problems log-likelihood
and binary cross entropy functions are most widely used.
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1.15y + 0.86 frad

X

1.15y + 0.86 1.15y — 0.86 T+ 0.86 (1.15y)"
(a) Mutation (b) Crossover

Figure 7.1: Examples of crossovers and mutations [45].

7.2 Symbolic regression

Symbolic regression is a machine learning technique whose goal is extracting functional
forms from datasets. It is, more precisely, a supervised learing task which spans the space
of mathematical expressions and combines them until they approximate in a satisfying way
the data it is given. In this thesis, the program that was used to implement it is PySR [44],
which is a multi-population evolutionary algorithm. Generally, evolutionary algorithms are
based on tournament selection and use mutations and crossover to generate new individuals,
as seen in Figure 7.1a and 7.1b.

Given a population, the algorithm randomly selects a subset of individuals that undergo
a tournament to determine the fittest. The winner randomly receives a mutation and
replaces the weakest member of the population (in the specific case of PySR, the evolution
is "age-regularized”, which means that the first substitutions are for older memebers rather
than least fit). The tournament is parallelized between populations, and asynchronous
migration is implemented between groups.
PySR introduces three modfications to the classic evolutionary algorithm:

1. annealing: to speed up the selection process, there is a non-zero probability of re-
jection of a mutation based on the difference of fitness pre- and post-mutation;

2. evolve-simplify-optimize loop: during the evolution process, equations are occa-
sionally simplified and optimize to obtain simpler equations with numerical constants;

3. adaptive parsimony: it punishes complexity and excessive early specialization
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Figure 7.2: Inner and outer PySR loops, in a single population and between populations respectively
[45].
adding a term to the loss £p,cq(E)
UE) = Llpreq(E) - exp(frecency)[C(E)] (7.1)

where frecency is a combination of frequency and recency at complexity C(E).

7.3 HERA PDF

In order to fine tune the program and get the hang of its parameters, a first attempt at
parameterizing a known PDF was made. The choice fell on the HERAPDF 2.0 NLO,
because a parameterization with xFitter [4,46] was already available to be compared with
the regression results. The parameters for symbolic regression are in Table 7.1
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Parameter Value
npop 15
population_size 33
niterations 90
ncyclesperiteration 5000
parsimony 1077
unary_operators 1—2z, z, log(x)
binary_operators +, —, X, A, +

Table 7.1: Main parameters in PySR program.

The HERA collaboration presented the following parameterization for the valence down
PDF:
wd) = 3.150086 (3 — 1)408 (7.2)

v

Meanwhile, the output of PySR was:

2dST) = 33729837 (5 — )10 (7.3)

v

with loss £ = 1.6 - 1075 As seen in Figure 7.3, this function approximates the PDF in a
satisfying way, even better (Figure 7.4) than xFitter’s alternative.
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Figure 7.3: Symbolic regression (red) on HERA PDF(blue): the chosen PDF is the down PDF at

Q? = 1.9GeV2.
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7.4 Intrinsic charm in NNPDF 3.1 and CTEQ14

Both NNPDF 3.1 NNLO and CT14 NNLO are PDF sets which include intrinsic charm,
although in a different way. NNPDF 3.1 has the intrinsic charm component fit in: that is, the
neural network that fits the function to the data takes into consideration the intrinsic charm
model. On the contrary, CT14 has variations which have the intrinsic charm component
manually added in. This is evident in Figure 7.5, where the "manually” added intrinisc
charm component appears smoother than the fit one. Both components were obtained by
subtracting the charm PDF that only contains perturbative charm from the total charm
PDF. Nonetheless, they both have valence-like shapes: a peak in the middle of the x-interval,
and a compatibility with 0 at low x. In the specific case of NNPDF, the advantage of
using symbolic regression on the output of a neural network is two-fold: generally speaking,
neural networks are black boxes, and extracting their functional form could have interesting
phenomenological applications. On the other hand, NNPDF’s neural network has 9 free
parameters, whereas most PDF parameterization have fewer, so determining the differences
in the two approaches could be of interest when it comes to optimizing the degrees of
freedom.

Intrinsic charm component in CTEQ 14 Intrinsic charm component in NNPDF 3.1

0.004
0.008 —— CTEQ 14 —— NNPDF 3.1

0.007 0.003

0.006

0.002

0.005

0.001
0.004 4 W

xf

0.003 4 0.000

0.002
—0.001

0.001 4

—0.002

0.000

0.0 0.2 0.4 0.6 0.8 L0 0.0 0.2 0.4 0.6 0.8 1.0
x x

Figure 7.5: Intrinsic charm components for NNPDF 3.1 and CTEQ 14.

In the following tables are possible candidates to model the intrinsic charm component
in the two PDFs.
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Equation Complexity Loss Score

y=0 1 1.04-1075 0.0
y = 0.00253z 2 6.87-1077  0.416
y = 0.01012%9 . (1 — z) 4 2.79-10"7  0.451
y = 0.0103219 . (1 — 1.09z) 5 2.45-1077  0.129
y = 0.01142'% . (1 — 1.097) 6 2.39-1077  0.0278
y = 0.047322 (1 — x)? 8 1.75-1077  0.154
y =% - (0.0858 — 0.0858z) (0.775 — ) 9 7.91-107%  0.795
y = 0.1052 - (0.766 — z) (1 — x) (z — 0.0497) 10 6.67-107%  0.170
y = 0.1052 - (0.771 — 2) (1 — 1.04x) (z — 0.0497) 11 5.69-107%  0.160
y = (0.121 — 0.1272) (0.752 — z) (z — 0.0655) 12 5.30-107% 0.0702
y = 0.4002284 . (0.727 — ) (1 — z)* 13 3.42-107%  0.438
y=a28.(0.738 — ) (1 —z)® 14 1.77-1078  0.657
y=a19.(0.727 — 2) (1 — 2)3 (= — 0.0968) 15 1.13-107%  0.449
y =219 (0.738 — z) (1 — 1.08z) (1 — 2)? (= — 0.0948) 16 9.75-107%  0.150
y=22(1—z)" (1162 - (1 — z) — 0.103) 17 8.89-1077  0.0917
y=x2(1-1.08z) (1 —2)® (1.282- (1 —z) — 0.119) 18 8.51-1077 0.0441
y=x-(1-1.08z) (1 —z)* (x — 0.00206) (1.28z - (1 — =) — 0.119) 19 8.40-107% 0.0132
y=x-(0.834—z) (1 —z)® (z—0.102) (1.54z - (1 — z) — 0.0393) 20 7.53-107°  0.109

Table 7.2: NNPDF 3.1: hall of fame of PySR.
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Equation Complexity Loss Score
y = —0.000693 1 7.76-1076 0.0
y = 0.00142 2 4.97-1076 0.447
y = 0.005762 3 4.04-107%  0.205
y = 0.004402 + 0.000597 4 3.85-107% 0.0488
y = 0.783z - (0.0283 — 0.0283x) 5 1.42-10°6 0.998
y =0.0291z - (1 — 1.09z) 6 1.28-10°6 0.105
y = 0.619z - (0.0593 — 0.0593z) (1 — ) 7 9.89-1077  0.257
y =233 .(0.0677 — 0.0677x) (1 — x) 8 8.23-1077  0.184
y = 0.07922190 . (1 — 1.252) (1 — ) 9 6.08-1077  0.302

y = 1.9421%8 . (0.0525 — 0.0691z) (1 — ) 10 3.52-1077  0.547
y = 2.4220-568 . (0.0476 — 0.0652x) (1 — ) (z — 0.0273) 11 2.95-1077  0.176
y = 2.4220%57 . (0.0504 — 0.0691z) (1 — 1.06z) (x — 0.0273) 12 2.36-1077  0.223
y = 0.0813z - (1 — 1.352) (1 — 2)* - (3.342°5%5 — 0.696) 13 7.64-107%  1.13
y = 0.0813- (1 — 1.352) (1 — z)* - (3.342%%® — 0.696) (= — 0.00117) 14 7.00-107%  0.0875
y = (0.762 — x) (0.630z — 0.493) (z — 0.0480) (2* — x) 15 4.55-107%  0.430
y = (0.762 — z) (0.641z — 0.502) (z — 0.0480) (1.03z% — z) 16 3.96-107%  0.139
y = (0.762 — z) (0.641z — 0.502) (z — 0.0476) (1.0322 — = + 0.00166) 17 3.88-107% 0.0215
y = (0.762 — x) (0.653z — 0.512) (z — 0.0476) (1.0322 — = + 0.00280) 18 3.82-107% 0.0153
y = (0.653z — 0.512) ((0.762 — x) (x — 0.0476) — 0.000283) (1.0322 — x + 0.00280) 19 3.80-107%  0.00510
y = (0.767 — 1.02z) (0.647z — 0.508) (z — 0.0473) (1.04z> — 1.01z + 0.00448) 20 3.76-107%  0.0120

Table 7.3: CTEQ 14: hall of fame of PySR.
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Appendix A Madgraph Runcard

Example of a Madgraph runcard: after specifying the model, in this case the Standard
Model with loop diagrams, the contents of the proton are specified. The chosen process is
then generated, specifying that QCD has to be taken into consideration. The output is then
saved to a directory, from where the events can later be simulated, specifying the number
of events, the PDF and the systematics.

import model loop sm

define p=gucds u~v ¢~ dv s~
define j gucds u~ c~v dv s~

generate p>1+ 1- b b~ [QCD]

output zb
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Appendix B PySR model

An example of PySR model, specifying the operators that the algorithm must combine, their
complexity and their nesting. An early stop condition is also implemented, commanding
the model to stop if it reaches convergence with a simple enough function.

I model = PySRRegressor (
)

3 loss="loss (prediction,target) =(prediction - target) 2",

4

5 niterations=50,

6 binary_operators=["plus", "sub", "mult", "pow"],

7 unary_operators=["neg", "xminus(x)=x-1","linear (x)=x","quad(x)=x"2","
cube(x)=x"3","log"],

8

9 extra_sympy_mappings={"xminus": lambda x: 1-x, "linear": lambda x: x, "
quad": lambda x: x**2, "cube": lambda x: x**3}

10 constraints={ "pow" : (7,1)},

11

12 complexity_of_operators={

13 "pow": O

14 "linear": 1,

15 "xminus": 1

16 ¥o

17 nested_constraints={

18 "pow":{"pow":0,"linear":0,"xminus":0},

19 "linear":{"xminus":0, "~":0},

20 "xminus":{"linear":0, "~ ":0}

21 },

22 maxsize=7,

23 early_stop_condition=(

24 "stop_if (loss, complexity) = loss < le-5 && complexity < 8"

25 # Stop early if we find a good and simple equation

26 R

27 maxdepth=15

28 complexity_of_constants=0
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