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Abstract

The Large Hadron Collider (LHC) 1s the most powerful and energetic particle accelerator
in the world. The LHCb experiment is a signle-arm forward spectrometer situated at the LHC,
which is primarily designed for the precision study of beauty and charm flavoured hadrons. In
this thesis, the observation of a new decay mode for the doubly charmed baryon =", the study
of the angular coefficient of the Z boson, using the pp collision data collected by the LHCb
detector, are presented. Besides physics analyses, I also made contributions to the SciFi detector

upgrade and ghost probability algorithm for LHCb RunlII data taking.

The Standard Model (SM) predicts the exist of the doubly charmed baryon =7 F. It was firstly
observed by the LHCb collaboration in 2017, using the decay model

ET = Al(—= p"K n")K n"n*. Following the previous discovery of ZF,

this thesis presents
an observation of new decay model 57" — E/(— p"K n")n™ for the first time, with a statistical
significance of 5.90-, which confirmed the previous observation of the =7 . The data sample used
in this observation is corresponds to an integrated luminosity of 1.7fb™', collected by the LHCb
experiment in pp collisions of 2016 at a center-of-mass energy of 13TeV. The mass of the ="
state was measured to be 3620.56 + 1.45 (stat) + 0.49 (syst) MeV/c? , where the first and second
uncertainties are statistical and systematic, respectively. The result is consistent with the previous

ot

result. The ratio of branching fractions between the decay model =7

57— Al (= p"K n")K n*n" is measured to be 0.035 + 0.009 (stat) + 0.003 (syst) .

~cc

— EX(— p*K )" and

Another physics topic presented in this thesis is a measurement of the angular coefficients
of u*u~ pairs in the Z boson mass region at LHCb. Measurements of the five most significant
angular coefficients, A, through A, for Z bosons produced in pp collisions at /s = 13 TeV and
decaying to u*u~ are presented as a function of the transverse momentum and rapidity of the
Z boson. The dataset used in this analysis is collected with the LHCb detector, corresponds to
5.2fb™" of integrated luminosity. These measurements provide stringent tests on the SM, and
comprehensive information about the Z boson production mechanisms, and are compared to
different theoretical predictions.

The LHCb experiment is performing a major upgrade of the detector during the LHC Long
Shutdown 2 from 2019 to 2021. This upgrade will enable the LHCb detector to operate at an
increased instantaneous luminosity, and to record data at the LHC bunch crossing rate of 40 MHz.
Besides the physics analyses, this thesis also includes two studies for this upgrade, for both the

software and hardware upgrade.
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The new operating conditions require the replacement of the complete tracking system. The
tracking stations downstream of the magnet will be replaced by the SciFi Tracker, which is a
large and high granular scintillating fibre tracker. The performance of a full detector slice of the
SciFi Tracker regarding the hit efficiency, hit resolution, and spillover has been studied using the
data obtained during a test beam campaign at the CERN SPS in July 2018.

For the software development in the LHCb, a neural-network based algorithm to identify fake
tracks in the LHCb pattern recognition is presented. This algorithm, named ghost probability,
is fast enough to fit into the CPU time budget of the software trigger farm and thus reduces
the combinatorics of the decay reconstructions, as well as the number of tracks that need to be
processed by the particle identification algorithms. For the upgrade, this algorithm is expected
to be improved to deal with the highly increasing of online statistics in LHC Run-III, this thesis

presents the latest updates on this algorithm.

Key Words: Standard Model; Doubly charmed baryon; Electroweak physics; Polarization
measurement, Lepton momentum calibration; Lepton efficiency measurement; Detector upgrade;

Ghost track probability
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Preface

This thesis documents all of the works carried out during my PhD period, in the LHCb collab-
oration. Itincludes aresult of the searching for =" — E'(— p*K n")n" using the proton-proton
collision data collected by the LHCb detector in 2016, and a result of studying of the angular co-
efficient of the Z boson using LHCb 2016, 2017 and 2018 datasets. The thesis also discusses the
SciFi detector upgrade and ghost probability algorithm for LHCb Run-III data taking.

Chapter 1 reviews the theory that relate to the properties and decays of doubly-charmed
baryons and the angular coefficient of Z boson. This chapter includes a review of the current
best theory of particle physics, the Standard Model, then an overview of the quark model, flavour
physics, parton distribution functions and a discussion on the electroweak unification. This chap-
ter concludes with a detailed descriptions of the theoretical and experimental status of doubly-
charmed baryons and angular coefficient measurement.

Chapter 2 describes the design and operations of the Large Hadron Collider beauty (LHCb)
detector. The detector systems that makes the LHCb becomes to an excellent laboratory, its data
can be used to search for doubly-charmed baryons and study the angular coefficient of Z boson.
Then, this chapter shows a brief description of the data processing work-flow at LHCb and an
explanation of signal simulation at the LHCDb. In the end of this chapter, an introduction of the
upgrade of the LHCb detector is presented.

Chapter 3 describes a study of the ghost probability for LHCb Run-III data taking. The LHCb
experiment is planning to collect data at a very high instantaneous luminosity in the LHC Run-II1
period. As ghost probability has been used in HLT for the online data taking of Run-II, the timing
will be main concern for any improvement on this algorithm. For the ghost probability study for
upgrade, several potential improvements are explored. The updated algorithm is approved and
used as default one in the LHCD official software release.

Chapter 4 describes a study of the performance of the LHCD scintillating fibre tracker (SciF1),
which will be installed in the current LHCb upgrade. This chapter gives a short introduction of
the design of the SciFi detector, and shows a detailed studies of the performance of the full SciFi
detector. The study on the puzzle of a drop of single hit efficiency, which is figured out and an
dedicated algorithm to improve the single hit resolution performance is presented.

Chapter 5 presents one of the two physics analyses in this thesis, the first observation of the
57t — Ef(— p*K n")nt decays at the LHCb. This chapter gives a detailed discussions on the

=cc

selection of the data, the background studies, mass measurement and branching fraction ratio

1
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measurements. The result is consistent with the previous result and the theoretical predictions.

Chapter 6 describes a measurements of the five most significant angular coefficients, Ay
tO A4 for Z bosons decaying to u*u~. The measured results are presented as a function of the
transverse momentum and rapidity of the Z boson. These measurements provide stringent tests
on the SM, and comprehensive information about the Z boson production mechanisms, and are
compared to different theoretical predictions.

Chapter 7 presents a determination of high-p; muon reconstruction efficiency for the LHCb
Run-II data-sets, which is a very important component of the angular coefficient measurement.
In this chapter, it is the first time to use the data collected in 2016, 2017 and 2018 in the LHCD ex-
periments to systematically study the reconstruction efficiency of the high transverse momentum
U, the trigger, track reconstruction and identification efficiency studies of u are included.

Chapter 8 is dedicated to the design of a two step offline procedure of muon momentum
alignment for the LHCb Run-II datasets. It is the first time in the LHCb, we develop an algo-
rithm to alignment the high momentum muons from W and Z° decays, to decrease the detector

performance differences between MagUp and MagDown data samples.
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1.1 The Standard Model

Particle physics studies the basic constituents of matter and interactions between them. A
remarkably successful theory: Standard Model (SM) [1] gives the best understanding of laws
governing the fundamental particles and interactions to date.

The leptons have six flavors and are arranged into three generations, i.e. electron (e) and
electron neutrino (v, ), muon () and muon neutrino (v,) and tau lepton (7) and tau neutrino (v;),
according to their charge (Q), lepton flavour numbers (L., L,, and L) as summarized in Table 1.
The e, 1 and 7 are massive particles and carry a negative elementary electric charge, while the
neutrinos have small but non-zero masses and carry zero electric charge. Each lepton has a
corresponding antiparticle which has the same mass and opposite quantum numbers so there are

totally twelve leptons.

Table 1: Types of lepton in the SM. The names, charges, lepton flavour numbers, and masses are shown.

Leptons (spin = % )
Flavour | Electric Charge | L, | L, | L, | Mass (MeV/c?)
e -1 1100 0.511
Ve 0 1{0]0 < 0.002
u -1 0] 11]0 105.6
Vu 0 0] 11]0 <0.17
T -1 0101 1777.8
Ve 0 0011 < 18.2

Similarly six quarks are grouped into three generations according to their flavors. Up quark
(1) and down quark (d) form the first generations, charm quark (c) and the strange quark (s)
form the second generations, top quark () and the bottom quark (b) form the third generations.
Each quark and antiquark has three colors, so there are totally thirty-six quarks. Quarks carry
fractional electric charge and an additional quantum number called color charge, are introduced
to describe strong interaction. The quark type is summarised in Table 2.

The four fundamental interactions include gravity, weak, electromagnet (EM) and strong
interactions. The strong interaction occur through the exchange the gluon, the EM occur through
photons, while W* and Z carries the weak force. The gravity force is described by Einstein

Theory of General Relativity.
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Table 2: Types of quark in the SM. The names, charges, and masses are shown.

Quarks (spin = 5

Flavour | Electric Charge | Mass(MeV/c?)
u +2/3 2
d -1/3 5
s +2/3 100
¢ -1/3 1200
b 2/3 4200
t -1/3 174000

1.2 The Quark Model

The quark model [2, 3] classifies and predicts the hadron structures. In this theory, hadron is

consistent of basic components (particles): quarks. There are two types of composition:
 Baryons are composite subatomic particles that have three quark particles.
* Meson is made of a quark and an antiquark.

Considering the three light quarks (u, d, and s) and one heavy quark (c), the quark model
predicts the existence of two S U(4) multiplets of baryon states as Figure 1 shows, with a structure
determined by the symmetry properties of the hadron wave functions. Baryons on inclined lines
have the same charge, while baryons on horizontal lines have the same strangeness number. All
the ground states with the charm quantum number C = 0 or C = 1 have been discovered. Weakly

decaying C = 2 states are expected: a =, isodoublet (ccu, ccd), each with J¥ = 1/2*,

1.3 Quantum chromodynamics

The quark model discusses the properties, production and decays of hadrons. However, it can-
not describe the dynamical properties. Quantum Chromodynamics (QCD) [4] is a non-Abelian
gauge field theory based on the gauge group S U(3), and describe the strong interaction sector of
the SM. The theory of QCD does not only describe quarks and gluons, but also the interactions
between them. In terms of the dynamics within the QCD framework, a quark may emit or absorb
a gluon, as well as vice versa, and any two gluons may directly interact, all of which can lead
to the exchange of momentum and colour. This means a gluon and quark in isolation are still

described by the Lagrangians respectively:
4



HEFa#
DOCTORAL DISSERTATION

Figure 1: S U(4) multiplets of baryons composed of u, d, s, and ¢ quarks. The left (right) plot shows the
20-plet with an S U(3) octet (decuplet). Baryons in the same multiplet have the same spin and parity.

L =y(iy"d, — my, (D
1 4
L= —JFuF". )

But the full QCD Lagrangian has additional terms to account for the interactions between
these elementary particles, which also maintain the gauge symmetry of the Lagrangian. The

QCD Lagrangian is simply written as:

. i ]' a v
Locp = ¥,y Dy — my, — ZGvaIal ) 3)

where

1&2 is the Dirac field of the quark with flavour ¢ and color index i.
» y* is the Dirac matrix.
G is a tensor denoting the denoting the gluonic field strength.

* The subscript a in the G}” tensor runs from 1-8 to represent the different possible gluon

states.
* D, is the gauge covariant derivative, it is defined as

D, = 8, + ig 1,G", ()
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where g, is the effective color charge, which determines the strength of interaction between
the colour-charged particles, 7, are the generators of the S U(3) group and Gj, represents

the field of the gluon.

Following the examination of QCD, the picture of baryons as bound systems of only three
quarks should also be slightly refined. A baryon should be viewed as a system of three valence
quarks within a ‘sea’ of virtual quarks and gluons that are allowed to exist within the permitted
dynamics of QCD.

In quantum field theories all quantities that are held fixed within the theory actually depend
upon the wavelength of the tool being used to measure them, even the number of particles is
not conserved in a quantum field theory. Instead, these quantities are renormalised by processes
involving virtual-particles. The coupling constants depend on the energy scale at which one

observes them.

The strength of the nuclear strong interaction, characterised by the strong coupling constant,

a;,, becomes logarithmically weaker as the energy E at which the hadron is probed at increases

&
Q’X(E)— ll’l( E )9 (5)

Aocp

where Agcp is the QCD scale parameter. When the coupling constant becomes larger and the
perturbative formalism starts to break down. If the energy scale goes to infinity (or the distance
approaches zero), the strong coupling decreases to zero, the quarks and gluons behave as a free
non-interacting particles. This remarkable feature is called ‘asymptotic freedom’ [5], which

implies that the perturbative formalism is legitimate at energy scale much higher than Agcp.

Conversely, the strong coupling a; also increases with decreasing energy. This trend is ex-
pected to be responsible for the principle of ‘colour confinement’ [6], whereby quarks and gluons
cannot be separated from their parent hadron without producing new hadrons. Colour confine-

ment is hitherto an empirical fact, has not been mathematically proven.

Although QCD seemingly does not allow quarks and gluons to be free, it was expected a
signature of their existence could come in the form of narrow-cone-like shapes of hadrons or
‘jets’ being produced when an original hadron system becomes fragmented during an energetic
collision. The gluon was discovered in this manner following the observation of three-jet events
by the TASSO experiment [ 7] at the PETRA collider [£].

6
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1.4 Scattering and factorisation

Nucleus and nucleon both have a certain size and internal structure. In experiment, high
energy leptons on nuclear targets to determine the hadron structure. Not being affected by the
strong nuclear force, leptons can penetrate deep into the hadron to interact with the quarks. In
experiments during the 1960s, the rate of large angle electron scattering from a hydrogen target
was measured. The rate was expected to be small, since previous proton-proton collision experi-
ments resulted in the production of hadrons colinear to the beam axes, supporting the hypothesis
that the constituents of the proton disfavoured partaking in hard collisions. The rate was found
to be large, suggesting that elastic collisons were taking place between the electron and proton.
However, for the vast majority of these large-angle scattering events, the proton broke up.

In the high energy scattering, there are three regions: the elastic scattering region, resonance
excitation region and the elastic scattering region. In the inelastic scattering region, the proton-
neutron is either excited to a separated energy level resonance state, or has a higher excitation
energy to reach the continuous excited state. In the case of large momentum transfer, the shape

factor of elastic scattering is very small and the probability of inelastic scattering is larger.

1.4.1 Deep inelastic scattering

The electron-proton scattering process is represented by the Feynman diagram in Figure 2.
The initial proton and electron have momenta P and &, the exchanged photon has momentum
g = k — k', and the final state electron momentum is k". Deep inelastic scattering occurs when
-¢*=Q* > m?) (deep), where the proton is being probed at energies much larger than its mass,
and (P+q)> = W? > mf) (inelastic), where the struck proton obtains energies that are also much
larger than its mass, causing it to break up.

Consider the centre-of-mass frame, where the proton constituents are travelling toward the
electron at relativistic velocities, colinear to the proton velocity. Any transverse momentum that
the constituents may have is suppressed by a,. The constituent momentum p is thus a fraction
x of the proton longitudinal momentum P such that p = xP. The probability that a proton
contains a parton with this momentum cannot be computed from perturbation theory since it
depends on processes that take place in an energy regime where perturbative expansions do
not converge; it must be determined from experiment instead. This probability is also called
parton density function (PDF). For a particular parton species ¢, the PDF is a function of x and
s, f; = fy(x, 0%, in agreement with data. The original parton model considered the PDFs as

7
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functions of x only, to reflect the data at the time. This phenomenon is known as Bjorken scaling,

which is a good approximation at low Q,.

Figure 2: Feynman diagrams representing (a) ep and (b) pp deep inelastic scattering.

1.5 Parton distribution functions

Based on the deep inelastic scattering of high energy leptons and nucleons, parton distribution

functions is proposed. In general, a PDF takes the form

f(x.0%) = F(x, Q)x™@)(1 — xy"@ (6)

The function F is polynomial in x, whose coefficients and powers are given by parameters
that depend on Q?. The values of the parameters at various Q% must be constrained empirically
using data. The energy reach of the experiment, and indeed the particular process under study,
determines the values of Q? that the hadron structure is probed at. Different experiments can
also probe different regions of the PDF phase-space due to differing geometric acceptances.
Figure 3 shows how various experiments cover their phase-space, where the coverage is due
to the geometry of each experiment and the energy scale of the processes studied. The green
domain represents fixed target data, which probe PDFs in the low-Q? and quite a broad range
of x. Experiments at the Tevatron have a higher Q° but do not encompass as broad a range of
x. The LHC experiments are represented by the orange and blue domains. These cover a broad
range of both x and Q°. The regions accessible to the LHCb detector are indicated by the orange
domains. Due that LHCD is detecting the W, Z bosons generated in the forward region, so the

LHCD data is particularly sensitive to the small x and large x regions of bjorken-x, and has been
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used for global PDFs fitting. The 13 TeV pp collision allow LHCb to explore lower x region
than 7 and 8 TeV.

1.6 Electroweak unification

The weak force is one of the four fundamental forces that govern all matter in the universe.
Most subatomic particles are unstable and decay by the weak interaction. For example, u — e +
v, +7,. The weak force is transmitted by two charged (W=) and one neutral (Z) force carrier. The
lifetimes for particles that decay via the weak interaction is expected to be long. The effectiveness
of the weak interaction is confined to a distance range of [10, 17] metre [9], about 1% of the
diameter of a typical atomic nucleus.

The following typical experimental findings promote the understanding of electric-weak in-

teraction.

* B-decay processes like hadronic v — pe~v, and leptonic u~ — e~ v, v, couple to the weak

force with the same strength.

« In the measurement of angular distribution of electrons in ®’Co S decay, it is found that

parity is not conserved in weak interaction.

» The charged weak current only couples to left-handed fermions and right-handed anti-
fermions. This implies a breaking of the discrete symmetries of parity P and charge con-

jugation C.

 The neutral weak current couples to left- and right-handed charged fermions, with differ-
ent interaction strengths. This current differs from the photon in that it also couples to

neutrinos.

» The vast majority of neutrinos are left-handed. Right-handed neutrinos must exist to ac-

count for neutrino oscillations and masses, but these are not included in the SM.

SU2)x U(1) electricweak unified theory [ 1] is developed to account for these experimental
findings. The unified electricweak interaction satisfies the internal gauge symmetry of S U(2) X
U(1). Due to the chirality of particles, the coupling modes of neutral force carriers with left-
handed and right-handed fermions are different. With respect to the charged weak force, of

up- and down-type left-handed fermions, the corresponding fields are arranged in doublets like

10
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Equaction 1.6 to highlight the fact that these fields transform into one another under S U(2) trans-
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formations. The couplings of right-handed fermions to the neutral force carrier can be accounted
for by an additional U(1) symmetry. Letting f denote fermion fields, and v neutrino fields, the

free and massless fermion Lagrangian is then could be written as:
Lo=L5+ L. (7)

The discovery of non-conservation of parity in weak interaction shows that s term must be

included in weak interaction flow. Defining the projection operators as:

1 -

o= —20, ®)
1+’)/5

Yp=—7—V )

Vi vT]
p— T_ *
o L 1

The imposition of S U(2) local gauge invariance on the left-handed part of the lagrangian
requires the introduction of three additional vector fields. The vector boson should have different
properties from photons. Firstly because 8 decay is a charged process, the particle should be
charged. Secondly, due to the short range of weak interaction, the particle should have heavy
mass. Finally, they should not have definite parity to allow weak flows to have V — A structures.

The left-handed Lagrangian becomes
— LT > 1.
L8 =) vy (@ — igs X Wlw(x) = 7 FL Fi), (10)
- 2 4

where 7 encodes the generators of the S U(2) group and the weak interaction strength g has been

factored out, similar to what was done for QCD. The weak field strength tensor is
FI” = "W} (x) — dvW}' (x) + geijij.’(x)W,‘{’(x). (11)

The W;,(x) vector fields combine to give the observed W*. The W;(x) only couples to left-

handed fields so it cannot be interpreted as the Z boson. A new U(1)y symmetry is invoked.
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Table 3: Properties of elementary particles under gauge transformation S U(2);, X U(1)y.

boson lepton quark Higgs
Particles | W | B | v, | er |ex | pr | di | ur | dr ¢
I 1|0 (12(12]0(12]12] 0 0 1/2
Y 00| -11]-1-2[13]|1/3]4/3|-2/3 1

The properties of each particle under S U(2) gauge transformation can be described by the weak
isospin (I). While the properties under the U(1) gauge change can be described hypercharge (Y).
This new charge is defined in terms of other charges as the difference between the electric charge
Q and the charge associated with transformations of the W3(x) field, I3, which is called the third

component of weak isospin, as
Y
>=0-1 (12)

Properties of elementary particles under gauge transformation S U(2); X U(1)y are given in
Table 3.
The left- and right-handed Lagrangians are amended to include the interactions between the

field B, and the spinor fields, as

1 Vi 1 v
L6 = _ZF;‘ Fl, - ZB“ B, (13)

where FLV(i = 1,2, 3) is the second-order field strength tensor corresponding to the S U(2) gauge
field, while B is the second-order field strength tensor of U(1) gauge field. The four massless

bosons derived from this Lagrangian:
o Ws(WH, W=, W%: SU(2) gauge field
« B%: U(1) gauge field

By considering admixtures of the B and Wjs fields, one obtains the physical photon and Z
boson. The admixture is parameterised by the weak mixing angle Oy, .

In summary the SU(2), X U(1)y symmetry requires four fields, W3 and B. Some of the
properties of the observed the W, Z and photon are obtained by superpositions of these fields.
But until now the most important property of the observed W and Z bosons, their large mass, has
not been accounted for yet. The gauge invariance will be broken after considering mass.

To solve these problems, spontaneous symmetry breaking (SSB) [10] is introduced. Suppose

a system has an infinite family of degenerate ground states due to some symmetry. If one of these
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states is chosen to be the unique ground state, then the original symmetry is broken. Involving a

complex scalar field, the expression of the Langrange is:
L=0,4'¢-V(p), (14)
where V(¢) is the scalar potential and could be written as

V($) = 1o’ + h(p'¢). (15)

This Lagrangian is invariant under the global phase transformation

P(x) = ¢ (x) £ e"p(x), (16)

Where ¢ is the field quantity of Higgs field, the transformation property of Higgs under S U(2), X
U(1)y gauge transformation, is (/,Y) = (%, 1). So the transformation property of ¢" is (1,Y) =
(%, —1). The SU(2), x U(1)y symmetry requires the transformation property of V(¢) must be
(0,0).

To express V(¢) by power series of ¢ and ¢, the express should satisfies the following two

restrictions:

* The renormalizability require the field quantity of Higgs can not exceed the fourth power.

» Y =0 and I has the possibility equal to 0

So V(¢) can only have square and the 4th power terms, usually written as:
V($) = ~’¢'¢ + A6 7). (17)

The minimum value of potential energy or vacuum state is determined by the following con-

ditions:

ov
_:#2¢*+2/1¢*2¢:0’

W a9
8(/’)*:# ¢+ 219" = 0.

The situation that 4> > 0 and ¢" = ¢ = 0 corresponds to the minimum energy of the whole

space. For this mode the vacuum is invariant under the transformation Equation 16, the vacuum
is nondegenerate and this model has strict symmetry. When > < 0, " = ¢ = 0 corresponds to

the maximum energy of the whole space, and there is an infinite set of ground states:
14

gl = —
v = -u/A,

\S)

(19)
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and if a particular ground state is chosen, at A = 0, the entire symmetry is broken.

For ¢, # 0, the ground state is excited to:

00 = 0+ 910 + 09), 20)
then the potential becomes:
h
V(@) = V(go) = 1707 + hvgi (97 + 63) + Z(¢1 + ¢2)", (21)

where ¢, has a mass term, but ¢, does not. The massless excitation is called a Nambu-Goldstone
boson [11]. In the SM, it is extended to the symmetry group governing electroweak interactions
SU®2), x U(1)y. This is done such that the weak part is broken and the electromagnetic part
remains unbroken, a choice motivated by the experimental fact that W and Z bosons are massive
while the photon is massless. A new field arises, the Higgs boson, as well as three Goldstone
bosons (two charged, one neutral). The example above considered the global symmetries. In
the case of the SM, the symmetry is a local one and the Goldstone bosons can be removed from
the Lagrangian by a suitable choice of gauge. Their degrees of freedom remain, but are now
interpreted as longitudinal polarisation states of the W and Z bosons. Longitudinal polarisation
states are characteristic of all massive particles.

The mass of W* and Z boson could be written as

1
i = e

1 (22)
my = é_l(g% + gV,

Where g; and g, are two independent gauge coupling constants, g; corresponds to S U(2) group
and g; corresponds to U(1) group.

One parameter of the SM specified in Weinberg-Salam theory of the electroweak interaction
named Weinberg angle, also known as the weak mixing angle, which is used to determine the

relationship between the W and Z boson masses. It is defined as:

. 81
Sll’l@w =5
18 23)
_ &
COSHW =5
8 T8
So the W and Z masses could be expressed as
_ev
Y 2sindy”
d 24
my; = ———————,
z 2s5inBycosby (24)
mgz
mwy = .
consOy
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After the spontaneous symmetry breaking, only Higgs field eigenvalues are not zero, while
the vacuum eigenvalues of other fields are still 0. Higgs field bring the influence and changes
from the spontaneous breaking of symmetry into the interaction.

Like the fermion mass term in Lagrangian’s quantity is the multiplication of left-handed and
right-handed field quantities, it does not satisfy the requirements of S U(2) x U(1) invariant in
the electric weak unified theory. But after considering the interaction between Higgs field and

fermion, the fermions gain mass from the spontaneously symmetry breaks.

1.7 Doubly charmed bayron

Doubly charmed baryons (DCBs) are baryons composed of two heavy charm quarks in com-
bination with another valence quark. They are firmly predicted by the quark model that has to
date predicted over a hundred baryon states discovered in different experiments. Searches for
DCBs are important because DCBs provide a unique system for testing different methods used
in chromodynamics, particularly non-perturbative techniques. While baryons composed of the
lighter up, down and strange quarks suffer from the classical three-body problem of dynamics,
DCBs are much easier to model. They can be described in calculations as a single static and heavy
cc diquark structure with a lighter quark orbiting. This type of simplification facilitates many
theoretical approaches, particularly in Heavy Quark Effective Theory. Improvements in QCD
techniques would in turn help aid progress in understanding exotic hadrons, such as the tetraquark
and pentaquark candidates. This section will describe the expected properties of doubly-charmed
baryons based on recent theoretical work that has then also motivated the strategies of the search
analyses. Equally, this section will discuss the variety of searches for doubly-charmed baryons
performed by different research groups, prior to any of the analyses detailed in this thesis had

began.

1.7.1 Theoretical predictions

Mass

The mass of the =, baryon is considered by various methods, e.g. relativistic quark model [12,
], non-relativistic quark mode [14—17], QCD sum rules [18-20] and MIT bag mode [20].

Most calculations yield mass predictions in the range 3500 — 3700MeV/c? [14,20-24]. Addi-

tionally, the masses of the the =, and =" baryons are expected to be very similar because of

the isospin symmetry between the up and down quarks. On the other hand, the . is expected
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Figure 4: Quark diagrams of general decay of different doubly-charmed baryons, where the form of the
weak decay is (left) W~ external emission in a semi-leptonic decay, (middle) W~ external emission to a

quark-antiquark final state and (right) W exchange.

to be 100 MeV/c? heavier than the Z,. baryons as it contains the more massive strange quark.

Lifetime

QCD methods can also be used to calculate the lifetime of a particle. The probability that a
quasi-stable particle will decay is governed by the rules of Relativistic Quantum Field Theory.
As such, the decay rate, I', of a particle is given by the sum squared of the amplitudes (terms from
each Feynman diagram contribution) of all possible ways in which the particle can decay. The
decay rate then gives the probability that the particle decays in a unit of time with the lifetime of
a particle given as 7 = % The decay rate I also contributes to the width of any signal peak in the
distribution of mass measurements of a particle due to the Heisenberg’s Uncertainty principle.
When it comes to the lifetimes of the spin-1/2 DCBs, there is a large spread in their predicted
values. For instance, the predicted lifetime of the =7, baryon spans the range 50-250 fs [25-28],
while the Z7 " baryon is expected to be three to four times longer lived with a predicted lifetime
between 200-1050 fs [25—28]. The predicted larger lifetime of the =" baryon over the =, baryon
can be qualitatively explained by the destructive Pauli interference of its charm-quark decay
products and its valence up quark in the initial state acting as a spectator, whereas the lifetime of
the =7 baryon should be shortened due to an additional contribution from W-exchange between
the charm and down quarks. A combination of these effects, leads to following generally well
accepted hierarchy of lifetimes; 7(Z/") > 7(Qf) > 7(&), for the spin-1/2 DCBs. Quark

diagrams illustrating the exchange and spectator contributions for the =7, Z7F and Q! baryons

=cer =ec

are shown in Figure 4.

Production cross-section

The cross section, a measure of the rate of production, of a DCBs can also be predicted using
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Table 4: Properties of the S U(4) doubly-charmed baryons with J© = +%. The values are taken from a

variety of different sources.

State Valence quarks Mass (MeV/c?) Lifetime (fs) I(JF)

Eee ccd 35003800 50-250 14N
B ccu 3500-3800 200-1050 11"
Q. ccs 3600-3900  200-500  0(}")

QCD techniques. In general, the formation is divided into three steps:

1) Computing the production of two ¢ quarks using pertubative QCD in the pp collision
2) Binding of the two ¢ quarks into a diquark structure

3) Hadronization of the diquark structure into a light quark to create a DCS.

However, the predicted cross-sections are generally associated with sizeable uncertainties
since charm quarks have large non-perturbative contributions. The theoretical calculations for
the production cross section of the = baryons in proton-proton collisions at /s = 14TeV are be-
tween 60-1800nb [29,30], while the Q. cross section is expected to be a factor of three smaller
due to the fragmentation fractions of u, d and s quarks in p-p collisions [3 1—34]. It is interest-
ing to note that some theorists suggest searching for DCBs in heavy-ion collisions, since the
cross sections of DCBs might be enhanced by a few orders of magnitude when quark gluon
plasma is produced [35—37]. Experimentally, cc quark production from proton-proton collisions
is found to be dominated by double-parton scattering according to the double-heavy production
measurements performed by the LHCb collaboration. Double-parton scattering (DPS) is when
two independent hard scattering processes occur in two independent collisions that each produces
a cc pair. There is no experimental evidence to suggest that DPS is the dominant mechanism for
DCBs production or whether it is suppressed in the hadronization process such that single-parton
scattering leads.

From theoretical expectations, it is clear that the spin-1/2 =" state is the DCBs with the
most promise for discovery, given the combination of its relatively long lifetime and its high
production cross section, compared to the other two states. All the properties of the spin-1/2

S U(4) DCBs that discussed above are summarised in Table 4.

Search Modes

Like most hadrons, doubly-charmed baryons are quasi-stable systems and will decay to more
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stable particles, typically charged kaons (K*), protons (p) and charged pions (7*), which can be
detected by high-energy physics detectors to infer their existence. The states of doubly-charmed
baryons of lowest mass with J* = +% can only decay via the nuclear weak interaction and
as such they should be conveniently displaced for their production point. This is one of the
key signatures of signal in the search analyses of Section 5. However, their hadronic weak
decays usually lead to multiple detectable particles in the final state. This can negatively impact
the ability of the detector to reconstruct the full decay. Then in the case of doubly-charmed
baryons with J* = +% , these will decay almost instantaneously to their J* = +% state, either
electromagnetically or via the strong nuclear force, emitting a photon in the former case and
pions in the latter. Hence, searches for these doubly-charmed baryons will be difficult due to the
challenge of reconstructing even more tracks (from the PV). Any signal will also have a broad

decay width making it challenging to disentangle from background.

In hadronic multi-body decays, intermediate and strongly decaying particles can be produced,
such that the final state is topologically similar were the decay to proceed in a non-resonant fash-
ion. In the past decades, searches of doubly charmed baryon decays were focused on cases where
the baryon weakly decays to two such intermediate particles. The =" — A (— p" K n")K n*n*
decay mode was predicted to be the most promising for discovery [3&]. Recently, the LHCb ex-
periment reported a significant structure in A7 K~n"n* final state, using 13 TeV data correspond-
ing to an integrated luminosity of 1.7fb~!. The signal yield is measured to be 313 + 33, corre-
sponding to a local statistical significance in excess of 120, consistent with a weakly decaying
particle, which is 7 F. Therefore, it would be very interesting to confirm this structure with other
decay modes. In the theoretical calculation Z.. decays shows that the =" — = 7" decay [3¢],
as shown in Figure 5, has a branching fraction that is comparable to that of the A7 K~ 7 n* decay
mode. Although the branching fraction of Ef K~ 7" is estimated to be (1.6 +£0.5)%, which is about
a factor of 4 smaller than that of A7 pK~n", (6.35 + 0.33)%. But there are only 4 tracks in the
final states for the ZF K~n*, compared to 6 tracks for the A7 K~n"n* mode, the reconstruction/trig-
ger/selection efficiency is expected to be higher. Therefore, a search for Z7* baryon using the

S e

5t — Efn* decay mode is very promising. This analysis aims to search for the &7F — Eln

=cc

+

using the 2016 data, with an inclusive ZF Turbo line.
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Figure 5: An example Feynman diagram of the =" — Efx* decay.

1.7.2  Various experiments searched DCBs in the past decades

In 2002, SELEX collaboration at the Fermi National Accelerator Laboratory claimed that
they found the signals of the =7, through &7 — A7K 7" decay mode [39]. Following in 2004,

cc

+

SELEX collaboration reported signals of the same state via the =, — D*pK~ decay mode [40].
These reported results as Figure 6 shows. But the measured properties are not agree with most
of theoretical predictions. The reported lifetime was found to be compatible with zero within the
experimental resolution, which is less than 33 fs at the 90% Confidence Level (C.L.). This is not
consistent with most theoretical expectations for a weakly decaying =7, state as Table 5 shows.
Furthermore, SELEX estimated that 20% of A (udc) yield originated directly from decays of
Z7 baryons, but it is not consistent with a fact that the production of doubly-charmed baryons is

suppressed by several orders of magnitude with respect to singly-charmed baryons.

Table 5: Properties of the S U(4) doubly-charmed baryons with J = %Jr.

State | Valence quarks | Mass (MeV/c?) | Lifetime (fs) | 1(J)
Ee, ced 35003800 50-250 | 11"
e ccu 35003800 200-1050 | 1(4%)
Qe ces 3600-3900 | 200-500 | 0(3")

Since then, several other experiments in different production environments, like FOCUS [4 1],
BaBar [42] and Belle [43] experiments, try to search for the same state reported by the SELEX
group. All of these groups failed to confirm such a particle. The LHCb collaboration also try to
search for the =7, state through the = — A’K 7" decay using proton-proton collision data in

2013 [44]. Unfortunately, the LHCb experiment also did not find any significant signal in the
mass range 3300 — 3800MeV/c?, as shown in the left plot of Figure 7. In the end, the LHCb
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Figure 6: A7 K™ 7" and D* pK~ peaking structure in SELEX reported results.
experiment set upper limits at the 95% CL on the production ratio:
o+ -+ + =t
R o(E)XBEL = ANJK ™) (25)

(A7) ’

where o and 8B denote production cross section and branching fraction quantities, respectively.
The value of the upper limit on R as a function of the mass and lifetime of the =, baryon is
shown in the right plot of Figure 7. In the LHCb publication, the upper limit on this ratio R is
determined to be in the 107 to 1072 range, with the value being dependent on the lifetime of

the = baryon. The value reported by the SELEX for the same ratio is not consistent with this

region.

However, considering the production environments are different between these experiments,
it is still possible that the hyperon beams could enhance the production cross section of =
baryons. hese inconsistent results remain a longstanding puzzle in the = sector. The increased
statistics and improved trigger conditions in the LHCb experiment will contribute to the studies

of the doubly-charmed baryons.
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Figure 7: Results for the search of the . — AK n* decay by the LHCb collaboration. (Left) The

=—cc

&(m) distribution for £, candidates, where 6(m) is a mass difference variable defined as m(Af K~ n*) —

m(AL) — m(K™) — m(n*). (Right) The upper limit ratio of o=, X B(E}, —» A} K n") relative to o"(A})
under different §(m) and lifetime, 7, hypotheses.

1.8 Angular Coefficient

1.8.1 Introduction

The production of Z boson followed by subsequent leptonic decay is a benchmark process at
hadron colliders. The production rate for this process is close to 200 pb [45] in the LHCb fiducial
region for the 13 TeV pp collision and combined with the fact that the final state is clean exper-
imentally, it has allowed precise (multi-) differential Z boson cross section measurements been
performed at the LHC [45—48]. Typically, these measurements are performed with respect to
the kinematic information of the gauge boson decay and have a wide range of phenomenological

applications, including Parton Distribution Functions (PDFs) and luminosity determinations.

Additional tests on the Quantum Chromodynamics (QCD) for Z boson production can also
be performed by explicitly studying the angular distributions of the final-state leptons. An ex-
ample is the measurement of the forward-backward charge asymmetry in Drell-Yan lepton pair
production, differential in the lepton polar angle, provides important information on the coupling
of the Z boson to fermions [49]. However, more information is accessible by looking at the full
differential information of the leptons kinematics. With an assumption that the lepton pair is
produced through the exchange of a gauge boson, the reconstructed lepton kinematics provide a
direct probe of polarisation of the intermediate gauge boson, which in turn exposes the underly-
ing QCD production mechanisms. The QCD dynamics of the Z — £~ process can be expressed

in terms of a set of eight frame dependent angular coefficients A; = 0, ..., 7, which depend on the
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invariant mass, transverse momentum, and rapidity of the lepton pair.

At tree level, the angular distribution of the final state leptons in the quark-antiquark (¢g)

annihilation process (¢ — y*/Z — {*{~) can be written as [50,51]

do

oc A(1 + cos® ) + Bcos 6, (26)
dcosb

where 6 is emission angle of the negatively charged lepton relative to the incoming fermion
momentum, and A and B are functions dependent on the weak isospin, charge of the incoming
fermions, and Q? of the interaction. When quarks are bound in a nucleon (e.g. in pp — y*/Z —
"¢~ X), the y*/Z is in general produced with a finite transverse momentum. In QCD this occurs
either through the quark anti-quark annihilation process with a gluon (g) in the final state (gg —
v*|Z g), or via the Compton process with a quark in the final state (g¢ — y*/Z ¢). The Feynman
diagrams for these two processes are shown in Figure 8.

The Collins-Soper (CS) frame [52] rather than the laboratory frame is used in this analysis. In
the laboratory frame, the pp collision axis is the z axis, with the positive z axis oriented along the
direction of the quark. The transverse component of any vector, such as the momentum vector, is
defined to be relative to the z axis. The transverse component of vectors in other reference frames
is defined to be relative to the z axis in those frames. The rest frame is reached from the laboratory
frame via two Lorentz boosts, first along the laboratory z axis into a frame where the z component
of the lepton-pair momentum vector is zero, followed by a boost along the transverse component
of the lepton-pair momentum vector. Within the CS frame, the z axis for the polar angle is the
angular bisector between the quark direction and the reverse of the anti-quark direction. The
positive x axis for the azimuthal angle is along the direction of the transverse boost. A view of
the CS frame is shown in Figure 9. By construction, the CS frame angles 6 and ¢ are invariant
with respect to boosts along the pp collision axis. When the transverse momentum of the lepton
pair is zero, the CS and laboratory coordinate-system axes are the same.

In the CS frame, the angle 6 is reconstructed using the following laboratory-frame quantities:
the lepton energies, the lepton momenta along the beam line, the dilepton invariant mass, M/,
and the dilepton transverse momentum, pr. The polar angle of the negatively charged lepton is
calculated as:

A A
cosf=———_ -+ 27)

M M2+p2T

where €. = (E £ p,) and the +(—) superscript represent lepton charge. The ¢ is calculated with
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Figure 8: Leading order (top) annihilation (g — y*/Z g) and (bottom) Compton Feynman diagrams

(9g — v*/Z g) for the production of Z bosons with finite transverse momentum.

Figure 9: Sketch of the Collins-Soper reference frame [53].
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tan ¢ = , (28)

where X is the difference between the £* and ¢~ laboratory-frame momentum vectors; Ry is the
unit vector along 17;) X P, with 17[, being the proton momentum vector and p the lepton-pair
momentum vector; and pr is the unit vector along the transverse component of the lepton-pair
momentum vector.

The general expression [50, 51] for angular distribution of the final state leptons for gg —
v*|Z — € process is given by:

do

———— oc (1 +cos’d

d cos 6d¢ (1 +cos”6)
1

+ EAO(l —3cos’6) + A, sin20cos ¢

1 29
+ EAZ sin® 6 cos 2¢ + A5 sin 6 cos ¢ 29)

+ Ay cos 0 + As sin® 0sin 2¢
+ Ag sin 26 sin ¢ + A7 sin 6 sin ¢,

Perturbative QCD (pQCD) calculations make definite predictions for all of the angular coef-
ficients, except for low Z pr <10 GeV/c, where effects from nonperturbative transverse mo-
mentum of the partons within the protons may contribute to the A, coefficient [54, 55]. For
pp — Y'/Z — "€ X, the parameters Ay, A;, and A, are related to the polarization of the Z
boson, whilst A3 and A, are also sensitive to the V — A structure of the couplings of the muons.
Perturbatively, at leading-order (LO), all angular coefficients vanish as the Z boson transverse
momentum approaches zero except for A4, which is the electroweak (EW) parity violation term.
As noted above, nonperturbative contributions to A, are possible for small Z boson transverse
momentum. At next-to-leading-order (NLO), A, to A3 become non-zero, while at next-to-next-
to-leading-order (NNLO), the angular coefficients As, Ag and A; become non-zero, but still close
to zero. If we integrate over positive and negative rapidity (y), the angular coefficients A; and

Aj are small.

1.8.2 Dilution effects

The sign of cosé and tan ¢ are defined with respect to the direction of the quark, which

is ambiguous in pp collisions. It is therefore chosen by measuring the longitudinal boost of
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the final-state dilepton system in the laboratory frame, and assuming that this is in the same
direction as that of the quark in the initial state. This assumption leads to a fraction of events with
wrongly assigned quark direction, causing a dilution of the observed angular distributions. The
probability of correct quark direction assignment increases with the boost of the dilepton system,
thus reducing the dilution for dileptons produced at large rapidities. With this assumption, cos 8
can be written as a function of the lepton momenta in the laboratory frame,

p, G5 =020

cosf = o] ; (30)
P:
dM \IM? + pi
and tan ¢ can be written as
2 .
ang = M>+prA . B, G1)
ang = — ,
lpl M R

A - p,

Considering direction of quark could be wrongly deterrpilTined, we defined and used 6,, ¢,
in this analysis, which represents 6 and ¢ angle in CS frame with dilution effects. When quark
carries larger momentum than anti-quark, the direction of quark is along Z boosted direction, 6,
is equal to 6, and ¢, equal to ¢. While, for the reversed case, 6, is equal to 7 — 6, and ¢, is equal
to m—¢. Therefore, the terms with 6 and ¢ in Equation 29 are affected by the dilution. For events
with wrongly determined quark direction, corresponding 6 terms can be modified as:

sin 6, = sin(r — 6) = sin 6,
cos b, = cos(m—6) = —cos 0,
sin® 6, = sin*(r — 6) = sin” 6, (32)
cos? 6, = cos*(m — 6) = cos? 0,
sin 26, = sin2(m — #) = — sin 26,
which indicates the A, A4, and Ag are affected by the cos 6 dilution effect. For ¢ terms in the
formula can be modified as:
sing, = sin(mr — @) = sin ¢,
cos ¢y = cos(m — ¢) = —cos ¢,
(33)
sin2¢, = sin2(wr — ¢) = —sin 2¢,
cos 2¢; = cos 2(m — ¢) = cos 2¢,

which indicates the A, A3, and As are affected by the ¢ dilution effect.
The dilution factor, f, is defined as the fraction of Z — £*¢~ events with quark direction

wrongly determined, which can be estimated from generator, and depends on the input PDFs. In
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the LHC, as a pp collider, 6, and ¢, are the observables in reality, instead of 6§ and ¢. Take the

dilution effects into account, the Equation 29 can be rewritten as

do do ¢=n—¢q do $=¢a
—— =X —— + (1 - f)X ——
dcos6,dg, d cos 0de |g=r-0, d cos 8de gy,

o (1 + cos? 6,)

1
+ EAO(I —3cos?6,) + A sin 26, cos 0¥, (34)

1
+ EAZ sin® 6, cos 2¢4 + (1 — 2f)Asz sin 6, cos ¢y
+(1-2f)Ascos6,+ (1 —2f)As sin® 6, sin 2¢4
+ (1 —2f)Ag sin 26, sin ¢4 + A7 sin 6, sin @,.

In reality, the A; parameters extracted from cos 6, and ¢, distribution are named as A/, with
Ay =Ag, Al = AL A, = Ay, A = (1-21)A3, A = (1-2f)A4, AL = (1 -2f)As, Ay = (1 -2f)As,
and A, = A;, where A; is the angular coefficient in BORN level, A’ is coefficient with dilution
effects, and f is the average dilution in specific phase-space.

As expected, a data sample with a large dilution factor f does not have good sensitivity on
the A; measurement. With f = 0.5, the data sample cannot be used to extract Az, A4, As, and
Ag. The LHCD is a forward detector, the collected Z events are highly boosted. Therefore, the
dilution effect is smaller than that of ATLAS and CMS. The dilution can be determined from the
generator level events, the estimated dilution (1 — 2f) and purity (1 — f) are shown in Figure 10.
In the LHCb fiducial region, the average purity is determined to be 0.842 + 0.002, while the
average dilution factor is determined to 0.686 + 0.004.

The dilution is one of important elements in angular coefficient measurement at the LHCb,
which should be considered in the A; measurement. In this analysis, the measured results has
include the dilution effects. If we want to get A; in the BORN level, then it can be calculated
by dividing the measured A] with dilution efficiency. But since dilution efficiency has strong
dependents on the input PDFs, we will not report the BORN level results, instead both data and

theoretical predictions are presented with dilution effects.

1.8.3 The Lam-Tung relation

For the gg — y*/Z g annihilation process, pQCD in LO predicts that the angular coefficients
Ap and A, are equal, independent on Parton Distribution Functions (PDFs), and are described by

— — P2
99 _ A99 — T _
AO - A2 T MZ4P2 [ I
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Figure 10: The purity (1 — f) of quark direction is correct in the CS frame, and the dilution efficiency
(1 = 2f), estimated using Powheg generator with CT14NLO PDFs, as a function of Z boson rapidity in
LHCb detection region.

For the gg — y*/Z g Compton process, Ay and A, depend on PDFs and rapidity. However,

in pQCD at LO, when averaged over y, Ay and A, are approximately described by A5’ = A% ~
5P
M2, +5P2 [60]-
The equality Ay = A, [61] is known as the Lam-Tung relation. At LO, it is valid for both

qq and gq processes. Fixed order pQCD calculations in next to leading order (NLO), as well
as QCD resummation calculations to all orders [62] indicate that violations of the Lam-Tung
relation are small. The Lam-Tung relation is only valid for vector (spin=1) gluons. It is badly
broken for scalar (spin=0) gluons [63]. Therefore confirmation of the Lam-Tung relation is a
fundamental test of the vector gluon nature of QCD and is equivalent to a measurement of the

spin of the gluon.

1.8.4 The Boer-Mulders function

In the past decades, study of the transverse momentum dependent (TMD) parton distribution
functions of the nucleon is one of hottest topics in the high energy physics, as it provides new
perspectives on the hadron structure and QCD [64]. There are two types of TMD distribution
functions, as the Sivers function [65] and the Boer-Mulders function [64].

The Sivers function, f(x, k3), where x is the fraction of proton’s momentum carried by the
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quark, k, is the transverse momentum of the quark. The Sivers function is used to represent the
correlation between k, and the transverse spin of the nucleon, S | . Itis time-reversal odd (7—odd)
and can arise from initial- or final-state interactions. Measurements of the semi-inclusive deep-
inelastic scattering (SIDIS) from the HERMES [66] and COMPASS [67] collaborations have
shown clear evidence for the presence of the 7—odd Sivers functions, and the magnitude and
flavor structure of the Sivers functions are determined accordingly [68, 69].

The Boer-Mulders function [54, 64] is another the T—odd TMD function, A (x, k?), which
signifies the correlation between k, and the quark transverse spin, s, in an unpolarized nucleon.
It is the chiral-odd analog of the Sivers function and also owes its existence to the presence
of initial/final state interactions [70]. As the Sivers function is beginning to be quantitatively
determined from the SIDIS experiments, the Boer-Mulders function is still unexplored.

The Boer-Mulders functions can be extracted [71] from the azimuthal angular distributions
in the unpolarized Drell-Yan process. As shown in Equation 29, the cos 2¢ term (A,) is propor-
tional to the convolution of the quark and antiquark Boer-Mulders functions in the projectile and
target [71]. As the Drell-Yan cross section depends on the transverse spins of the initial-state
quark and antiquark, a correlation between the transverse spin and the transverse momentum of
the quark, as represented by the Boer-Mulders function, would affects the angular distributions
of final-state leptons.

Unlike pion-induced Drell-Yan or semi-inclusive DIS, in the Drell-Yan production of pp
collision in the forward region, the event has one quark with relatively large-x value annihilating
with a sea quark with relatively small-x. It is a convolution of two Boer-Mulders distributions,
and the Boer-Mulders distribution for small-x sea quarks remains completely unconstrained,
which could be a small effects, but also could lead to significant impacts to the LHCb data.
Therefore, it would be interesting to constraint Boer-Mulders function by measuring A, with the
events in lower Z pr region (p% < 10GeV), and lower dimuon invariant mass region (50 <

M, <70GeV).

1.8.5 The weak mixing angle

A4 cos 6 term is parity violating, and is due to the interference of the amplitudes of the vector
and axial-vector currents. Its presence induces an asymmetry to the ¢-integrated cos 6 cross
section. Two sources contribute: the interference between the Z-boson vector and axial-vector

amplitudes, and the interference between the photon vector and Z-boson axial-vector amplitudes.
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The asymmetric component from the y* — Z interference cross section is proportional to gf;. The
asymmetric component from Z-boson self-interference is proportional to a product of g{, from
the lepton and quark vertices, and thus is related to the weak mixing angle (sin Gy ). gﬁ and gé
are the couplings of Z boson interact with vector and axial-vector current components.

The forward-backward charge asymmetry of Z boson events are used to measure the weak
mixing angle, and is defined as:

(35)

where o (o) is the integrated cross section for events with cos 8 > 0 (cos 6 < 0). In additional,

the relationship between Az and A4 can be write as:
3
App(M) = §A4(M) (36)

However, in this analysis, we are focus on testing of QCD calculation on A4 parameter, will
not measure the weak mixing angle. Also, there is a ongoing analysis aiming to extract this angle,
using the LHCb RunlI dataset.

1.8.6 Previous studies

The CDF Collaboration at the Tevatron published a measurement [72] of the angular coeffi-
cients of lepton pairs produced near the Z-boson mass pole, using 2.1 fb™" of pp collision data at
a centre-of-mass energy /s = 1.96 TeV. These measurements were later used by CDF [73] to in-
fer an indirect measurement of sin fy, or equivalently, the W-boson mass in the on-shell scheme,
from the average A, coefficient. Measurements of the W-boson angular coefficients at the LHC
were published by both ATLAS [74] and CMS [75] Collaborations. Later, a measurement of
the Z-boson angular coefficients with Z — u*u~ decays was published by CMS [76] Collabo-
ration, which is the first five coefficients were measured with 19.7 fb™" of pp collision data at
v/s = 8 TeV. The measurement was performed in two y; bins, 0 < |yz| < 1 and 1 < |y,| < 2.1,
each with eight bins in pZ up to 300 GeV. The violation of the Lam—Tung relation was observed,
as predicted by QCD calculations beyond NLO. Then, the ATLAS collaboration [53] polished a

measurement of these coefficients, for the complete set of angular coefficients A, to A-.

1.8.7 Strategy

The data samples used in this analysis and event selection for the Z — u*u~ candidates

are discussed at first, followed by detailed background studies. Then after several corrections
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applied to remove detector effects, the angular coefficients measurements are performed. The
angular coefficients, Ay, Ay, A,, Az, A4, and Ay — A, are measured, as a function of Z boson pr
and rapidity y. Due to the A, is relative to the A s, the A4 measurement will not show the absolute
measured values, instead of a ratio of measured results to the A4 value in the first Z p7 bin. It
is the first test of the Lam-Tung relation in the forward detector region, and for the first time
provides information to constrain the Boer-Mulders function at the LHC.

In the extraction of results, the measured A; values are corrected to the Born level (without
FSR effects), not the Bare level (with FSR effects), as the Equation 29 and 34 only valid in the
Born level. Events in different invariant mass range are used in this study, as the lower Z mass
region (50—75 GeV/c?) and the central Z mass region (75-105 GeV/c?). The lower mass region is
used to study the Boer-Mulders function, with less contribution from the Z pole events. While the
central mass region is used to extract the A; values, with small contributions from the Drell-Yan
process and interference between Drell-Yan process and Z events.

For the Z boson events, non-zero py comes from the QCD effects. Therefore, the measured
A; observables as a function of Z boson pr, with other phase-spaces been integrated out, could
probe corresponding QCD calculations. In principle, the measured A; results as a function of Z
boson rapidity, with pr information been integrated out, should not affected by the QCD effects.
However, in reality the LHCb detector only cover very forward detector region, the integration
of Z boson pr is not performed for the full phase-space, resulting A; measurements as a function

of Z rapidity becomes very interesting. As it can be used to test the Z py resummation effects.
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2 The LHCb Detector

The data used to make measurements in this thesis all were collected by the Large Hadron
Collider beauty experiment (LHCb), a fundamental particle detector housed on the Large Hadron
Collider (LHC) ring. This chapter describes both the LHC and LHCb.

21 LHC

The LHC is a two-ring super-conducting proton-proton collider, the most powerful and ener-
getic particle accelerator in the world. The LHC is a colliding beam facility; particle beams are
accelerated to velocities close to the speed of light in a circular ring, whose circumference is 27
km, before being brought into collision at various interaction points on the ring.

Four main experiments are installed along the LHC ring for different physics purposes. Two
general purpose experiment, ATLAS and CMS, have been designed to discover the Higgs boson
and search for new physics directly. The LHCb is a dedicated heavy flavor physics experiment,
whose primary goals are to perform precise CKM measurements and to search for new physics in
CP symmetry violation and rare decays via processes involving loops. The ALICE is optimized
for heavy-ion physics to study the physics of strongly interacting matter at extreme energy den-
sities.

When the LHC was commissioned, one of the main goals was to look for experimental con-
firmation of a mechanism to explain electroweak boson masses, as well as fermion masses. One
such mechanism involves the existence of a hitherto unknown, massive, scalar particle, the so-
called Higgs boson. Collision experiments involving hadrons can be used to produce Higgs
bosons via gluon fusion, vector boson The discovery of the Higgs boson was announced during
the first LHC run period (Runl). The achievement of this primary objective has ensured that the
LHC project will be forever considered a success. The LHC continues to test the SM to its limits,
and indeed look for evidence of new physics beyond the SM (BSM).

LHCb is an experiment designed to precisely test the SM and to search for indirect evidence
of new physics in CP violation and rare decays of beauty and charm hadrons. The SM is a
very successful theory, which explains almost all experimental observations. The only source
of CP violation in the SM is the CKM mechanism. However, it is believed to be insufficient to
explain the observed baryon asymmetry in the universe. New sources of CP violation are needed.
Numerous new physics models produce additional contributions to CP violation and permit decay

modes, which are forbidden or highly suppressed in the SM. Precise measurements of the CP
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Figure 11: Side view of the LHCb detector from inside of the LHC machine loop. Image from [77]

violation parameters and the search for rare decays can potentially unveil new physics. Physical
processes involving b quarks are theoretically cleaner in the SM, which makes the separation of
the SM and new physics easier. Therefore it is an ideal place for the new physics search at LHC
energies. With the large samples of beauty hadrons and an optimized detector, LHCD is able to

determine the SM parameters to an unprecedented precision.

2.2 The LHCb Detector

LHCb is an experiment designed to precisely test the SM and to search for indirect evidence
of new physics in CP violation and rare decays of beauty and charm hadrons. The SM is a
very successful theory, which explains almost all experimental observations. The only source
of CP violation in the SM is the CKM mechanism. However, it is believed to be insufficient to
explain the observed baryon asymmetry in the universe. New sources of CP violation are needed.
Numerous new physics models produce additional contributions to CP violation and permit decay
modes, which are forbidden or highly suppressed in the SM. Precise measurements of the CP
violation parameters and the search for rare decays can potentially unveil new physics. Physical
processes involving quarks are theoretically cleaner in the SM, which makes the separation of
the SM and new physics easier. Therefore it is an ideal place for the new physics search at LHC
energies. LHCD profits from large cross-sections for bb (288 =+ 4(stat.) + 48(syst.) mb). With

the large samples of beauty hadrons and an optimized detector, LHCD is able to determine the
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SM parameters to an unprecedented precision. To primarily reconstruct B-mesons that decay in
the forward region, the LHCb detector is designed as a single arm spectrometer with a forward
angular acceptance of 10 mrad to 250 mrad vertically and 10 mrad to 300 mrad horizontally.
Covering only 4% of the full solid angle, LHCb collects 27% of b or ¢ hadrons.

Since B-mesons are relatively long-lived, their experimental signature is a decay vertex that
is significantly displaced from the primary interaction vertex. Reconstruction of these secondary
decay vertices is best achieved in a low occupancy environment.

Figure 11 is a side-view of the LHCb detector; the beam pipe (grey) passes through the
middle of the detector, and most of the detector instrumentation/material (coloured) is located
after the magnet. A precise tracking system, an efficient particle identification (PID) system
and a flexible trigger system are essential for precise measurements of heavy flavor physics. At
LHCDb The particle tracking system consists of the Vertex Locator (VELO), Tracker Turicensis
(TT), magnet and T-stations (T1, T2, T3). The calorimeter system consists of the Scintillating
Pad Detector (SPD), Pre-Shower detector (PS), the Electromagnetic Calorimeter (ECAL) and the
Hadronic Calorimeter (HCAL). The particle identification system consists of the Ring Imaging
Cherenkov detectors (RICH) and the muon system (M1-MS5). These components are explained

in more detail in the following sections.

2.3 Tracking system

The path of any particle created in a pp collision at LHCb, which is stable on the time-scale
of the detector and is within its acceptance, is tracked by a combination of a vertex locator, a
series of tracking stations and a dipole magnet. Each particle leaves behind different signatures
in all or some of these sub-detectors with the magnet’s field causing certain tracks to bend if they
originate from electrically charged particles. Then through use of a Kalman Filter process, these
detector hits are iteratively group together to determine the likely trajectory of many particle
as possible. Each track is also given a y* per degree of freedom (y2, /ndf) to determine the
quality of the reconstructed track. The combined tracking system must be able to reconstruct
the trajectory of particles and their associated points of decay with high spatial resolution, such
that the momenta of tracks can be determined to great accuracy. With the knowledge of these
track trajectories and points of decays at hand, full decay chains of particles of interest can be

assembled and decay topologies understood. This makes the tracking system fundamental to all

physics analyses at LHCb.
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2.3.1 Vertex Locator

The VELO provides information to reconstruct primary vertices and displaced secondary
vertices, which provide a signature of heavy flavor decays, and is therefore an important part of
the LHCb tracking system. It is a silicon micro-strip detector capable of precise tracking near the
LHCDb pp interaction point. The VELO gathers information from electronic hits in its micro-strips
to reconstruct the trajectories of particles. Primarily, the VELO is used to distinguish between
locations where pp interactions occur in bunch crossings, known as the Primary Vertices (PVs),
and points in space were long-lived hadrons decay, which are referred to as Displaced Vertices
(DVs). The number of PVs from a single bunch crossing is kept relatively low at LHCb through
the process of luminosity leveling. The active region of the VELO is large enough to reconstruct
the majority of heavy-flavoured hadrons, which typically travel a few mm to a few cm from a
PV. Combining the momentum measurements made by the downstream tracking stations with
knowledge of the positions of the PVs and DVs in an event, then the time before a particle decays,
its decay time, can be determined by LHCb. An event is defined as the complete detector readout
for a proton bunch crossing. Due to the short Flight Distance (FD) of the particles of interest to
LHCD and their close proximity to the beam line, it is important that the VELO is situated as close
to the pp collisions as possible to minimise the extrapolation distance between the first hit of a
reconstructed track and the interaction point. However, if the VELO is too close to the beam line
then it will incur radiation damage. For this reason, the VELO is constructed as two structures
with the ability to separate from one another. During the beam injection from the SPS to the LHC,
the VELO is retracted to 29 mm away from the beam into two composite halves, one either side
of the LHC beam pipe. When the beams are declared stable during a physics fill, the halves are
carefully brought together by a mechanical system that leaves the halves overlapping slightly
such that the pp interaction point is fully enclosed. At this point the VELO is centred around
the beam-line and is ready for data taking. When fully closed, the VELO has a 7 mm aperture
in ththrough without interacting with and damaging the silicon-strips. The closest active region
of the micro-strips then begins 8.2 mm from the beam line. At these close proximity, the VELO
material is still inside the radius nominally covered by the LHC pipe. Therefore, to maintain a
good vacuum within the beam pipe, to shield against electromagnetic activity from the beams and
to provide a continuous path for the mirror currents of the beam through the VELO, the micro-
strip detectors are mounted within a structure covered by aluminium foil, known as the Radio

Frequency box (RF-box). On the side of the RF-box that is facing the beam, the foil is slighter
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thinner at only 300 ¢ m to minimise the amount of material the tracks see but is still thick enough
to separate RF-box from the beam vacum. As a result, a vacuum pressure of approximately 107’
mbar is achieved inside the VELO.

The VELO halves both contain twenty-one identical detector modules positioned along the
beam line in each half. The temperature of the modules are maintained below zero degrees by
a bi-phase cooling system. Each module contains two semi-circular shaped senors composed
of 300 um thick silicon wafer with implanted aluminium micro-strips. The sensors measure the
radial coordinate, R, and the azimuthal angle coordinate, @, of the tracks of particles passing the
VELO. The z-coordinate is determined from what module along the beam line registered the hit.
As shown in Figure 12, the VELO modules are packed more closely together near the interaction
region; this is to give an improved PV resolution. Each time the VELO is closed the alignment
of the R sensor is required to have an accuracy smaller than 100 um relative to the other half
of the detector. In Run II, the alignment is checked at the end of every Fill, while in Run I the
alignment was updated a few times during the year. A schematic of the R and ® sensors is shown
in Figure 13 for one VELO module. The pitch, the distance between the sensor strips, increases
further from the beam line, starting at around 40 ym and going up to roughly 100 um. In total,
each sensor has 2048 readout channels.

The VELO can also determine the Impact Parameter (IP) of track. The IP quantity is the
distance of closest approach with respect to a reconstructed PV. The increase in pitch ensures
that the measurements along the track contribute to the precision of the IP value approximately
equally. An associated quantity of the IP variable, the y7, of a track, helps determine the likely
PV from which a particle originated. The y7, is defined as the difference in x7, of a given
PV reconstructed with and without the considered track. Decays of heavy-flavoured hadrons
generally have larger FD and IP values than the decays of light hadrons at LHCb. This makes
the FD and IP quantities particularly useful for separating these two different classes of decays in
an event. The performance of the VELO can be quantified by its excellent IP resolution, which
was found to be less than 35 um for particles with transverse momentum (p7) greater than 1 GeV
for 2012 data. The same data set showed that for a typical pp event, the vertex resolution was
between 10 and 20 um. This accuracy means LHCb is more precise at locating vertex objects
than any other LHC experiment thanks to the VELO. In the left plot of Figure 14, the IP resolution
in the x and y directions are given as a function of the momentum of a track. The right plot of
Figure 14 shows the dependency of the IP resolution projected in the x-axis, on the inverse of a

track’s transverse momentum.
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Figure 14: (Left) The IP resolution, in um, as a function of the momentum of a trac, in GeV. (Right)
The IPy resolution, in um, as a function of the inverse of the momentum of a track, in GeV, for 2012

data(black) and simluated pp events (red), plots are from [79].

2.3.2 Tracking Detectors

Assisting the VELO subdetector in tracking particles through LHCb are a further four pla-
nar detectors; the Tracker Turicensis (TT) and three tracking stations (T1-T3) The high levels
of radiation close to the beam line means the TT and the inner regions of T1-T3 are built of
radiation-hard silicon strips. They are thus collectively known as the Silicon Trackers (ST). The
ST have a high granularity to keep hit occupancy at a low enough level to allow for effective
track reconstruction. The outer regions of T1-T3, relative to the beam line, are referred to as
the Outer Tracker (OT). The OT is situated in a region of the detector that is subject to a lower
number of particles per unit area compared to the ST. The lower particle flux means the OT is set
up as a drift-time detector with cost-effective gas filled straw tubes. Despite their different loca-
tions and constructions, the ST and OT ultimately both serve the same purpose - to measure the
trajectories of charged particles such that their momenta can be measured. The TT is a silicon de-
tector located between the RICH1 detector and the dipole magnet and performs fast momentum
measurements for trigger decision using residual magnetic field. It consists of four rectangular
detection layers, which are approximately 150 cm in width and 130 cm in height to cover the
full LHCDb acceptance. The layout of the third TT detection layer is shown in Figure 15 The four
layers are settled in the sequence of x-u-v-x with strips in the x layers arranged vertically, while
strips in the u and v layers rotated +5° and —5°, respectively. The reason for this arrangement
is that it maximises the resolution in the x-direction, which is the direction responsible for the
momentum resolution; the resolution in the y-direction is only needed for pattern recognition

and is less critical. This angled orientation of the layers leads to an excellent single-hit spatial

37



HEran
DOCTORAL DISSERTATION

157.2 cm

TTb
TTa
£
o
2
o
2 £
o
R
i g
e
H o
= H L
/
/
/\\
e o
3
en ,
4 R / 7.74 cm
z \\\\//
! 138.6 cm
|

Figure 15: The layout and dimensions of the four detection layers of the Tracker Turicensis subdetector,

reproduced from [80]

resolution of 50um. The detection layers are separated by approximately 30 cm in the z-axis
and each TT sensor carries 512 readout strips. To facilitate tracking finding, the four layers are
divided into two groups, (x, u) and (v, x). The detector layer consists of two half modules, an
upper half and a lower half, each comprised of a row of seven silicon sensors organized into two
or three readout sectors depending on their position relative to the beam pipe. The organization

of a half module close to the beam pipe is shown in Figure 16.

The performance of the tracking system at LHCb was evaluated during Run I The track hit
efficiency of the ST was measured using a pure sample of Jiy — u*u~ decays. The muon tracks
must pass some basic kinematic requirements and need to have a momentum greater than 10
GeV to reduce multiple scattering. The hit efficiency is defined as the ratio of the number of hits
found against the number of hits expected, for a given sector of the tracking system. For the TT,
this efficiency was measured to be greater than 99.7% (99.8%) in 2011 (2012) data. Similarly,
T1-T3 also had a very high hit efficiency of 99.8% (99.9%) according to 2011 (2012) data. The
performance of the tracking system can also be evaluated in terms of its hit resolution. The
resolution is determined using data from the unbiased residuals of the measured hit position and

the extrapolated track position when the hit is removed from the fit.
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Figure 16: The layout of one of the three tracking stations. The center region is covered by a silicon strip
detector, (right) which is surrounding the beam pipe. The outer region (left) is covered by a straw tube

detector (the dimensions are given in cm).
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2.3.3 Spectrometer Magnet

The LHCb tracking system exploits a dipole magnet to bend the tracks of charged particles.
The curvature of the tracks and precision knowledge of the magnet’s field at all points allows the
particle’s momentum to be determined. Thanks to the magnet and the rest of the tracking system,
the relative uncertainty on the momentum resolution varies from 0.5% at low momentum to 1.0%
at 200 GeV.

The magnet is situated immediately after the TT as shown in Figure 11. The centre of the
magnet is 5.3mm from the pp interaction point, along the z-axis. It is composed of a 1,500
ton iron yoke and two conical saddle shaped coils located above and below the beam line. The
coils are made of aluminum and weigh in at around 27 tonnes. A schematic diagram of the
magnet, showing its design, is given in Figure 17. This is a warm magnet capable of producing
an integrated magnetic field strength of approximately 4Tm between the interaction point and
the tracking stations, with the principal field component directed along the y-axis.

A precise knowledge of the magnetic field is required to ensure a good momentum resolution
can be achieved. This is particularly important for the LHCb detector, since its tracking stations
are fairly spaced apart compared to other high energy physics experiments. The integrated field
was measured using an array of Hall probes and is found to give a very high relative precision of
4x10~* across the measured volume. Data is collected at LHCb for both MagUp (field pointing in
+y direction) and MagDown (field pointing in -y direction) configurations for an approximately
equal amount of time during data taking to cancel out potential asymmetry effects caused by
the magnetic field. For instance, the performance of the drift tubes in the OT are very sensitive
to the direction of the magnetic field. This detector effect could be misinterpreted as signs of
CP-violation if not treated correctly. However, the polarity of the magnet is only flipped a few

times per year of data taking so not to damage the magnet.

2.3.4 Track finding algorithm

Charged particles produce signal in one or more of the tracking sub-detectors. Depending on
the path through which the charged particle traverses the detector, the following classes of tracks

are defined, as illustrated in Figure 18.

* Long tracks: pass through the complete tracking system, from the VELO to T stations.
They have the highest reconstruction quality and are the most important tracks for physics

analysis.
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Figure 17: A perspective view of the magnet with dimensions given in units of mm and electrical connec-

tions and water cooling system also shown, reproduced from [78&].

» Upstream tracks: traverse only the VELO and the TT. They are usually low momentum
tracks swept out of the detector acceptance by the magnetic field, and have relatively poor
momentum resolution. However, they can be used to understand the background in the
RICH PID algorithm since they pass through RICH1 and may generate Cherenkov photons
if having large enough momentum. They can also be used for flavor tagging and b-hadron

decay reconstruction.

» Downstream tracks: pass through the TT and the T stations. Typically they are daughters

of long-lived particles, such as K? or A.

» VELO tracks: leave hits solely in the VELO, and have large angles with respect to the
beam axis or move backward. They can be used to reconstruct primary vertices and veto

non-exclusive events.

» T tracks: only leave hits in the T stations. They help to perform RICH2 global pattern

recognition.

The reconstruction procedure begins with a search of track seeds in the VELO, where the
magnetic field is sufficiently low and tracks can be considered as straight lines. The seeds are
also searched in the T stations. The VELO seeds are extrapolated to the TT and T stations to form
long tracks. This algorithm, called forward tracking, already find a large fraction of long tracks.

The hits used by forward tracking are removed from further track finding to save computing time.
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Figure 18: Illustration of the LHCD track types. For reference the y component of the magnetic field is
also plotted.

To increase track finding efficiency for long tracks, a second algorithm called track matching
is performed. T seeds are matched to the VELO seeds left from the forward tracking using
the Kalman filter[74]. VELO seeds not used by the forward tracking or track matching are
extrapolated to TT stations to form upstream tracks. Downstream tracks are reconstructed by
adding the TT hits to the T seeds. The VELO and T seeds that have not been used for a long,

upstream or downstream track are classified as a VELO or T track.

2.3.5 Track finding efficiency and momentum resolution

The track finding efficiency is measured using a data-driven method called ‘tag-and-probe’.
This method employs two-body decays with one daughter particle, the ‘tag’ leg, reconstructed us-
ing the full detector information, while the other daughter particle, the ‘probe’ leg, reconstructed
only using information from part of sub-detectors. The information carried by the tag leg and
the probe leg is sufficient to reconstruct the mother particle, thus the number of mother particles
can be obatined from fit. The probe leg is then matched to fully reconstructed tracks, and the
number of the mother particle after matching can again be obtained. The track finding efficiency

is defined as the ratio of the number of mother particles after and before matching.
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2.4 Particle Identification

To determine what tracks pass through the detector to an outstanding level of accuracy, a com-
bination of two Cherenkov radiation detectors, a calorimeter system and a set of muon chambers

are used in LHCb.

2.4.1 Ring Imaging Cherenkov Detectors

Two Ring Imaging CHerenkov detectors (RICH-1 and RICH-2) contribute towards ef- ficient
particle identification (PID) at LHCb. PID refers to the determination of the species of a track
reconstructed in the detector, namely e, u, 7, K and p in the case of the RICH subdetectors. The
RICH systems offer the best means of identifying charged hadrons at LHCD but the calorimeter
and muon systems provide complimentary information, which further enhance PID capabilities
of LHCb. Information from RICH-1 and RICH-2 ultimately help reduce the chances of wrongly
misidentifying decays as ones of interest in any particular analysis. The RICH subdetectors
exploit the phenomenon of Cherenkov radiation to extract PID information. This situation occurs
when a charged particle traveling through a dielectric material emits a cone of coherent light if
its velocity is greater than the phase velocity of light in the dielectric. The opening angle, 6., of

this light cone is dependent on the particle’s velocity according to
1
cost, = — (37)
ng

where n is the refractive index of the dielectric material that the particle passes through and
B is the ratio of the particle’s velocity to the speed of light in a vacuum, v/c. The value of 6, is
relative to the inducing particle’s trajectory. By making use of some basic relativistic kinematics,

Equation 37 can be rearranged in terms of the mass and momentum of the particle inducing the

1
cosb, = — |1+ (L=y (38)
n P

In essence, this means that if the momentum of the particle can be measured, along with the

Cherenkov radiation as

Cherenkov angle of its emitted light cone, then the rest mass of the particle can be inferred.
Figure 20 shows the dependence of 6. on the momentum of a particle for different species of
particles. RICH-1 is located between the VELO and the TT. It covers the full angular acceptance
of the LHCb, 25 mrad to 300 (250) mrad in the horizontal (vertical) plane and is designed to
perform PID for tracks with momentum between 1 and 60 GeV. RICH-1 is divided into two
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2.4m

Figure 19: Schematic of the RICH-1 (left) and RICH-2 (right) sub-detectors at LHCb. Plots are from
[78].

halves set above and below the beam pipe, which are referred to as the Up’ and "Down’ sections.
RICH-2 is positioned between the magnet and the T3 tracking plane. It provides PID for higher
momentum tracks which are between 15 to 100 GeV. Since high momentum tracks are not
swept out to wide angles by the magnetic field, they predominantly stay close to the beam line.
Therefore, RICH-2 covers a smaller angular region of 15 mrad to 100 (120) mrad in the vertical
(horizontal) plane. RICH-2 is also similarly divided into two sections, named ’A’ and *C’, and
in the horizontal in this case. Section A is closer to the centre of the LHC ring with Section C
further away. Figure 19 shows the layout of RICH-1 and RICH-2 in the vertical and horizontal

planes, respectively

Every track object with an associated momentum measurement from the tracking system
and travelling through the RICH sub-detectors, has its expected 6, angle calculated under five
different mass hypotheses (e, K, u, r and p) according to Equation 38. The radius of the photon
ring corresponding to this expected value of 6, is then compared to a fit of the detector responses
simultaneously. Under each mass hypothesis the log-likelihood of the RICH detector response
fit compared to the expected photon ring radius is calculated. However, instead of computing the
absolute log-likelihood values, the RICH PID software calculates the difference in log-likelihood
(DLL) between the pion hypothesis and each of the four remaining mass hypotheses, x, where
x € e, K, u, p, such that DLL, = DLL, — DLL,. The choice of pions as the reference hypothesis
1s somewhat arbitrary and based on the fact they are the most abundantly produced particle at
LHCb.
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Figure 20: The Cherenkov angle in mrad, of photos produced in the RICH subdetectors by electrons
(purple), kaons (red), pion (green) and protons (orange) as a function of particle momentum in GeV.

Plots are from [78].

2.4.2 Calorimeter System

Electron and hadron candidates can also be identified by a calorimeter system at LHCb. The
purpose of this system is the identification of hadrons, elec- trons, photons, and the measurement
of their energies and positions. The calorimeter system consists of four sub-detectors, the Scintil-
lating Pad Detector (SPD), the Pre-Shower (PS), the Electromagnetic Calorimeter (ECAL) and
the Hadronic Calorimeter (HCAL). They also allow particles with high transverse energy to be
identified; such energetic particles usually originate from decays of heavy-flavoured particles.

Electrons and positrons moving through dense materials emit photon radiation via bremsstrahlung.
If the emitted photon is energetic enough, it may decay into an electron- positron pair, which in
turn may radiate due to bremsstrahlung. This cascade effect is called an electromagnetic shower.
Electromagnetic calorimeters induce these showers with layers of dense material, such as Pb. The
thickness of these materials is usually expressed in interaction lengths, denoted by X, defined
as the distance over which the particle is reduced to 1/e of its original energy.

The energy loss due to bremsstrahlung is inversely proportional to the mass of the acceler-
ating particle, and is thus relatively large for the lightest particles, i.e. electrons. For heavier
particles like muons and hadrons, energy loss due to bremsstrahlung is small compared to en-
ergy loss due to interactions with the nuclei in the material. The effect of these interactions with
nuclei is to produce secondary hadrons with lower energies, which in turn interact with other
nuclei and so on, producing a hadronic shower. Hadronic calorimeters induce these showers

with layers of dense material. The thickness of these materials is usually expressed in hadronic
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interaction lengths A;, defined as the mean distance that a hadron travels before interacting.

For both electromagnetic and hadronic calorimeters, the dense layers that induce the showers
are interwoven with scintillating material. These absorb the energy of ionising particles and re-
emit it as light, which gets collected in a photo multiplier tube (PMT). The energy of the collected
radiation is roughly proportional to the original energy of the particle.

The ECAL and HCAL are both situated between the first and second muon tracking stations,
as shown in Figure 11. The ECAL is used to record the position and energy of particles that inter-
act primarily via the electromagnetic interaction (electrons and photons) while the HCAL serves
the equivalent purpose but for hadrons, which interact via the strong force. The HCAL is par-
ticularly important for identifying neutral hadrons, since they are not picked up by the tracking
stations or identified by the RICH systems. In order to distinguish electrons from hadrons, the
ECAL is preceded by a Scintillator Pad Detector (SPD), which identifies charged hadrons and
allows neutral ones to be rejected, then a Pre-Shower (PS) detector, which detects electromag-
netic showers, and thus identifies electrons only. The information recorded by the calorimeters is
particularly important in the hardware stage of LHCb’s trigger. In general, all four components
of the calorimeter system operate similarly; particles are stopped in flight by metallic materials,
which absorb all the energy of incident particles and then produce cascade showers of secondary
particles which generate light in the scintillation pads. The photons released by these scintillating

pads are then read out by wavelength-shifting (WLS) fibres.

2.5 Muon System

The outermost layers of the LHCD detector are dedicated to muon identification by measuring
the position and energy of tracks left by muons. Due to the comparatively large mass of muons,
they emit far less energy through the process of Bremsstrahlung radiation compared to the other
particles. Muons then typically penetrate the full length of the detector and thus this system is
placed furthest from the pp interaction point.

The muon system consists of five rectangular stations (M1-M5) with M1 in front of the
SPS/PS and M2-M5 behind the HCAL, as shown in Figure 11 The position of the M1 station
before the calorimeter is specifically chosen to enhance the momentum measurement of a muon
track, which is useful for muon-specific triggers. Placed between each muon station are 80cm
thick iron absorbers, which are used to ensure only high momentum muons, above 6 GeV, reach

the final M5 station. The surface area of each station also increases further along the z-axis
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to ensure an angular acceptance between 20 (16) mrad and 306 (258) mrad in the horizontal,
(vertical) plane, respectively. The M1-M3 muon stations are primarily used for tracking and
momentum measurements so they have relatively fine granularity along the x-axis to give good

spatial resolution. Instead M4-MS5 are much coarser as they are intended for accurate PID.

2.6 Triggering at LHCb

The LHC operates with a pp bunch crossing rate of 40 MHz. Beauty and charm hadrons are
produced inside the detector acceptance at rates exceeding S0kHz and 1MHz, respectively. It is
too difficult to record each of these interesting interactions, it would sum to an overwhelming
amount of data, which is too much for the detector to process and for the storage systems to
record. The trigger is developed to reduce the data down to a manageable storage rate by using
simple selection criteria. Three level trigger: initial hardware trigger and two-stage high-level
trigger is used to achieve this reduction. Firstly, during a physics Fill at LHC, the hardware
trigger runs synchronously with the frequency of the pp collisions.

Trigger system operates in a consecutive manner whereby the first software trigger only
processes events that pass the hardware trigger and likewise for the second software trigger with
respect to the first software trigger. Only events passing all three stages of the trigger are sent to

permanent storage where this data is processed further for use in offline physics analyses.

2.6.1 Level-0 trigger

The Level-0 (L0) hardware trigger is required to reduce the retention rate of data down from
40 MHz to 1 MHz after which the software triggers can then apply a more thorough event selec-
tion to the remaining data. This essentially means the L0 trigger removes 97% of the inelastic
pp interactions at LHCDb. It decides what events to retain based on information gathered from a
combination of the VELO, calorimeter and muon systems. The LO trigger only retains events
containing tracks that have large transverse energy, ET. The measurement of ET is based on the
hadron, electron and photon clusters in the calorimeters. Additionally, LO only keeps events
with pairs of high pT muons, since high ET and pT tracks indicate the likely presence of heavy-
flavoured hadrons in an event. Furthermore, the LO trigger vetoes events that have a large num-
ber of tracks, since large track multiplicities worsen reconstruction capabilities at LHCb. All
this type of event information is sent to the front-end electronics of a custom built decision unit

(LODU). The LODU then takes the decision whether to keep the event or not, around 6 us after
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the associated pp collision took place.

2.6.2 High level trigger

The HLT trigger is implemented on farm of PCs adjacent to the detector. The HLT is divided
into two stages called HLT1 and HLT2. During data-taking in 2011, HLT1 processed the LO rate
and used a partial event reconstruction to reduce the rate to 43 kHz. HLT2 then performed a
more complete event reconstruction, reducing the rate to 3 kHz.

The first-stage High Level Trigger (HLT1) receives information on the entire detector from
events passing the LO trigger. The software is run on the event filter farm, which is located in
the LHCb cavern and is comprised of thousands of computing nodes. Using simple and fast
reconstruction algorithms, HLT1 identifies tracks from charged particles passing the VELO and
tracking stations to confirm the decisions made by LO. It matches the clusters in the calorimeters
or hits in the muon stations to these reconstructed tracks, or identifies clusters as from photons
and neutral hadrons if there is no associated tracks. HLT1 reduces the retention rate of events
to approximately 30kHz (110kHz) during Runl (II). The remaining events are fed to the second-
stage software trigger.

The second-stage High Level Trigger (HLT2) performs an event reconstruction based on all
detector information available from the surviving events. With this full reconstruction capabil-
ity, the HLT2 trigger looks for specific decays of heavy-flavoured hadrons, applying many and
different selection algorithms to do so. The algorithms make use of a variety of selection criteria
including requirements on PID (only in Runll) and the aforementioned FD and IP variables of
a decay. HLT?2 also has access to kinematic and topological information of a decay, such as the
invariant mass of the reconstructed heavy-flavour hadron and its direction with respect to a PV of
an event. The decays that HLT2 select are formed by combining sets of tracks under the assump-
tion that they are the decay products, or ‘daughters’, of a single heavy-flavoured hadron, referred
to as the ‘mother’ particle. The decays can also be of an ‘explicit’ nature where a mother par-
ticle is fully reconstructed or the decay can be selected in the more general ’inclusive’ sense
whereby a partial reconstruction of the mother particle is performed. The final decision of HLT2
is formed from a logical OR of these exclusive and inclusive selections; the events then just need
to be accepted by one of these selection algorithms to pass HLT2. During Runl (II), events ac-
cepted by HLT2 are sent to permanent storage with an output rate of roughly 5 kHz (12.5 kHz).
A flow diagram showing the processing path of data through the trigger system at LHCb during
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Figure 21: An overview of the LHCb trigger system in Runll showing the processing of events.

Runll is shown in Figure 21.

2.7 LHCD software framework

The data processing at LHCb proceeds in several steps. The Monte Carlo (MC) simulation
samples are processed in a similar way to data. It is based on the assumption that events can
be treated nearly independently of each other. This idea is encoded in the GAUDI framework.

Several software packages allow to handle different parts of the data flow.

* Gauss: MC simulation. Pythia generates pp collisions, EvtGen describes the decay of sim-
ulated b- and c- hadrons, and Geant4 simulates the propagation and interaction of particles

through and with the detector. The output is ’hits’ in the sub-detectorsections

* Boole: digitises the simulated sub-detector hits to the same output formats the readout

electronics and adds LO decisions.

* Moore: adds HLT decisions to the event information by running the same applications
used during real data-taking.
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Figure 22: Different LHCb software stages in the Gaudi framework.

* Brunel: reconstructs raw data to transform detector hits into objects such as tracks and

clusters. The output is stored in Data Summary Tape (DST).

» DaVinci: offline physics selection framework. Events are separated into different physics
streams so that they can be used in different analyses. The application reconstructs primary
vertices, assigns particle identification hypotheses to tracks and calorimeter events, and
stores the output also in DST files. The application provides several tools that can be
used for analysis, e.g. constrained vertex fitting, determination of the signal flavour, and

calculation of decay angles.

2.8 LHCb Upgrade

The upgrade of the LHCb detector, which will take place during the Long Shutdown 2(LS2),
from the end of 2018 until the end 0of 2020, will extend significantly the physics reach of the exper-
iment by allowing the detector to operate at a higher instantaneous luminosity of 2x 10*?cm=2s7!.

At the same time a triggerless 40MHz readout with a very flexible software-based trigger
will increase the efficiency for a wide range of hadronic B decay channels. This will allow the
data rate to be increased substantially, as well as the trigger efficiency, leading to improvements
in annual signal yields compared to those obtained by LHCb in 2011 by a factor of around ten
for muonic B decays and twenty or more for heavy-flavour decays to hadronic final states. In
addition to the significant increase in sensitivity for flavour physics, the experiment will be ca-
pable of triggering on other interesting signatures, such as long-lived particles, and thus act as a

general purpose detector in the forward region.
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3 Ghost probability study for LHCb RunlII

3.1 Introduction

As Section 2 said, The LHCb detector is designed to perform high efficiency track recon-
struction (> 95%) with an excellent momentum resolution (0.5% for p < 20GeV/c). In Runll
of the LHC (2015-2018), a scheme for the LHCb software trigger allows splitting the triggering

of the event into two stages, giving room to perform the alignment and calibration in real time.

A major achievement of LHCb’s operations in RunllI is that the full offline reconstruction is
run in the second stage of the software trigger. In combination with the final offline calibration
available in the software trigger, this results in the best possible reconstruction quality for online
event selection. One of the challenges to run the full oftline reconstruction in the software trigger
is the limited CPU time budget of the computing farm. The reconstruction time of events depends
strongly on the number of reconstructed charged particle tracks in an event in two ways. Firstly,
the particle identification (PID) is evaluated for every reconstructed long track in the second
stage of the software trigger. Secondly, there are more possible track combinations to consider

in the reconstruction of decay vertices with more reconstructed tracks.

A key ingredient to fit the offline reconstruction into the software trigger is the reduction
of the fake track rate prior to the PID and decay reconstruction in the second software trigger
stage. Ghost (fake) tracks are defined as those reconstructed tracks which do not correspond to
the trajectory of a true particle but instead are due to the mismatch of hits from separate particles
or from detector noise. A neural network is deployed to identify these fake tracks, called the

‘ghost probability’.

3.2 Track reconstruction

Section 2.3.4 shows an overview of different track types defended in the LHCb reconstruc-
tion. Long tracks are the highest quality tracks comprising all available information from the
trackers and are therefore used in most physics analyses. Downstream tracks mainly play a role
in the reconstruction of daughters from long-lived particles which have decayed after the VELO

(usually weakly decaying strange hadrons, such as A° or K?).
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3.3 Reconstruction sequence in Runll and the upgrade

The RunlI trigger, schematically shown on the Figure 21, uses different track reconstruction
sequences in the fast (HLT1) and full (HLT2) stage of the software trigger. In HLT1, all VELO
tracks are reconstructed and fitted with a simplified Kalman filter, allowing for single rescattering
at the sensor planes, and then used to find the primary vertices. VELO track trajectories are then
extrapolated to the TT to reconstruct upstream tracks. In addition, the charge of the track can be
estimated due to the magnetic fringe field in the TT. The upstream track candidates are then used
as input to a fast version of the forward tracking algorithm, where only long track candidates with

pr = 500MeV are accepted. The found long track candidates are fitted with a Kalman filter.

In RunllIl, the LHCb experiment will take data at an instantaneous luminosity of 2x10*3cm™2s7!,

five times as high as in Runll. At this luminosity, the rate of potentially interesting physics would
be too high to have a reasonable compromise of event reduction and efficiency with the simple
selections of LO hardware trigger. It was therefore decided to move to a trigger-less readout sys-
tem and a full software trigger as Figure 23 shown. This puts strong constraints on the execution
time of the tracking sequence in the fast trigger stage, which at a higher occupancy is expected
to be reduced by a factor ~ 2.5 compared to the current sequence. It will thus require massive
use of cost effective parallel computing techniques as well as finding an optimal working point

in the trade-off between timing and track reconstruction efficiency at a low fake rate.

3.4 Fake track

Fake long tracks can occur at different places in the pattern recognition. Figure 24 shows
ghost types for long tracks, most of the fake long tracks originate from particles which cannot
be tracked through the entire detector due to a hadronic interaction with the detector material,
followed by fake track segments in the T stations and tracks where two different particles were
reconstructed in the upstream and downstream parts of the detector. Fake reconstruction of
VELO segments occurs at a lower rate. Mismatched track segments are due to the long lever
arm between the tracking stations up- and downstream of the magnet and remain to be the most

abundant category after fake track rejection.
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LHCb Upgrade Trigger Diagram

30 MHz inelastic event rate
(full rate event building)

:Software High Level Trigger

Full event reconstruction, inclusive and
exclusive kinematic/geometric selections

L

Buffer events to disk, perform online

detector calibration and alignment

2V

Add offline precision particle identification
and track quality information to selections

Output full event information for inclusive
triggers, trigger candidates and related
Lprimary vertices for exclusive triggers

L L 9
2-5 GB/s to storage

Figure 23: An overview of the LHCD trigger system in RunlIl showing the processing of events.
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Figure 24: Ghost types for long tracks.
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3.5 The ghost probability classifier for long tracks

3.5.1 Introduction

To discriminate between good and fake tracks, a fast artificial neural network classifier in
form of TMVA’s MultiLayerPerceptron (MLP) is used in both stages of the software trigger after
track fitting. While the ‘ghost probability’, the name of the MLP’s response, was an offline
quantity during Run I, a huge speed-up by a factor ~ 90 allowed for its processing in HLT2
in 2015. A cut on the track y?/nDof of the track fit was used to reject ghost tracks in Run I
and in HLT1 in 2015. Since 2016 the fake track rejection also runs in the HLT1 reconstruction

sequence, leading to a significant speed-up of subsequent algorithms.

3.5.2 Previous works

An earlier version of the work presented here,referred to as the ‘old ghost probability’, was
already used in analyses of Run II data. The network was trained on all reconstructed tracks in

simulated events with at least one bb pair produced in the pp collision.
Training sample

The input to the ghost probability classifier was defined with an B inclusive sample. Samples
of good tracks, which could be associated to a generated particle, and ‘ghost tracks’, for which

this association failed, were used.

Input variables

An optimal set of discriminating variables was chosen so that a neural network using these
variables has a maximal separation power, i.e. cuts on the resulting classifier are highly efficient
on the good tracks, while rejecting as many ghost tracks as possible. The input variables for the
GP classifier were restricted to be tracking variables, potentially discriminating PID information
was not used. It can be utilized in a different classifier which will be trained at a later stage. A

set of 22 input variables for the neural network was found to be optimal:
« the total track fit y* and the corresponding number of degrees of freedom

« the track fit y* contribution from the VELO and T-station segments and the corresponding

numbers of degrees of freedom
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« the track fit y? contribution from the match between VELO and T-station segments

 the number of observed hits assigned to the track in each of the VELO, TT, IT, and OT

detectors

* the excess of the observed number of hits over the number of hits expected from geometry
in each of the VELO, TT, IT, and OT

* the sum of the number of OT hits that were rejected by the track fit (‘outlier’) and the
number of OT hits where the measured drift time was inconsistent with the track hypothesis

and therefore not used for the fit (‘bad drift time’)
» the total hit multiplicities in the VELO, TT, IT an OT
* the pseudorapidity n
* the transverse mometum pr

These variables contain separation power between good tracks and ghosts. For some of
the variables, alternative parameterisations have been examined. Instead of the separate use
of y? and number of degrees of freedom, the use of reduced y? values or prob (y?) values has
been tested and leads to a worse performance. Other quantities that have been tested as input
variables include the type of the track reconstruction algorithm (PatForward or PatMatch), the hit
multiplicity in the SPD, the polar angle ¢ and the track position (x, y) at the T stations. Including
any or all of these has been found not to lead to a gain in performance, hence these variables are
not used in the classifier.

There are separate networks for each track type, where input variables are removed if they

are not defined for that track type (e.g. VELO hits for downstream tracks).

Architecture

The ghost probability classifier is based on a multilayer perceptron (MLP) neural network.
It is implemented using the ROOT framework TMVA. Other classifier types, including boosted

decision trees, have been tested, but did not give a better performance.

55



DOCTORAL DISSERTATION

3.6 Ghost probability study for LHCb RunlIII

As Section 3.5.1 said, in RunIIl LHCb experiment will take data at a very high instantaneous
luminosity and as ghost probability has been used in HLT, so the timing will be main concern for
any improvement. For the ghost probability study for upgrade several, potential improvement

are expected.

3.6.1 Input variables

During studies, it is found that 90% of the process time is spent looking for expected hits.
The comparison for all track types of the comparison between with and without expected hits
information as Figure 25 shows. The red one labels the performance with expected his infor-
mation, while the blue one labels the performance without expected hits information. For the
Long track and Downstream track which used in most physics analyses and detector studies, the
performance does not have a significance change.

For the CPU time, the Timing Auditor is used to check the average time in milliseconds it
takes per event. A 96% (70.80 — 2.70) improvement for CPU time by removing the expected
hits information is founded. At the same time, by using the Valgrind tool, it is also founded that
about 90% of process time spent on finding the expected hits, the result as Figure 26 shows.

Considering that by removing expected variables, the CUP time is obviously much reduced,
and only Velo Track performance becomes worse, so the expected hits information is removed
in MVA for upgrade.

Adding more variables in MVA training to increase the separation power is also studied like
adding the total observed hits in FT information in MVA . But including it has been found not to

lead to a gain in performance, hence these information will be not used in the classifier.

3.6.2 Active function - hidden layer

In a neural network, an activation function normalizes the input and produces an output which
is then passed forward into the subsequent layer. Activation functions add non-linearity to the
output which enables neural networks to solve non-linear problems. In other words, a neural
network without an activation function is essentially just a linear regression model. Common
activation functions include Linear, Sigmoid, Tanh, and ReLu, the function distribution as Fig-

ure 27 shows.
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Figure 25: The comparison of the performance between with and without hits information for Velo Track
(top left), Long Track (top right), Downstream Track (middle left), Upstream Track (middle right), T
Track (bottom left).

Figure 26: A program diagram of function call.
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Figure 27: Common activation functions distribution.

Runl choose Tanh function as the hidden layer activation function, the function expression

is

ef—e"
T 39
e*+e* (39)
Runll use a simpler function: Sigmoid function, the function expression is
1
40
I +e (40)

For the update, the ReLU function is used as activation function to ensure fast computation

of the net work response. The function expression is
max(0, x) 41)

The simpler function expression is expected to contribute to the faster processing speed. By using
Timing Auditor, it is found there is about 10% improvement of the training time and application
average cost time, i.e. for long track, the training time could be decreased from 2815 sec to 2431
sec, the application average cost time could be decreased from 13 x 107 sec to 11 x 107 sec.

And this change do not hurt the performance as Figure 28 shows.

3.6.3 Active function - last layer

For the last layer activation function, the default one is the exponential function. In upgrade,

it will be replaced by fast exponential function. In the fast exponential function, the exponential
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Figure 28: The comparison of the performance between Sigmoid function and ReLu function as the active
function in hidden layer for Velo Track (top left), Long Track (top right), Downstream Track (middle left),
Upstream Track (middle right), T Track (bottom left).
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operation is replaced with the finite number of multiplications, so it is expected to be faster. The
improvement is about 0.1%, i.e. for long track, the training time could be decreased from 2815
sec to 2813 sec, while application average cost time could be decreased from 1303 x 10~* sec to

1301 x 107 sec. The physics performance is also be checked to make sure it is reasonable.

3.6.4 Output transformation

To ease the usage of the ghost probability, a transformation of the network response is applied.
A probability integral transform commonly referred to as ‘flattening’ or ‘rarity transformation’ is
implemented as a linear spline fit to the cumulative network response for fake tracks in simulated
events. The discriminating behaviour of any classifier is invariant under monotonous transfor-
mations and so is the physics performance under the probability integral transform. Motivations
for this transformation are primarily to give a physical interpretation to the response: rejecting
tracks with a ghost probability of larger than x% will retain x% of all fake tracks.

In addition any update of the ghost probability training will have the same behaviour and
thus the optimal working points of algorithms using the ghost probability algorithm will remain

unchanged to a good approximation.

3.7 Conclusion

The comparison of the performance between before optimizations and after optimizations
in the upgrade need to be checked to make sure that all above optimizations are reasonable.
The comparison of the physics performance between before and after optimization as Figure 29
shows. The performance for the Velo track become worse, but Velo tracks is not critical as there
are hardly any ghosts. The comparison of the CPU time between before and after optimization
as Figure 30 shows. Optimisations bring about about 97% (60.8 sec — 1.83 sec) improvement
in the CPU time.

Based on all above results, in the upgrade ghost probability algorithm, the expected variables
will be removed, ReLU function will be used to replace the Simoid function for the activation
function in the hidden layer, and for the activation function in the last layer the fast exponential
function will be used. All these optimisations have been involved in the LHCb official software

package.
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Figure 29: The comparison of the performance between before optimization and after optimization for
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TimingAuditor.T.. INFO RecoTrBestSeq 1290.133 | 1297.305 69.783 10688.1 1111.24 300 | 389.192
TimingAuditor.T. INFO PrForwardTrackingBest 52.733 | 53.338 0.215 833.3 88.34 300 | 16.002
TimingAuditor.T. INFO PrHybridSeedingBest 47.400 | 47.664 28.917 783.1 84.e1 300 | 14.299
TimingAuditor.T. INFO PrMatchNNBest 2.800 2.786 0.184 24.9 2.77 300 0.836
TimingAuditor.T. INFO PrLongLivedTrackingBest 38.466 38.954 0.57@ 458.4 48.33 300 11.686
TimingAuditor.T. INFO BestTrackCreatorSeq 1087.866 1093.015 47.194 8294.1 866.93 3ee 327.905
TimingAuditor.T. INFO TrackConverterSeq 1.766 1.968 0.279 8.7 1.86 3ee 0.59%9@
TimingAuditor.T.. INFO DownstreamConverter 08.266 0.287 0.e34 7.0 0.42 3ee 0.086
TimingAuditor.T.. INFO ForwardBestConverter e.333 0.232 e.e2e 0.8 0.15 3ee 0.e7e
TimingAuditor.T... INFO ForwardFastConverter e.1ee 0.885 e.e11 8.2 0.04 3ee 0.026
TimingAuditor.T... INFO MatchConverter @.1ee 0.243 0.024 8.5 8.11 300 0.873
TimingAuditor.T... INFO SeedingConverter e.1ee 0.26@ 0.e31 1.0 0.15 3ee 0.078
TimingAuditor.T... INFO UpstreamConverter 8.166 ©.150 ©.827 8.6 e.e7 300 8.045
TimingAuditor.T... INFO VeloConverter 2.333 0.375 0.845 2.9 0.14 3ee 0.113
TimingAuditor.T... INFO VertexConverter @.266 0.285 0.012 4.9 0.33 3ee 0.086
TimingAuditor.T... INFO TrackBestTrackCreator 1086.833 1091.017 46.867 8288. 866.10 3ee 327.3e5
TimingAuditor.T... INFO TrackAddExtraInfoSeq 60.833 61.459 3.932 294.2 34.49 3ee 18.438
TimingAuditor.T... INFO TrackAddNNGhostId 60.800 61.435 3.916 294.2 34.49 3e0 18.431
TimingAuditor.T... INFO RecoTrBestSeq 1338.766 1347.107 63.839 11798.1 1220.34 3e0 404,132
TimingAuditor.T.. INFO PrrorwardTrackingBest 54.70@ 55.848 0.258 879.2 90.55 3ee 16.515
TimingAuditor.T INFO PrHybridSeedingBest 49.066 48.954 1.038 808.8  86.06 300 14.686
TimingAuditor.T INFO PrMatchNNBest 2.7ee 3.085 0.082 27.2 3.86 3ee 0.926
TimingAuditor.T.. INFO PrlonglLivedTrackingBest 409.50@ 41.141 09.231 472.3 51.71 3ee 12.342
TimingAuditor.T... INFO BestTrackCreatorSeq 1189.833 1196.821 51.833  9596.1 996.93 3e0 359.846
TimingAuditor.T.. INFO TrackConverterSeq 2.9ee 2.468 0.2084 9.6 1.34 3ee 9.738
TimingAuditor.T INFO DownstreamConverter 0.233 8.346 0.033 4.4 0.33 3ee .14
TimingAuditor.T INFO ForwardBestConverter 0.20@ 0.285 9.017 1.e 0.19 3ee 2.086
TimingAuditor.T... INFO ForwardFastConverter 0.166 28.138 0.8e9 7.4 0.46 300 8.842
TimingAuditor.T... INFO MatchConverter 0.366 0.297 0.019 1.4 0.16 3ee 2.089
TimingAuditor.T.. INFO SeedingConverter 0.266 0.314 9.017 1.3 0.18 3ee 0.094
TimingAuditor.T INFO UpstreamConverter 0.233 2.183 0.815 1.0 0.09 3ee 0.855
TimingAuditor.T INFO VeloConverter 0.80e 0.515 9.035 6.1 0.38 3ee 0.155
TimingAuditor.T... INFO VertexConverter 0.466 0.313 0.014 1.8 0.23 3ee 0.094
TimingAuditor.T... INFO TrackBestTrackCreator 1186.866 1194.31@ 51.592 9589.0  995.89 300 358.293
TimingAuditor.T... INFO TrackAddextraInfoSeq 1.866 1.9ee 0.139 14.3 1.56 3ee 0.57@
TimingAuditor.T... INFO TrackAddNNGhostId 1.833 1.880 0.127 14.2 1.55 308 0.564

Figure 30: The compassion of the costed CPU time between before optimization (top) and after optimiza-

tion (bottom) obtained from the Timing Auditor.
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4 LHCD Scintillating Fibre Tracker: the CERN-SPS July 2018

test beam studies

4.1 Introduction

4.1.1 LHCb Upgrade

As Section 2.8 talked, LHCb experiment will perform a major upgrade of the detector during
the LHC’s Long Shutdown II from 2019 to 2020. The complete tracking system is required to be
replaced with the new operating condition. The LHCb main tracking system now consists of an
Inner Tracker, built from silicon strip sensors, and an Outer Tracker, using 5 mm straw-tubes for
the particle detection. To cope with the expected high particle multiplicities after LS2, both Inner
and Outer tracker will be replaced by a highly granular, uniform, low-mass Scintillating Fibre

(SciFi) Tracker. The location of the new SciFi detector within LHCb is shown in Figure 31.

Side View ECAL HCAL

M4 M3

M3

M2

Magnet SciFi RICH2
Tracker

Verlex 4
Locator

Figure 31: Schematic side-view of the planned upgraded LHCD detector. UT = Upstream Tracker. SciFi
Tracker = Scintillating Fibre Tracker, reproduced from [&81].

4.1.2 Requirements

The track reconstruction requires that the detector has high hit efficiency, good spatial reso-

lution in the bending plane of the magnet, and low material budget in the acceptance. The LHCb
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upgrade requires that the read-out electronics operate with 40 MHz sampling frequency. The de-
tector must be able to operate for the full lifetime of the upgraded LHCb detector to ensure that
the performance of the track reconstruction is good enough for the duration of the experiment.

The main requirements on the upgraded tracking detector are summarised as follows:

 The hit detection efficiency should be as large as possible (= 99%), while the fake hit rate

should not exceed 10% of the signal rate at the same location.

 The single hit spatial resolution must be less 100 um in the bending plane of the magnet.
A better resolution is not necessary as the extrapolation of tracks from the VELO would

be dominated by multiple scattering in the detectors upstream of the magnet.

* The material in the acceptance region should be minimised such that the effects of mul-
tiple scattering in the tracker are smaller than those due to the material upstream of the
magnet. This requirement is achieved when the radiation length is such that X/X0 < 1%

per detection layer.

* The read-out electronics should be able to run at a frequency of 40 MHz, and the recovery

time of the read-out channels should be short to minimise inefficiency due to dead-time.

» The detector should be able to operate with the required performance for an integrated

luminosity up to 50 fb™".

4.1.3 Test Beam

The performance of a full detector slice of the SciFi Tracker regarding the hit efficiency, hit
resolution, and spillover has been studied on data obtained during a test beam campaign at the
CERN SPS in July 2018. For the SciFi tracker, the hit efficiency is the parameter of greatest
interest and is a product of the threshold cuts applied on the signal clusters and the light yield
distribution in each channel. This thesis mainly talk about the performance of the single hit

efficiency and the hit resolution.

4.2 LHCD SciFi detectors design

4.2.1 Layout of the LHCD SciFi

The LHCb SciFi Tracker will occupy the same space as the OT and also follow0 the same

layout of three stations composed of four layers in an x-u-v-x geometry where the two stereo
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layers (u, v) are tilted by +5°. Each detection layer covers an area of approximately 6 x 5m? and
is made up of ten to twelve modules that each contain eight fibre mats. In total 128 modules will
be used to construct the SciFi Tracker, covering an active area of more than 320m?. Figure 32

shows the layout of one SciFi Tracker station. The fibre mats consist of six staggered layers

SiPMs and Front-end electronics

XU VX fibre mat-

(a) Side View (b) Front View

Figure 32: Layout of an LHCb SciFi Tracker station. Image are from [80]

of diameter scintillating fibres. The mats are readout by multichannel arrays of silicon photo
multipliers (SiPMs) on one side, whereas a mirror is glued to the other side, facing the centre of
the detector. All fronted electronics and services are located at the top and bottom of the detector

outside of the acceptance.

4.2.2 Working principle

The process of the signal generation in SciFi Tracker as Figure 33 shows. When a charged
particle crosses the scintillating fibres, the energy is deposited through ionisation which be sub-
sequently transformed into light by the scintillation process. The light is fractionally trapped
inside the fibres and transported via total internal reflection to the SiPMs. The signal in each
SiPM channel is proportional to the number of detected photons so the particle position will be

calculated by using the weighted mean of the channel signals.
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Figure 33: Illustration of the signal generation of a particle crossing a fibre mat. The coordinates corre-

sponds to the right-handed coordinate system of LHCb, images from [82]

4.2.3 Scintillating fibres

Scintillating fibres are used as the active component of the SciFi Tracker. When a charged
particle traverses a fibre it deposits energy through ionisation which leads to the isotropic emis-

sion of scintillation light that is generated in a multi-step process

4.2.4 Fibre mats and modules

SciFi Tracker’s each detection layer contains ten to twelve modules that each contain eight

fibre mats, as well as all the necessary interfaces for the SiPMs and electronics.

4.2.5 Silicon photomultipliers

SiPM characteristics

Silicon photomultipliers (SiPM) are solid state photon detection devices that combine all the
necessary features needed for the detection of photons in a high resolution scintillating fibre
tracker. The amplitude of a SiPM signal is commonly given in units of photoelectrons (pe),
where 1 pe corresponds to the signal of a single pixel. SiPM are characterised by a variety of

different parameters, the most two relevant parameters are Breakdown voltage and Gain.

Breakdown voltage

The breakdown voltage (Vpp) is defined as the bias voltage (Vg;as) where the electric field of
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the multiplication area becomes strong enough to trigger the creation of an avalanche. The over

voltage is defined as AV = Vgp — Vpjas.

Gain
The gain (G), is the multiplication factor of the primary photoelectron in the avalanche. It is

proportional to 6V and the capacitance of the pixel (junction capacitance, C,)

valanche C;xoV
G = QA lanch — J (42)
e e

SiPM plus height spectrum

The SiPMs’s main performance parameters generally is determined by Pluse height (PH) spectra
which is recorded either in the dark or under pulsed illumination. And the PH spectra recorded
with light could be used to calibrate the fronted ASIC. The PH spectrum of a SiPM as Figure 34

shows, is characterised by distinct peaks corresponding to 0, 1, 2 ... N geiger avalanches.

-

Ope 2pe  3pe

Pulse height

P, P, P, P, P, ADC

Figure 34: illustration of the SiPM pulse height spectrum. The lines indicate the positions of the peaks

Pk, images from [82]

4.2.6 Fronted electronics

The fronted electronics are connected to the fibre modules to process the SiPM signals with
a readout frequency of 40 MHz and transform the data. The schematic view of the fronted

electronics as the Figure 35 shows.
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I > |t
SiPM PACIFIC x2 Cluster Board Master Board

Figure 35: The schematic view of the fronted electronics.

4.2.7 Light injection system

The light pluses are injected into the fibre mats by the light injection system (LIS) which could
be used to calibrate the detector in particular the thresholds of the PACIFIC. The schematic view
of the LIS as Figure 36 shows.

NN NS
‘i-§\' \ 4
$ O\

Cooling bar AN -

= N

N N }
A ™
D
N S
o \

Flex cable =
A\
‘_ s \ P

| Light injection bar

wi! \
\' ”
W

,‘r/"' f
\ g \/

|SiPM connector g et o

Figure 36: The schematic view of the LIS, from [83]

[~

4.2.8 Hit reconstruction

At Scifi reconstruction system, a clustering algorithm based on three thresholds is developed
to reconstruct the hit position and reduce the noise.
Considering a particle traversing the detector typically leave the signal more than one neigh-

bouring SiPM channels, so the hit position is reconstructed by combing the signals whose ampli-
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tude exceed certain comparator thresholds into clusters. Three thresholds in order is defended
as: neighbour < seed < high. By this way, the amplitude in every channel can be represent
by three bits according to which thresholds have been passed like (000) or (001) as left plot in
Figure 37 shows. But there are four combinations (000, 001, 011 ,111), so they also could be
encoded in a 2-bit number to further reduce the size of the data.

The cluster find algorithm starts by searching for cluster candidates where the channel pass
the seed threshold, then include signals from adjacent channels that pass the neighbour threshold
into the cluster. Finally the cluster in which one channel exceeds the high threshold or it contains

at least on channel above the seed and one above the neighbour threshold. The hit position(x) is

A
=
----------------------- High 2 0010000101000 1
5 N~ 01100101000010
% -------- R R - - Seed 1
< . 00100001000000
...... -- =
Neighbour 2 0010000101000 1
~ 01100101010011 _
012 3 45 6 7 8 910111213 0123456789101112137
Channel Channel

Figure 37: Illustration of the cluster finding algorithm based on the amplitude information given by three
thresholds. Left plot shows the analogue SiPM signals and set thresholds, while right plot shows the
corresponding digital output. The grey boxes illustrate found clusters and the open boxes rejected clusters.

Image inspired from [84]

determined by calculating the cluster’s centre by using the weighted average:

Z)C,'XWI'

—Z Wi (43)

X =

x; 1s the channel i in the cluster position, w; is the corresponding weights calculated according to

threshold passed.

4.3 The PACIFIC ASIC

The PACIFIC ASIC is the frontend ASIC of the LHCb SciFi Tracker and includes all ele-
ments to amplify, shape, and digitise the SiPM signals. It is a 64 channel ASIC designed for a 40
MHz triggerless readout of SiPMs. Each channel of the PACIFIC contains the analog processing

chain shown in Figure 38.
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Figure 38: PACIFIC channel block diagram, image from [85]

4.3.1 Input stage

For each SiPM channel, the input stage is within a same range to compensate for differences
in the breakdown voltage. By this way, every channel could operate at the same over voltage

and thus has the same gain and photon detection efficiency.

4.3.2 Fast shaper

The light generation and propagation in the fibres and the long tail of SiPM pulse could cause
the SiPM signals extend over several LHC bunch crossing periods. The fast shaper is needed to

reduce the signal tail in order to minimise spillover into the next bunch crossing.

4.3.3 Integration

The shaped SiPM signals are integrated by two interleaved gated integrators switching at
40MHz in order to avoid any dead time during acquisition. It could be achieved by the strategy
that at the same time, only one integrator work, the other is disconnected from the input and

being reset.

4.3.4 Digitisation

Then three adjustable comparators are used to digitis the integrated signal, which could pro-
vide the necessary amplitude information for the clustering algorithm described in Section 4.2.8.

The comparator thresholds are configurable for each channel individually.

4.4 Test Beam in July 2018

The individual components of the SCiFi Tracker have been intensively studied in previous

years during several test beam campaigns. Since the development of all subcomponents has been
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effectively finished, the latest test beam compaign aims to study the full system performance of

prototypes of the SciFi Tracker. It was conducted at the CERN SPS North Area in July 2018.

4.4.1 Experimental setup

The experimental setup of the test beam compaign in May 2015 is shown in Figure 39. The
detectors-under-test are two production version full width but half length modules, each assem-
bled with a cold-box with 16 SiPMs and a full set of front-end electronics, which named ROB0
and ROBI1. The TimPix3 telescope trigger was used to provide the reference tracks for the per-
formance studies of the SciFi Tracker modules, as well as a fine timestamps which records the
trigger time relative to the 40 MHz readout of the SciFi Tracker. The beam was set to a width of

a bout 1 cm and contained mainly pions and protons with a momentum of around 180 GeV.

Figure 39: Picture of the test beam setup at the CERN North Area in July 2018

4.4.2 Calibration of the PACIFIC threshold

The calibration of the PACIFIC comparators is a very vital step, which provide the conver-
sion from a signal measured in units of DAC values to photoelectrons using three comparators
with adjustable thresholds. And before taking data the thresholds to the values required by the

clustering algorithm a calibration is needed.
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The calibration consists of two parts, a threshold scan for every channel and comparator, and

a fit to extract the calibration constants.

Threshold Scan

The threshold scan is performed under pulsed illumination provided by the light injection system
(LIS). Figure 40 (left plot) shows an example of a complete SiPM spectrum under illumination.
The complete amplitude information of each SiPM pulse could be only obtained by measuring
this spectrum under a full ADC. And the PACIFIC digitises the signals with three comparators,
where the only information about the signal is, whether it is above or below a previously set
threshold. So to measure the complete spectrum, scanning through the threshold values and
each time counting how many signals pass it. The strategy is When the threshold is set below
the pedestal peak all signals pass it, the ratio is set to one. Each time a peak is being traversed
fewer signals pass the threshold and the ratio continuously decreases until the threshold is in
between two peaks giving rise to the characteristic stair case shape. Figure 40 (right plot) shows
an example of the threshold scan result, which is called S — curve. The S — curve gives the
probability that a signal X will exceed a certain threshold value x: P(X > x), which corresponds

to the complementary cumulative distribution function of the SiPM spectrum.

>
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Figure 40: SiPM spectrum under pulsed illumination recorded with a full ADC and a single comparator.

The dashed lines indicate the photoelectron peak (step) positions pk, images from [82]

Threshold determination

The distinct peaks of the SiPM spectrum allow for excluding certain amplitudes by setting the
threshold of the comparator in between two peaks, which in terms of the PACIFIC corresponds
to the centre of a plateau. These positions, which are denoted as p; 5 could be obtained by fitting
the S — curve like Figure 41. Then these step positions are used to calculate the centre of the

plateaus.
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Figure 41: S-curve distribution and fit result, images from [82].

4.4.3 Event selection

The readout electronics are designed to operate in sync with the LHC bunch crossing, so
the arrival time of the particles could be precisely determines which is recorded by the TimePix3
telescope trigger. The delay between the trigger and the DAQ was adjusted such that most signals
could be recorded in one bunch crossing as Figure 42 shows. Figure 43 shows the number of
signals in all channels over the high threshold for different signal arrival times in the signal bunch
crossing corresponding to BX2 of left picture. Within BX2 bunch crossing the signals need to
be further selected based on their arrival time to ensure that they are properly integrated by the
PACIFIC. Because like these two sideband region in this plot, if the signals arrive either too
late or too early are only partially integrated therefore have a lower probability to pass a fixed

threshold.

4.4.4 Fine Timestamp Selection

For further analysis a fine time selection is applied, which only selects events that fall within
a certain time window inside of 25ns long BXs. The window of allowed fine time bins is de-
termined based on the number of events above the PACIFIC thresholds as a function of the fine
timestamp. The normalised fine timestamps distribution is shown in Figure 44.

The maximum of this distribution characterises the events where the detector integrates most
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Figure 42: Distribution of signals over the high threshold for five consecutive bunch crossings, images
from [82].
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Figure 43: Distribution of the number of signals over the high threshold in the signal bunch crossing. The
95% level, relative to the maximum number of events, is shown as dotted line and the range of selected

arrival times is indicated by the hatched box, images from [82]
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deposited signal of the incoming particles and would be the working point in a synchronised
setup in order to maximise hit efficiency. It is favourable to choose the selection window as tight
as possible to emulate having a synchronised beam, while retaining enough events for further
statistical analysis. Figure 44 shows an exemplary fine time selection where the window is
chosen such that the selection where at least 90% of the events, relative to the maximum, have

passed the highest PACIFIC comparator threshold.
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Figure 44: Distribution of signals over the highest threshold in different fine time bins and selected events,

images from [82]

4.4.5 Single Hit Efficiency

The single hit efficiency is a very crucial parameters which directly affects the tracking ef-
ficiency and the eventually physics performance of the LHCb experiment. It is defined as the

efficiency to detect a charged particle traversing one detector layer:

N, ciF'i
() = o 44

where Ng.r; 1s the number of detected particles, i.e. reconstructed clusters. N(x) is the total
number of particles passing the detector at a certain position x which is given by extrapolating
the telescope tracks to the position of the SciFi modules. Figure 45 shows the measured hit
efficiency as a function of the channel number for the two ROBs at nominal setting, the automatic

finetimstap selection is used. The beam was incident close to the mirror side of the mat and
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pointed at nine different positions along its width. Since the beam was only about 1 cm wide
there are channels where no data was recorded. Every 64 channels a drop in the efficiency, due
to the gaps between the two dies of one SiPM and between different SiPMs, is observed. For
the two channels around the small gap in between the SiPM dies the efficiency drops to around
85% and for the large gap (460 um) between two SiPMs it drops to 64%. The efficiency in the

plateau region, i.e. all channels expect the ones right next to the gaps, is found to be 99%.
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Figure 45: Efficiency profiles of the two ROBs at nominal settings (152545 /3.5V )

Studies of the efficiency drop

As Figure 45 shows, the efficiency in both modules almost follow the same trend and almost
efficiency could be greater than 99%, which meet the goal of SciFi tracker design. But the
efficiency at Mat 3 for both modules and the efficiency at Matl for ROBI are still with lower
efficiency, in these regions there is about 1% efficiency drop compared with others. There are
four possible reasons, mats have intrinsically lower efficiency, calibration light intensity, fine

time selection and calibration timing.

Light Yield Checks
Figure 46 shows the light intensity distribution for both ROBs. The light yield does not have the
same trend like single hit efficiency has a drop at Mat3 for both ROBs, which means Mat3 does

not have intrinsically lower efficiency for both ROBs.

Compare with the calibration light intensity
Figure 47 shows the light yield profiles distribution for both ROBs taken from different calibra-

tion. No similar drop structure at Mat3 could be observed in this distribution.
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Figure 46: The light yield distribution as a function of the channel number for ROBO(top) and
ROBI1(bottom)
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Figure 47: Light yield profiles for both ROBs taken from different calibration
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Influence of the finetimestamp selection
As Section 4.4.4 described, the current fine time window is determined automatically by using
90% level as as a selection criterion. The 90% level is applied for all channels which means that
this fine time selection method is the fair for all channels. It is theoretically a very reasonable
way of analyzing data. But there is still a possibility that the time window corresponding 90%
level is still too large for some channels especially for Mat3.

In order to avoid this possibility, another test that smallest possible fineTimestamp slice and
find the maximum efficiency profile is necessary. Firstly the time window is modified to be 2 ns
which is a very narrow window compared to the normal value of 10-20 ns. Then use this time
window to scan the whole fine time region with 0.5 ns per step for each channel to evaluate their
maximum efficiency. If the maximum efficiency for each channel is almost same, it means the
drop comes from the time window selection bias. While if the maximum efficiency is different,
it means no matter how to optimize the fine time selection, the drop could not be removed. The
result as Figure 48 shows. In this plot the blue line labeled the efficiency by using the automati-
cally fine time selection, the read one labeled the maximum efficiency. The efficiency just have
about a very small improvement about 0.01% on the whole by using maximum efficiency. And
the drop shape at Mat3 still remains. It means that any deviation of efficiency in the different

channel caused by fine time selection could be excluded.

Run:30441~30518 ROBO, maximum efficiency vs automatical selection(90%)

L

{
maximum efficiency vs automatical selection l ] i ]
—F— maximum efflciency l l l
—F— automatically finetime selection i {
o =S S A I .

512 1024 1536 2048
channels

efficiency

°
°
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&
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Figure 48: smallest possible fineTimestamp slice, maximum efficiency profile, images from [82].

OverThreshold Ratio profile vs light yield profile
If assume the gain is consistent for each channel, the shape of the over threshold ratio and light
yield should be the same. Firstly, the cosmic data is used to verify that if this statement is correct.
Figure 46 shows the signal light yield distribution for ROB0 and ROB1 while Figure 49 and
Figure 50 show the over 3.5pe threshold ratio distribution. So for cosmic data, the light yield
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distribution and over threshold ratio distribution have the same trend.

And considering cosmic data and SciFi data have the same trend of the particle light yield.
Just for cosmic data the particle incoming angle is smaller than SciFi data so the cosmic data’
s light yield is larger than SciFi overall but the trend should be the same. But by comparing
Figure 49 and Figure 50 with the Figure 51 and Figure 52, the over threshold ratio trend is very
different between cosmic data and verify data. These means that during testbeam, for the same
threshold setting, the gain is different for each channel. And this difference comes from the

timing.

over threhold ratio (ROBO)

over threhold ratio

SiPM channel number

Figure 49: overThreshold Ratio profile of ROBO0 using cosmic data

| over threhold ratio (ROB1)

over threhold ratio

SiPM channel number

Figure 50: overThreshold Ratio profile of ROB1 using cosmic data
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Figure 51: overThreshold Ratio profile of ROBO using SciFi data
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Figure 52: overThreshold Ratio profile of ROB1 using SciFi data
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Conclusion
The drop of the single hit efficiency at Mat3 is due to the LIS calibration timing. It would be
nice to investigate how much timing various across modules and to think about a better way to

optimize LIS calibration timing in the next development of the SciFi software.

4.4.6 Studies of the single hit resolution

Introduction
The residuals is calculated using the predicted hit position of the telescope tracks and the recon-

structed hit position in the SciFi module.
R = X — XsciFi (45)

Figure 53 shows an example of the resulting residual distribution. The width o residual of

the distribution is the quadratic sum of the track resolution o,k and the single-hit resolution of

> _ |2 >
Otrack = O rack + Osciri ~ O SciFi (46)

The resolution of the telescope is so small (about 10 um at the location of the SciFi Tracker

the SciFi Tracker module og.ir;

modules) relative to the SciFi that it does not contribute much to the residual. So the residual
width is approximately equal to the resolution of the SciFi Tracker which could be parameterised

with a double Gaussian

R — ) R—p)
R« f-exp[— (ZO'ZM) 1+ -f)- exp[—ﬂ] (47)

2
2O-Outer

inner

where f denotes the percentage of entries in the inner Gaussian and is typically around 98%. The

two contributions to the double Gaussian can be combined to an effective resolution defined as

Oeff = \/f ’ O-iznner +(1=f)- O-guter ~ TSciFi (48)

alignment to the Telescope

The SciFi resolution is strongly correlate to the telescope so any misalignments of the telescope
is crucial for the resolution. At first, an offset correction between the telescope and the SciFi
tracker is needed then an additional rotation alignment between telescope coordinate and SciFi

coordinate is applied. The rotation misalignment could be corrected by using Equation 50 and
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Figure 53: Run 30464 ROBI1 residual distribution

Equation 51. There y; means the track position in y axis (along fiber) for each event while the x;
means the track position in x axis (cross fiber) for each event. and the 8 means the angle rotation
between two coordinate, y;,; means the initial track position in the y axis. The 6 and y;,;; value

for each run could be extracted by using TMinuit tool which corresponding the mini y? value.

X =)0 -y (49)
x;- = Xx; - cosf + y; - sinf (50)
y; =y 4 x; - sinf + y; - cosf (51

An example corrected residual distribution in y is shown in Figure 53. The residual distribution is
centred around zero which means any offsets have been corrected. Figure 54 shows the unbiased
residual distribution in y depending on the track position in x (xy,cx). This distributions is parallel
with respect to the horizontal axis, it suggests there the rotation misalignments has been corrected.

Both plots indicate that the alignment procedure was successful.

Resolution at norminal setting (close to mirror)
Figure 55 shows the measured spatial resolution as a function of the channel number for the
width of four fibre mat. The variations across module is in the region [50um, 60um] and the best

resolution so far is 51 um which meet the goal of SciFi tracker design.
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5 Search for the doubly charmed baryon =" with the = 7"

decay

5.1 Data and simulation

The H1t2CharmHadXicpToPpKmPipTurbo turbo line in the Turbo++ stream CHARMMULTIBODY
of 2016 data is used for this analysis. The bookkeeping paths of the 2016 data samples are

/LHCb/Collision16/Beam6500GeV-VeloClosed-MagDown/Real Data/Turbo03/94000000/CHARMMULTIBODY.MDST

/LHCb/Collision16/Beam6500GeV-VeloClosed-MagUp/Real Data/Turbo03/94000000/CHARMMULTIBODY.MDST

In the simulation, pp collisions are generated using Pythia [86] with a specific LHCb configura-
tion [88]. A dedicated generator, GENXICC2.0' is used to simulate =, baryon production [£9].
The mass and the lifetime of the 57" baryon in the simulation were set to be the same as those
in Pythia i.e., m(Z") = 3597.98 MeV/c¢? and 7(Z}") = 333 fs. The 5" MC samples has been
re-weighted to have a lifetime of 260 fs, which is more close to the measured one [90]. The
Z7 T decay products are distributed according to phase space, while the = decay according to a
pseudo-resonant model. The number of simulated events is approximately 2 M for each magnet

polarity. The bookkeeping locations of the 2016 MC samples are:

/MC/2016/Beam6500GeV-2016-MagDown-Nul.6-25ns-GenXiccPythia8/Sim09b/Trig0x6138160F/Recol6/Turbo03/
Stripping28NoPrescalingFlagged/26264053/ALLSTREAMS.DST
/MC/2016/Beam6500GeV-2016-MagUp-Nul.6-25ns-GenXiccPythia8/Sim09b/Trig0x6138160F/Reco16/Turbo03/

Stripping28NoPrescalingFlagged/26264053/ALLSTREAMS.DST

for MagDown and MagUp. The truth matching is done using the true IDs. As the decay descriptor
for this channel is =/ — E(— p"K n")n*, then each track is required to have the correct true
ID and comes from the corresponding mother or grandmother, as shown in Table 6. The truth
matching defined above is referred as the tight MC truth matching. For the candidates selected by
the truth matching filter, we do see signal peak with BKGCAT=10 and 50. The category 10 refers
to signal with Z} intermediate resonances, and the category 50 refers to low-mass background?.
The fraction of MC matched events in category 10 is about 53%, and the fraction of MC matched

events in category 50 is around 2.6%. The MC sample with Z' intermediate resonances is a very

'GENXICC2.0 is a generator for hadronic production of Z... based on three mechanisms via gluon-gluon fusion,

gluon-charm collision and charm-charm collision, based on NRQCD framework.
2A MC event is marked as ‘low-mass background’, if it passed the following requirements, as: (1) there is at least

one final state particles of the candidate had been misidentified; and (2) the mass of MC-truth mother is 100 MeV/c?
lesser than the average mass of the candidate particle.
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Table 6: The MC match used in this analysis. The first column is the name of the particle, the second
column is the true ID that required the particle to match, and the third column is the true ID of the mother

particle or grandmother particle must to match.

particles | abs(ID) abs(Mother/Grandmother ID)
B 4422

B 4232 4422

Erremt 211 4422

Er-pt 2212 4232

=-KT 321 4232

e o 211 4232

important component of signal, we will keep these events in this analysis. For the MC events in
category 50, with roughly half of these events in the signal region, the MC matched events not

in the signal region is ~ 1.3%, the effects can be ignore in this analysis.

5.2 Selection

5.2.1 Overview

The selection has been developed with a blinded procedure. The blinded region, [3571,3671] MeV/c?,
which is +50 MeV/c¢? of the measured Z* mass, will not be looked until the green light from the
reviewer committee is given to unblinding.

To reconstruct =" candidates, a £} from the H1t2CharmHadXicpToPpKmPipTurbo
turbo line is combined with a same-sign 7%, which is referred as RS (right-sign). The wrong-sign
(WS) background candidates are reconstructed with a Zf from the Turbo line, combined with an

opposite-sign n~. The corresponding decays are:

RS: &7F - Efn*

WS: 577 - Efn”

The selection has been developed and optimized with signal from MC samples, and background
from the far upper side-band (SB) [3800,4000] MeV/c? in the right-sign data sample, as in the
lower side-band region, there could be contamination from wrong-sign Q}* or " — Efp*(—
n*n”) decays. Furthermore, the MVA performance (Section 5.2.4) with lower SB events is

worse compared to that of upper SB only MVA (Appendix A.5). The wrong-sign sample is
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used for cross-checks, with potential contamination from particle mis-identification (mis-ID)
background, it has been found to have worse performance compared to that of the far upper side-
band of the RS sample (Appendix A.4). To make the signal MC samples more close to data, the
PID cuts were not applied directly for MC samples but their effect was emulated via PIDCalib,
and the signal MC samples has been re-weighted to have a lifetime of 260 fs, which is more
close to the measured one [90]. More detail studies on the choice of background can be found in
Appendix A.S.
The selections are done in four steps, the trigger selection, the offline preselection, the MVA-
based final selection, and a further proton PID cut, which are described in the sub-sections 5.2.25.2.35.2.4 5.2.

respectively.

5.2.2 Selections in the trigger

The Hlt2CharmHadXicpToPpKmPipTurbo were developed ahead of time and remained
fixed throughout the 2016 data-taking. We summarise them here and give more detailed cut val-

ues in Table 7.

* Zf — p"K n* candidates are reconstructed from three long tracks that pass appropriate
hadron PID requirements, as well as quality requirements to reject soft and/or prompt
tracks (pr > 200 MeV/c, p > 1000 MeV/c, x7, > 6). The proton track is required to have
momentum p > 10000 MeV/c¢ (to ensure that it would be above the Cherenkov threshold in
RICHI1 under the kaon mass hypothesis, otherwise there is no kaon/proton discrimination).
To further suppress background, cuts are placed on combinations of the tracks: at least one
of the three tracks must have p;y > 1000 MeV/c and )(fp > 16, at least two of them must
have pr > 400 MeV/c and x3, > 9, and the scalar p; sum of the three tracks must be greater
than 3000 MeV/c. The E* candidate must have a good vertex fit quality with 2, /ndf < 10.
It must point back to the primary vertex (within 0.01 radian, i.e. cos™' (DIRA) < 0.01), and
the vertex should be displaced from primary vertex such that the estimated =} decay time

is more than 0.15 ps.

+ = candidates are reconstructed from three tracks that pass appropriate hadron PID require-

ments, as described in Table 7.

* The candidate must be TOS on H1t1TrackMVA or H1t1TwoTrackMVA® for . The
line H1t1TrackMVA selects tracks with large x3 and pr, while H1t1TwoTrackMVA

3The thresholds of these two triggers had been slightly changed during the 2016 data taking, but in this analysis,
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selects two tracks with reasonably large x7, and pr, and requires the two tracks to form
a good vertex with large invariant mass. For H1t1TwoTrackMVA, the candidates are
further required to pass a Boosted Decision Tree (BDT) trained variable, where the input
variables of the training are py, vertex 2, and flight distance y? information. The detailed

selection criteria are given in Table 8.

* For the LO selection, the candidate must pass a combined TIS/TOS requirement, as C_ LOGlobal TIS
| | Xic LOHadron TOS.

In the Z; data sample, we selected around 3.9 x 108 candidates from the Turbo stream. For MC
events, with the Turbo requirements except those PID cuts, the approximate yield in the signal
MC sample is around 2.6 x 10*. Weights from the PIDCalib package are used later to emulate

the PID cuts, whose efficiency is around 80%.

5.2.3 Offline reconstruction and preselection

DecayTreeFitter (DTF) is used to refit to the =" candidates. This is necessary for the mass
measurement studies (see Section 5.4) and also improves the resolution. With DTF, various
constraints are possible (such as to constrain the = mass to its known value, or to constrain the
Z*T to originate from the PV). By default we will use a PV constraint but no mass constraints,
unless stated.

The E; is required to have reconstructed mass in the range (2450, 2488) MeV/c?, which cor-
responds to about +3¢0. The E! mass distributions of WS and RS sideband events after Turbo
selection are shown in Figure 56. To keep as much signal as we can, the offline selection for 7
is very loose, only require py > 200 MeV/c, and necessary PID cuts.

=+

Similar to the =" — ATK n"n" analysithe hadron PID cuts (since PID variables will not

=+
=cc

be included in the multivariate selector that follows) as well other cuts to ensure that the
reconstructed =" candidate is sensible. The cuts are chosen to have high overall efficiency
while cleaning up some of the background. The PID efficiencies of different hadrons are shown
in Appendix A.2, calculated using PIDCalib package.

The details of the cuts used are given in Table 9. PID requirements are applied to all final

tracks; these requirements use the multivariate ProbNNx variables, and include a loose cut on

we are aiming to a mass and branching fraction measurements or upper limit measurement, which will not be affected
by the different trigger thresholds. As the trigger efficiency will not be used in the mass measurement, and it will

be cancelled out in the branching fraction or upper limit measurement.
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Table 7: HIt2 trigger selections.

Particle | Variable Cuts
Cosine of decay angle (DIRA) | > cos(0.01)
Mass € [2392,2543] MeV/c?
Arithmetic sum of daughter pr | 3000 MeV/c
Decay time 7>0.15ps
Er | Vertex quality x2,/ndf < 10

Maximum pr

Maximum y7,

Second maximum pr

Second maximum y3,

> 1000 MeV/c
> 400 MeV/c
> 16

>9

Momentum

p | Impact parameter significance

Track quality
particle ID

Transverse momentum

pr > 200MeV/c
p > 10000 MeV/c
Xip > 6

x?*/ndf < 3.0
DLL,, > 5.0,DLL x > 5

Momentum

n | Impact parameter significance

Track quality
particle ID

Transverse momentum

pr > 200 MeV/c
p > 1000 MeV/e
Xip > 6

+2/ndf < 3.0
DLLg, < 5.0

Momentum

K | Impact parameter significance

Track quality
particle ID

Transverse momentum

pr > 200MeV/c
p > 1000 MeV/c
Xip > 6

x*/ndf < 3.0
DLLg, > 5.0
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Table 8: HItl trigger selections.

Trigger | Selections (pr in GeV/c)

p>5GeV/c, x*/ndf <2.5, P(ghost) < 0.2
Hlt1TrackMVA | {pr > 1GeV/e, logxf > (o + LG 4 Jog(7.4)}
or {pr >25GeV/c, xi, > 7.4}

Tracks: p > 5GeV/c, x*/ndf < 2.5, P(ghost) < 0.2
Hl1tlTwoTrackMVA | Tracks: pr > 0.6GeV/c, i, >4

Vertex: %, < 10, M(nn) > 1GeV/c?

BDT: >0.95
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Figure 56: The Z} mass distributions of (left) RS-sideband and (right) WS events after Turbo selection,

without any other preselection and MVA selection.
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Figure 57: The invariant mass distribution of signal events, before and after preselection cuts.

ProbNNghost. The tracks are also required to have 2 < p < 150GeV/cand 1.5 < <5.0. In
addition, the 5" is required to originate from the PV (y7, < 25), DIRA greater than 0.9, to have
a good vertex y2, /ndf from the initial vertex fit, to have a reasonable y* from the DTF refit, and
to have a transverse momentum pr > 2 GeV/c. The mass distributions of signal before and after
preselection are shown in Figure 57.

Within the given =] and =" mass windows, the efficiency of the cuts described above with
respect to the Turbo output is evaluated with the signal MC sample (using PIDCalib for the PID
cuts) and found to be around 82%. The background rejection efficiency is tested with the SB

sample and is found to be around 97.5%.

5.2.4 Multivariate selection

With preselection applied onto data, there are still a huge number of background events (com-
binatorial background, as shown in Figure 62). In order to suppress the background and get
higher signal purity, a multivariate analysis (MVA) selection is used here. In the training, sim-
ulated 5" — ZI7" events after preselection are used as signals, while the SB (WS) sample
from the data with the preselection applied is used as the default (cross-check) background. Due
to the large statistics of the background, only 10% of the background is chosen uniformly over
the whole data taking period, and used in the MVA training and evaluation test, the remaining
90% of background events is used for the MVA cut optimization described below. Following
the standard TM VA approach, both the signal and background samples were split randomly into
two equally sized disjoint subsamples, one for the training and the other for the test.

The charm hadrons has a relatively long lifetime, and their daughters have relatively hard
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Table 9: Offline preselections.

Particle | Selections
all tracks | 2 < p < 150 GeV/c
all tracks | 1.5 <n < 5.0
all tracks | ProbNNghost < 0.9
p | ProbNNp > 0.1
K | ProbNNk > 0.1
all 7 | ProbNNpi > 0.1

Ch
C

bachelor 7 pr

m € (2450,2488) MeV/c?
pr > 200 MeV/c

= | DIRA> 0.9

E | k<25

=+ | 2 /ndf <25
= | pr > 2GeVje
E** | DTF refit y* < 80

pr distribution due to their high mass. The lifetime and p; related variables, and the vertex fit

quality, are used to train the MVA. The variables used in the =" — A K n*n" analysis [91]

e

—
~cc

(Section 3.2.3) have been considered as a starting point for this analysis. Unlike the
AYK n*nt analysis, here we have enough MC statistics ( 2.6x10* events after preselection) to
utilize more input variables in the training. Also, for Z7 the background level in data is higher
than that from A]. Therefore, more variables have been employed in this analysis. The final
19 variables used for the training are listed in Table 10, with their correlation matrices shown in
Figure 58.

=+ o+

The input variables include pr and )(fp of p, K,m, 2, EX " m,and ' *;

cc

Y. x> among final-state
daughters of Z*; angular information (DIRA); y2, and x2,/ndf of E} and £Z'*; and x? of the
Z* vertex fit (DTF, with PV constraint). More details on the input variables can be found in
Appendix A.3.

Several different selector algorithms were considered, and the boosted decision tree (BDT)
based and the multilayer perceptron (MLP) based selectors were found to give the best perfor-
mance. The Receiver Operating Characteristic (ROC) curves of the four selectors are shown in
Figure 59, and the MVA output distributions are shown in Figure 60. Figure 60 shows there is

no over-training in these four selectors, and all of them are acceptable.

The Punzi figure of merit (FoM) is used to quantify the performance of the selectors and to
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Table 10: The 19 variables finally used in the multivariate selector.

of Ef daughters (p, K, m) to its PV
of Zf to its PV

of £¥F daughter r to its PV

v} v} la~} v}

of Z" to its PV

+ e

> x7> among the daughters (p, K, m, 57" — 1) of £}

¢

log(pr) of Ef daughters (p, K, n)
log(pr) of Ef
log(pr) of 27" daughter &
log(pr) of F
cos !(DIRA) of Z** to its PV
)(IZ:D of £ from its PV
i, of E from its PV
X2,./ndf of the ZF vertex fit
X2 /ndf of the 5%+ vertex fit (non-DTF)

~cc

x* of the £ vertex fit (DTF, with PV constraint)

~cc

B
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Figure 58: Correlation matrices for the 19 variables used in the multivariate selector, for (top-left) signal

and (top-right) background. The zoomed figures are shown in the bottom two plots.
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Background rejection versus Signal efficiency
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Figure 59: ROC curves for four selectors. The vertical axis shows the background rejection fraction,
and the horizontal the signal efficiency. Good performance is obtained, with a signal efficiency of 50%

corresponding to a background rejection of around 99.85%.

choose a working point. For a cut ¢ on the output, the figure of merit is defined as

0]

F()) = —~2
® ¢+ VB@)

(52)

where ¢ is the signal efficiency, B is the expected background in the signal region, and a = 5 is
the desired significance. These are evaluated as

No. of signal candidates passing full selection

&(t)

No. of signal candidates generated

B() No. of background candidates passing full selection

Cicating X Cuwindow
Thus, &(¢) is the full efficiency after generator-level and offline cuts. For example, when applying
no cut on the MVA output the numerator would be ~ 26,000 (the effect of the PID cuts emu-
lated via PIDCalib) and the denominator would be ~ 4M. Since B(¥) is the expected background
underneath the signal but what we measure is the number of background events in our control

sample, we need to apply various scaling factors:

* Ciealing corrects for any downscaling used in the background sample: in this analysis it is

0.9, since 10% of background sample was used for the training and the test.

* Cyindow corrects for the mass window used. In this analysis, the upper side-band data

—.
~

events are used in this optimization, and wide range of 3300 < m(Z") < 3800 MeV/c? are

94



H"“Eﬁi%ﬁ%i

e
% @

DOCTORAL DISSERTATION

TMVA overtraining check for classifier: BDT

ES

3.5

(1/N) AN/ dx

25

Corabd A
-0.6 -0.4

i S‘igr‘lal‘(te‘st Sahﬁlei ‘ M éiénél (‘tra‘inihg‘sim;‘)le‘) ]
] Background (test sample) | |  Background (training sample) J
FK ov-Smirnov test: signal ( ) pi ility = 0(0.159) —

-0.2 0

U/O-flow (S,B): (0.0, 0.0)%/ (0.0, 0.0)%

0.2

0.4
BDT response

TMVA overtraining check for classifier: MLP

40

35

(1/N) AN/ dx

éigﬁal (test‘ sahplé) ‘ . ‘Sighal ‘(tra‘inin‘g sﬁmp‘le) ‘ E
Background (test sample) * Background (training sample) J
ov-Smirnov test: signal (backg| ) p ity =0.002 (0.287)

e

-9

Je

J<e

e

1z

is

-] e

o &

e

@

z

s

‘ 1 1 g
0 0.2 0.4 0.6 0.8 1

MLP response

TMVA overtraining check for classifier: BDTG

(1/N) dN/ dx

=)
f&l\\k WINNNSAUNNR

10

(20 Signal (test sample) |

(7] Background (test sample)

« 'Sighal (training sampte) | ]

¢ Background (training sample)|

|

~Kolmogorov-Smirnov test: signal (background) probability =

0(0.791) -
o

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

| L

-08 -06 -04 -0.2

0 02 04 06 08

BDTG response

TMVA overtraining check for classifier: MLPBNN

(1/N) dN/ dx

40

35

30

25

20

0 0.1

éi‘g‘n‘al‘ (tés\ ‘s‘a"n‘p‘le)
Background (test sample)

* Sighal (training shmple) '

¢ Background (training sample)

olmogorov-Smirnov test: signal (background) probability = 0.001 (0.424)

| 1 |

P R ST R |

!
U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

L L Il

02 03 04

05 06 07 08 09
MLPBNN response

Figure 60: Response curves for four selectors: (top left) BDT, (top right) BDTG, (bottom left) MLP,
(bottom right) MLPBNN . For each plot, the horizontal axis shows the MVA output and the vertical axis

shows the normalized distribution. The output for the training sample is shown as points with error bars

and the output for the test sample is shown as a shaded/hatched histogram.
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Figure 61: Dependence of the Punzi figure of merit F(¢) on the cut applied, for four different selectors.

The SB sample is used as background.

T
cc

T
cc

used for search. The expected resolution depends on the mass and is measured
to be around 10.0 MeV/c? using MC events. We suppose that the relevant range is +30-.
For each cut ¢ the invariant mass distribution of upper sideband events was fitted by an
exponential function, and the ratio of the number of the background in the wide range to
that underneath the signal peak (m(=Z}") = 3620 MeV/c?) is calculated, and it is found that

Cwindow ~ 2.13.

For example, when applying no cut on the MVA output, B(f) would be around 1.49 x 10°,
and thus F(7) would be 6.7 x 1073.

The variation of F(¢) is shown for different selectors in Figure 61, and the optimal values
are shown in Table 11. We find that the working points are broadly similar between the different
selectors. The MLP has been chosen, on the ground that it appears more robust against overtrain-
ing. The working point we use is a cut # > 0.9775. The MLP selection efficiency with respect to
preselection is around 32.2%, as compared with other MVA selection criteria given in Table 11.

Two-step MVA method has been also considered in this analysis, which training a MVA

B
cc

for = at first, and then combined information, a second MVA is used for event selection.

The two-step MVA has potential to get a better Z' background rejection compared to one-step
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Table 11: The optimal working points for various MVA selectors, and the relative efficiencies and FOM
values at those working points. Here epya is defined as the relative efficiency of the selector with respect

to the preselection.

Selector ~ Optimal cut ¢ EMVA F(t) (x107°)
BDT 0.3188 0.251 £0.003 4.36+0.12
BDTG 0.9650 0.369 +0.003 3.77 +£0.07
MLP 0.9775 0.322+0.003 5.15+0.11

MLPBNN 0.9725 0.315+0.003 4.77£0.11

MVA, as the first MVA could be used to suppress the = background, resulting a Xic sample
with higher purity. But after detailed study on this in Appendix A.6, we found the one-step MVA
has similar performance compared to that of two-step MVA, by using same sample to perform
TMVA training and evaluate the FoM performance. As the one-step MVA even has a slightly
better performance, therefore, the one-step MVA is chosen as the default one. The signal MVA
efficiency check is discussed in Appendix A.7.

Finally, we perform several cross-checks to ensure that the MVA training is reasonable.

Checks for mass peak in WS sample

First, we check that the selector does not create any strange structures in the background mass
distribution (the mass with PV constraint). To do this we look at the yield and retention in bins
of mass for the WS sample after applying the optimized MVA selection (MLP used), as shown

in Figure 62. No significant peaking structures are seen.

Checks for MVA performance with different lifetime

Second, we check that the behavior varies in a reasonable way with the =" lifetime. To do
this, we reweight the sample of signal MC to emulate different lifetime hypotheses. We checked
this by applying the default MVA algorithm without re-training to the reweighted sample and
re-optimise the working point. The results are shown in Figure 63, where the y-axis shows the
Punzi FOM F(t). There is a directly proportional to the overall efficiency, as numerator is £(¢), in
the meanwhile, the denominator is unaffected by the reweighting. As expected, longer lifetimes

have better overall efficiency. We can see that the efficiency is roughly linear over most of the
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Figure 62: (left) the mass distribution before and after the MVA selector, and (right) the background
retention rate of that selector. The MLP selector and the cut value obtained with the SB sample is applied
to the WS samples.

working range (200-350 fs), which demonstrate our MVA method works well across a range of

lifetimes.

Checks for FoM as function of PID cuts

When reasonable PID cuts are applied usually tighter PID cuts will not improve the FoM value.
We checked this with tighter PID cuts on top of the MVA cuts applied. Since a multiple dimen-
sional optimization will be very difficult, we made two quick checks. Without a proper study
on different MC PID cuts efficiency, these two tests are just used to demonstrate there is no
large PID dependence on the MVA. For events with larger PID values, PID efficiency is over-
estimated compared to that in data, therefore, the FoM distributions are over-estimated in the

high PID value region.

In the first check, we applied the same cut value to the corresponding ProbNNx variables
for all final tracks. The FoM as a function of the cut value is shown in Figure 64. In the second
check, we made 1D scans of the ProbNNx cut for each track while leaving other tracks’ cut
values untouched. The scans was done for each track, and the results are shown in Figure 65.
These plots show that tighter PID cuts will improve the FoM. Also, considering the mis-ID
background mainly arise from proton mis-ID, we decided to use a tighter proton PID cut, and
keep the PID cuts for kaon and pion as ProbNNx> 0.1. More details on the PID optimization

are shown in Appendix A.8.
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Figure 65: The Punzi FoM as a function of the cut value which is applied to the ProbNNx variables for
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Figure 66: The E mass distribution with different mass different mass hypotheses for final-state particles.

(left) is treat p as m, (right) is treat p as K. There are peaking backgrounds from D hadrons.

Tighter proton PID cut
As shown in the Figure 65, after preselection, the Punzi FoM has proton PID dependence. Fur-
thermore, in the =} mass distribution and WS =7 " mass distribution, there are sizable contribu-
tions from proton mis-ID, as shown in Figure 66 for proton mis-ID background in = candidates,
and Figure 67 for proton mis-ID background in =" WS candidates, which means for the se-
lected E! with loose PID (ProbNNx> 0.1), the physics contributions from low mass D mesons
cannot be ignored. As shown in Figure68, the Z' mass distribution has a large background
contribution. These physics backgrounds can be removed by applying a tighter proton PID cut
(ProbNNp> 0.8). Therefore, the ProbNNp> 0.8 is further required on the candidates after the
trigger, preselection and MVA selection. The =] mass distribution with tighter PID cut applied
1s shown in Figure 69. More details on the mis-ID background are discussed in Appendix A.4.
The procedure that with ProbNNp> 0.8 applied before MVA selection had been checked,
and the Punzi FoM is worse than that of default procedure, therefore, we decided to apply the

tighter proton PID cut after MVA selection.
5.2.5 Removal of internal track clone candidates

Candidates with any same charge track-pairs closer than 0.5 mrad in angle are removed to
eliminate clones, as described in Section 5.3.3.

5.2.6 Duplicate candidates

As discussed in £7F — ATK 7" analysis [91] (Section 3.4), the level of multiple candi-

cc

dates is not expected to be small, where the duplicated events are from multiple combinations
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Figure 68:

shaded area indicating (blue crossed) the signal region and (green horizontal) the sideband regions. Events

are taken from the WS sample with MVA cuts applied.
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of a lot of tracks in the same events. More details on the different types of duplicate events is

discussed in Section 5.3.2.

5.3 Studies of the backgrounds

In this section, we summaries the studies of background components using the WS sample,
including: =} backgrounds, track clones and multiple candidates. We try to illustrate that these
specific background contributions do not create fake narrow structure in the =/ — ZEf7" invari-
ant mass distribution. In the following, candidates reconstructed in either WS or SB are referred

to =" decay for simplicity and without confusion.

5.3.1 Z=! background

As mentioned in the previous section, the = signal window is defined as [2450, 2488] MeV/ 2,
shown in the middle cross-shaded region of Figure 69. The = sideband regions are defined as
[2410, 2440] U [2498,2528] MeV/c?, which are also shown in Figure 69. Figure 70 shows com-
parisons of the Ef7~ mass distributions in different &' mass regions. In the WS sample without
any MVA selection, the Z7~ mass distribution in the Z} signal region (labeled as ‘Signal’),
after the background subtraction, is consistent with that in the EF sideband region (labeled as
‘Sideband’). After applying the MVA cut, the Z'7~ mass distributions in the E! signal region is
slightly different from that in the = sideband regions. Such small difference might be caused
by that several = variables are used in the MVA training, which could have different impact
on the E7 signal and side-bands. However, the results suggest the combinatorial background

candidates from either signal Z7 or Z combinatorial background don’t cause narrow peaking

structures.

5.3.2 Multiple candidates

op
cc

In this analysis, for candidates, we have four tracks in the final state. In the 57" candi-
dates after the Turbo stream selection, we observed on average 5.6 candidates per event in the
WS sample. Then after the full offline selections, this number reduces to 1.015, around 1.5% of
the events have multiple candidates.

Here, using the WS samples we demonstrate that for background events, multiple candidates

do not created narrow fake peaks. So we tend not to reduce random combinations of multiple

103



HEran
DOCTORAL DISSERTATION

o~ T T T T T T T T T T T T T
L2 [ ]
= 1200 |~ —
> » 4
) C 7
~ 1000 — H —]
= N Signal i
= - -
2

M 800 [~ Sideband —
600 — pIRRXS —]
iy RS ; 7
= "“0.0’0‘000 4 =

BRS d

B B :

oS % q
400 [~ RS : —
- RISKXXKE d -

QQ‘Q‘O‘Q.Q‘Q“‘Q 4
B [RRRXRRRKS ; -
B BRIRRIE 4 4
200 = SRR ] _]

BRI, 4
B B0RRRIIILRIIRIANKKNA T
[ SR ]

b
| s asesatetatateteteteteteds .
% 9e%% 1
0 L L d, L L L

2500
M(E!— p K't*) [MeV/c?]
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are taken from the WS sample with MVA cuts applied.
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Figure 70: Invariant mass distributions of =" candidates in the WS samples. The left histogram represent

the invariant mass distribution in the E} signal region and E} sideband region, using partial WS sample

T+t

E¥F mass distribution in the Z

before applying the MVA selection. The right histogram represent the
signal region and Z} sideband region, using entire WS sample after applying the MVA selection. The

‘signal’ distribution is estimated using the sideband subtraction method with Z} mass information.
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candidates, in order not to accidentally reduce our signals, or create any bias due to the removal
procedure.

Several multiple candidates scenarios are considered in this analysis:

» Two (or more) candidates in the same event share all four tracks with the same correspond-
ing mass (ID) assignments among the candidates, where the same event is identified by

using unique runNumber and eventNumber at the same time.

» Two (or more) candidates in the same event share a few but less than four tracks in the

final states, and the shared tracks have the same mass assignments.

» Two (or more) candidates share either all final state tracks of a fraction of them, but at least

one shared track have different mass assignments in different candidates.

The first scenario, namely duplication (track-exchange). Duplicate candidates are constructed
with exactly the same final tracks, and they have exactly the same =" invariant mass by defini-
tion, but the ' mass could be very different. Also, the selections could help to suppress these
duplicate candidates, including the =/ mass window requirement, the vertex fit quality etc. Fig-
ure 71 shows the invariant mass distributions for the duplicate candidates in the MC sample and
the WS sample. The duplicate candidates in the MC sample show a peak around the true mass (as
expected), while for pure combinatorial background the duplications do not create fake narrow
peak (also as expected). In the WS sample, after the event selection, the multiple candidates from
the swap of tracking is around 1.0006, which means only 0.06% events had been reconstructed
twice with exactly same final state tracks. Considering the small rate of this type of events, and
most of swapped candidates are located in the lower mass region, the effect can be ignored in this
analysis, so we will not discuss this background in this analysis. The second scenario is naturally
expected, for example a = is combined with one additional pion to form a =", while the third
case corresponds to mis-ID backgrounds, and is highly suppressed by the tight PID selections,
as discussed in Appendix A.4. In WS data sample, we found that the second type of multiple
candidates dominates (~ 70%) the multiple candidates contributions; especially, the same =
candidate is used by two or more candidates. We now demonstrate that the last two scenarios
are not expected to create significant narrow fake peaks.

For each unique event, we study the mass distribution for those containing a singly selected
candidate and those with multiply selected candidates after final selections, as shown in Fig-

ure 72. In the plot, the duplication candidates (the first category) have been removed already.
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Figure 71: Distributions of the (left) MC RS =+ mass, and (right) WS =+ mass (M(E}, n7)) for duplicate
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candidates due to track exchange after the final selection.

(\/]‘\ 35 E I I I I E
2 E .
> 30F E
o - ]
2 25E * nCan=1 3
g C e nCan>1 .
2 201 | | -
) _
(=) ]
= —

e

P4 i e T TYR PR
3600 3700 3800
M(E!T) [MeV/c?]

3300 3400

3500

Figure 72: Invariant mass distributions of WS Z%* candidates for events with exactly one candidate

passing final selection and for those in events that have multiple candidates selected. The one candidates

events distribution has been normalized to that of multiple candidates distribution.

The mass distributions for one candidate and multiple candidate events are very similar, with no
significant narrow peaking structure identified, also, as discussed before, the contribution from

the multiple candidates is around 1.0%.

In conclusion, multiple candidates are not removed as part of the selections, since the removal
procedure could cause bias. On the other hand, only 1.0% event has multiple candidate, and they

doesn’t cause obvious narrow peaks.
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Figure 73: Angles of tracks with same charge in (left) WS, and (right) truth matched =" MC samples.

The insert for each plot gives the same distribution but in a larger region.

5.3.3 Clone tracks

Since the =" candidates in this analysis are reconstructed from four tracks, the decay is
expected to suffer from contamination from clone candidates. A clone candidate has at least one
track which is cloned from another track of the same candidate, defined for this particular case.

Two tracks which are clones of each other have relative angle accumulated around zero.

In 2016 Turbo data, there is potential problem that pick up one bachelor pion twice from
PerstistReco, for both Z! and =" reconstructions. The contribution from this scenario has been

largely suppressed, by adding a function ‘CheckOverlap’ of ‘LoKi’ in the DaVinci scripts.

In Figure 73, we plot the angles for any pairs of tracks (among all the four tracks) with the
same charge in the WS and truth matched MC samples. In WS samples, a peak around zero
angle is seen, consistent in the two samples, which is understood to be clone tracks. The same
peak is not seen in simulation, as these candidates are removed by the MC-Match algorithm.
By applying a cut at 66;; > 0.5 mrad, the clone contributions can be almost fully removed,
without affecting the signal decays in a large amount. If a candidate has at least one pair of
clone tracks in the final states, we remove it; and this procedure removes around 0.7% for WS,
and rejects only 3 candidate in signal MC among 26,000 candidates. In Figure 74, the mass
of =" candidates for the clone candidates are shown compared with the nominal distributions
after the MVA selections, for WS samples. The clone candidates have averagely smaller mass
due to smaller open angle of final state tracks. No significant peaks are identified in the clone

candidates.
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Figure 74: £ invariant mass distribution of WS for (blue triangle) default selections and (red square)

clone candidates.

5.4 Measurement of =" mass

In this section, we describe the analysis of measuring =" mass using the mode =" — Ein".

5.4.1 Mass fitting

The =7 mass is measured from the invariant mass distribution of =77 fitted with signal plus
combinatorial background components. As will be discussed later in Section 5.4.3, the mass dif-
ference between the 57" and =] has been measured, then the known = mass [92] is used to
determine the =" mass. To do that, the variable DM = M(Z!") — M(EY) + Mppg(E)* is used
in the study, where M(Z7") and M(E) are the reconstructed mass after applying kinematic/ge-
ometrical fit (DecayTreeFitter) with the primary vertex constraint. The kinematic refitting helps
to improve the mass resolution, and the momentum scaling calibration is applied in such fit.

The shape of the signal mass distribution is obtained from the fully simulated =" sam-
ple with selection described in Section 5.2.°> The DM distribution could be well described
by a Gaussian distribution plus double sided crystal ball function (DSCB) sharing the same
mean value y, as shown in Figure 75 for the simulated sample®. The width of DSCB is scaled
from the width of the Gaussian. The fitted parameters are given in Table 12 for the fit to
the candidates with MVA selection applied in simulation. The effective mass resolution is de-

fined as o = /f-0?+ (1 - f) 02, where o (0>) is the width of Gaussian (DSCB) and f
1 2

4Without specific statement, the DM is used as default mass variable, include previous Sections.
SMC truth match applied everywhere if not specified.

®Based on £F — Af K n*x* study [93], the shape of data/signal DM could be well described by Gaussian plus
DSCB. Therefore, we use them to model the signal DM shape, empirically. Additional systematic uncertainty has

been assigned to the signal modelling, as discussed in Sec. 5.4.6
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is the fraction of Gaussian. Due to strong correlations of f with other parameters, it is fixed
to f = 0.3. The resolution estimated in simulation, (6.45 + 0.14) MeV/c?, has to be scaled
with the Q value, Q(Z7) = u(=7") — Mppc(E)) — M,+. The resolution has linear dependence
with Q values. In the MC events, the £ mass is fixed to 3597.98 MeV/c?, which is about
20 MeV/c? from the measured value, therefore, we scaled the MC resolution to get data res-

=" in data is esti-

olution, using Q values of MC and data. In the end, the resolution o for =
mated to be (6.45 +0.14) - Op.(E57)/ Omc(E5T) MeV/c?, where Quic(E57) = 990.5 MeV/c? and
Opaa(Z ")MeV/c? is fixed by fitting to data. When we fit to the right-sign sample, the u value
of the signal component is a free parameter to be determined from data, same for the resolution

=7 * simulation as shown in Ta-

parameter in fit. Other parameters are fixed to values obtained in =
ble 12, and their uncertainties will be considered as a source of systematic uncertainties, studied

by varying the parameters according to their uncertainties (details given in subsection 5.4.6).

The background mass distribution can be well described by an exponential function. The
wrong-sign mass distribution, and the right-sign mass distribution in the A} sideband region after
applying all the event selection, together with wrong-sign mass distribution fit result are shown
in Figure 76, where both wrong-sign and the right-sign mass distribution in the A} sideband
region shapes can be well modelled with the exponential function.

In the following, we study the possible sources of systematic effects on the mass measure-
ments, including the uncertainty on the momentum scaling calibration, the bias of the recon-

structed E! mass, the bias of Z" mass due to offline selections, the final state radiation, the

:~+ —v++

uncertainty on the known Z mass, the uncertainty due to =" invariant mass fit model and the
uncertainty coming from track-exchange candidate. We also discuss the possible contributions

from mis-ID backgrounds from other physical decay signals.

5.4.2 Momentum scaling calibration

Due to non-perfect alignment of tracking system and uncertainty on magnetic field, the mea-
sured track momenta need to be calibrated to correct for possible biases. For the Run II data,
the momentum scaling is calibrated using large samples of detached Ji in Jiy — p*u~ decays
and B* — J/y K" decays reconstructed in the stripping [94, 95]. In the calibration procedure,
track momenta are scaled with 1 — @, with @ being the momentum correction factor, to bring
the observed J/ and B* masses to the known value. The momentum correction is performed

according to data taking period, magnet field polarity and track charge. The overall correction
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Figure 75: Invariant mass distribution DM in = simulation, fitted with Gaussian plus double sided
crystal ball function. The fit is used to validate the model and to estimate the parameters that are to be

fixed when fitting data.

Table 12: The resulted parameters from the fit to the Z* invariant mass distribution in simulation, with

a Gaussian function plus a DSCB.

Parameter Value
u 3598.62 + 0.09 MeV/c?
o (resolution) | 6.50 + 0.10 MeV/¢?
R =251 ()75 + (.04

o(Gaussian)

f(Gaussian) | 0.3(fixed)

ar 1.89 +£0.34
ny 1.82 +£0.08
ag 6.58 + 1.40
ng 1.47 £0.08

If other parameters fixed to values above
u 3598.59 + 0.08 MeV/c?
o 6.45 + 0.14 MeV/c?
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region. The wrong-sign mass distribution is fitted with an exponential function.

factor « is at the level of 0.3 GeV/c?. Accordingly, the correction also shifts the observed mass
for a particle, reconstructed in a particular decay, by an amount of Au = Q - @, where Q is the
energy release for that decay, and this is how the momentum calibration brings observed J/y

mass to its known value.

Asdiscussed inthe =" — AT K n*n" analysis [91] (Section 6.1), the momentum scaling cal-
ibration is cross-checked with masses of many other resonance with well known mass, i.e., K? —
n*n~ (both long-long tracks, and down-down tracks), D*, D°, DY, A*, y(2S) — (utu~, Jntn),
B* — (JWK*, Iy K 'n*n ,y(2S)K*, ppK*), A) — (Aln*, Af3n"), and Y(nS). The measured
masses after the calibration agree with their known values within +0.03%, which is quoted as
systematic uncertainty of the momentum scaling. The uncertainty on the final state track momen-
tum introduce uncertainty to observed invariant mass of =" candidates. The effect is studied by
changing the momentum scaling correction factor by one standard deviation, 0.03%, and measur-
ing the per candidate shift of DM (i.e. to calculate the mass shift for each candidate individually),
shown in Figure 77. The distribution is fitted with a Gaussian function, resulting a mean value of
0.368 +0.002 MeV/c?. The study is performed using the Z'* simulation sample, which has input

C

value for £+ mass as 3597.98 MeV/c?, and need scaled by the data Q value once unblinded, as

~cc

0.368 - S o = 0.375 MeV/c?.
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Figure 78: Distribution of £ mass bias (reconstructed value subtracted by true value) when the measured

=7 mass is constrained to its known value.

5.4.3 Bias of the = mass

As discussed in the &7 — ATK 7z analysis [91] (Section 6.2), the observed A mass

is biased due to selection favoring longer decay time by a value around 0.8 MeV/c?, so we also

make a similar study here. As in simulation, the reconstructed =" mass is biased by a similar
amount to the bias of = mass, so the mass difference DM = M(Z!") - M(E() + Mppg(Z;) can

be used as an approximately unbiased estimator of =7 mass.

T
cc

To check whether the effect of = mass bias on the mass is removed/reduced, the =°
momentum is recalculated with the = mass constrained to its known value using the kinematic
fit. In this case, the =" mass is calculated using the refitted =7 momentum combined with one
additional track. The validation is studied by comparing the DM = M(E/") - M(EY) + MppG(E])
with Mrgrug, where Mrryg is the MC input =7 mass, calculated using truth kinematics of = and
n*, on an candidate by candidate basis. The difference of the two is shown in Fig. 78, with an
average value of —0.03 + 0.01 MeV/c?. For this £+ mass estimator, the bias is also quite small.

~cc

The difference is so small that we don’t consider it as a systematic uncertainty.
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5.4.4 Bias of =" mass due to offline selections

The reconstructed A} mass is found to depend on the decay time [91] after applying the

—++
=cc

momentum scale calibration, and would affect the mass in an event selection dependent
way. A similar effects is expected here, as a lifetime-biased criteria is required to select Z (see

Section 5.2 for details), and such bias need to be corrected.

The effect of the offline selections on the =" mass is studied with =" MC samples, for
which we intentionally remove all the offline selection cuts, except the ‘MC-Matching’. The
difference between the DM and the MC input =" mass for this ‘unbiased’ sample is shown in
the left plot of Figure 79, there is small bias due to effects as the un-calibrated momentum scale,
and the final state radiation effects. In the right plot of Figure 79, the distribution for events after
applying all the offline selections (including MVA) is shown. Comparing the mean values in
these two plots, it can be seen that an additional bias of 6u = 0.104 + 0.078 MeV/c? is observed,
where the uncertainty, coming from limited statistics in the simulation sample, is calculates as

0% — 0% [93]. o and o7 are the uncertainties of the mean mass before and after the offline
selections. The observed bias, 0.104 MeV/c? after MVA selection, corresponds the lifetime of
0.333 ps in simulation. As discussed above, this bias comes from the offline selection, specially
the lifetime-related cuts. This bias generally depends on the lifetime of the particle in question.

The effect of unknown lifetime is studied by using other lifetimes obtained by reweighting the

1/ exp"/T,
1/toexp/70°

the target (MC input) lifetime and ¢ is the reconstructed decay time. For each target lifetime,

Z** simulation sample to match other lifetime value 7/, with weight where 7’ (1) is
the mean mass bias is studied in the same way as for nominal case (i.e. 7 = 0.333 ps). Using
the default MVA selections, the bias as a function of lifetime is shown in Figure 80, which is
very stable in the lifetime region. For the result, the largest variation of measured mass bias
for lifetime in the range 0.1 < 7 < 0.5 ps, which covers theoretical predictions, is 0.03 MeV/c?.
Without exact knowledge of lifetime, 0.03 MeV/c? is quoted as systematic uncertainty on the

mass measurement due to unknown lifetime.

In the end, concerning the selection related bias and its dependence on =7 lifetime, 0.104 MeV/c?
is used to correct the measured £ mass with an uncertainty of 0.078 MeV/c? due to limited statis-
tics in simulation for this study, and an uncertainty of 0.03 MeV/c? due to lifetime dependence.

We followed the method described in Reference [95], to estimate the uncertainty from the
final state radiation (FSR), by using simulated =" signal events (generator level events from

C

Gauss).
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Figure 79: Distribution of observed =" mass, using the mass difference estimator, subtracted by its true

value in the simulation sample (left) without applying cuts relating to decay time of Z*F, (right) after all

offline selections, including the MVA variable.
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Figure 80: Bias of measured mean mass for different =" lifetime hypotheses, obtained by fitting to

samples reweighting the decay time distribution to match other lifetimes.
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Figure 81: LHCb simulation. (Left) = mass, calculated from final state track momenta smeared with a

Gaussian function for resolution, corrected by reconstructed =} mass calculated in the same way. (Right)

Fitted £ mass as a function of the resolution.

The smearing procedure is used to simulate the LHCDb detection resolution. In the smearing
procedure, for each of the final state tracks (from =" and E}), the momentum magnitude is var-
ied by a value randomly drawn from a Gaussian distribution. The Gaussian function has a mean
equals zero and sigma corresponding to LHCb measured momentum resolution scaled by a fac-
tor. The LHCb momentum resolution divided by the momentum itself (i.e. relative uncertainty
op/p) varies from 0.5% at low momentum to 1.0% at 200 GeV/c. On top of that, the track slopes

tx = py/p.,ty = p,/p. are then smeared following similar procedure using a Gaussian function

with mean of zero and sigma of \/ (6.2 x 10-5) + (2.1 x 10~/ p)* scaled by the same factor as
for the momentum, where the formula and parameters are get from RapidSim [96]. By choosing

different scale factors, we study the mass deviations within different detector resolution.

The =7 " and E! masses are calculated using the summed momenta of the corresponding final
state tracks. Then the mass difference defined previously is fitted to obtain the =" mean mass,
with the same model used to describe the signal in data. An example of the fit is shown in the

left plot of Figure 81. In the right plot of Figure 81, the bias as a function of mass resolution

o= \/ f-ot+ (- f)- o3 is shown, suggesting the effect is quite small. The distribution is
fitted with a linear function, and the bias is 0.03 + 0.01 MeV/c? for the resolution observed in
simulation. With larger detector resolution, the FSR contribution becomes larger, which will

shift the mass distribution into the lower mass region, resulting a larger mass peak deviation.
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Figure 82: Variation of

5.4.5 Uncertainty on =7 mass

The known ZF mass has an uncertainty of 0.30 MeV/c? [92], which should be propagated
to measurement of =7 * mass. The study is performed using kinematic fit, where we modify the
known =} mass slightly and study the corresponding change of =" mass candidate by candidate.

The spread of the =" mass change among different candidate due to a fixed amount of Z! mass

o+
=cc

shift is quite small (less than 2% of resolution), and in Figure 82, the mean mass variation
is shown as a function of ! mass change. As can be seen, =" mass change is almost identical
to = mass change. For the uncertainty of 0.30 MeV/c? on ZF mass, the corresponding E*F
mass uncertainty is estimated to be 0.30 MeV/c?, which is quoted as systematic uncertainty. This

uncertainty is assigned to the absolute mass measurement.

5.4.6 Invariant mass fit model

The fit model could introduce effects on the measured mass. For the signal model, alternative
models include those by changing the shape parameters in Table 13, by using a single DSCB to
describe the signal. The largest variation of fitted mass, which is 0.05 MeV/c?.

For the background model, alternative fits include changing the mass range in the fit, us-

ing shapes that obtained or constrained from wrong sign data, using a first order Chebychev
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Table 13: Variation of fitted =" mass for alternative fit models

Alternative Mean mass change (MeV/c?)

Signal model

Single DSCB function 0.05
Background model

Mass fit range (150 — +100MeV/c?) | 0.05

First order Chebychev 0.02

Second order Chebychev 0.01

polynomial function (for a smaller mass window). The change of mass fit regions from 3620 +
150 MeV/c? to 3620 + 100 MeV/c? changes the fitted result by 0.05MeV/c? . If we fit the back-
ground with a second order Chebychev polynomial function, the fitted mass is only different by
a value of 0.01 MeV/c?. If a first order Chebychev polynomial (a linear function) is used as the
model for the background, the fitted mass changes by value of 0.02 MeV/c?.

Since same data sample is used in these tests, which are fully correlated, the maximum vari-
ation from different models, for which if the fit quality is acceptable, is quoted as systematic
uncertainty. In the end, the result for these alternatives are shown in Table 13, and the uncer-

tainty is quoted as 0.05 MeV/c?.

5.4.7 Stability with respect to MVA selection

As discussed in section 5.4.4, the observed = mass is biased due to those offline selections
(including the MVA cut) exploring reconstructed decay-time. Now we study the mass change
with small variation of MVA cut around the nominal cut. In Figure 83, the change of fitted mass
with respect to the change of MVA cut is shown for simulation. The variation of signal yield is
in the range +25%.

We don’t quote systematic uncertainties due to the variation of MVA cut, since it double

counts statistical fluctuation.

5.4.8 Unblinded results

In Figure 84, the invariant mass distribution in data for events passing all selection cuts is

shown. The fit use the signal model described in Section 5.4.1, and exponential function for
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0.8 1 1.2

Figure 83: Variation of fitted = mass u with variation of the MVA selection, in simulation and data.
The x-axis represents the number of signal yield relative to the one for nominal cut while the y-axis
represents the change of y w.r.t. to nominal value. As same data/MC samples are used in the n;/ng tests,

the uncertainties in this figure are correlated with each other.
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Figure 84: The invariant mass distribution for the 2016 RS sample around the mass peak. The data is

fitted with the Gaussian plus DSCB function for the signal, and exponential for the background.

background. The mean value of the signal after the mass fitting is

u = 3620.66 + 1.45 MeV/c? (53)

and resolution width is

o =5.5+13MeV/c? (54)

where the uncertainties are statistical uncertainty get from the fitting. The Likelihood scan
and profile Likelihood scan for these two parameters are shown in Figure 85. The observed
mass resolution in data is agree with expectations from scaled simulation value. The signal yield

is 91+20, the local significance is 6.000.

With the measured =" mass, the O-value of this decay mode is 1013.2+1.2, S o = Opaa(EL")/ Omc(ELF) -

C cc

1.02 times of the simulated value 990.5.
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Figure 85: The Likelihood scan (blue) and profile L.i kelihood scan (red) of mean value (left plot)
and resolution (right plot) in the Z** — Efx* mass distribution fitting. The green dashed lines represent
the one standard deviation (1 o) line, the black lines represent the central value in the fitting, the blue

dashed lines represent the corresponding 1 o region for mean value and resolution.

5.4.9 Summary of mass measurement

The search of =" using =" — Efz" channel of 2016 data, the =" mass is 3620.66 +
1.45MeV/c?, which is corrected by bias due to offline selections on Z} as —0.03 MeV/c? and
on Z'F as —0.10 MeV/c?, and due to FSR of +0.03 MeV/c?, resulting 3620.56 + 1.45 (stat) +
0.49 (syst) MeV/c* . The measured =" mass using Z'F — A'K m*n* channel is 3621.40 +
0.72(stat) + 0.31(syst) MeV/c?. Good agreement had been found between these two measured
E7T mass.

Then, we combined these two measured =" mass results, with assumptions that the system-
atic uncertainties from momentum scale and lifetime are 100% correlated between two channels,

and other systematic uncertainties are uncorrelated. With BLUE method [97, 98], the combined

results is 3621.24 + 0.65(stat) + 0.31(syst) MeV/c?, as shown in Figure 86.

5.5 Ratio of branching fraction measurement

For this analysis, as discussed in Section 5.7, if the signal significance is greater than 3o,
we will measure the =7 mass and the branching fraction ratio relative to that of the =" —
AYK n*nt decay mode. If the signal significance is smaller than 30", we will set a upper limit
on the relative branching fraction of this decay. In this section, we will discuss the procedure for

the ratio of branching fraction measurement.
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Table 14: Systematic uncertainties on mass measurement.

Source Value( MeV/c?)

Momentum-scale calibration | 0.38

= bias due to selections 0.01

Z7T bias due to selections | 0.08

Z7T unknown lifetime 0.03
FSR 0.03
Uncertainty of = mass 0.30
Mass fit model 0.05
Total 0.49

=++ +r— gt
—— E T AK TR

—
B

Tt + ot
oo 7 ET

LHCb —o——  Combined
1 L L L 1 y L L 1 L 1

3618 3620 3622 3624
M(ELT) [MeV/c?]

Figure 86: The measured =" mass using Z}F — AYK n*zn* and Z}F — E!z* channels, and the

combined mass value.
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The ratio of branching fraction (R) is a ratio of the =" — E'n* branching fraction to that of

—~++

— ATK n"n" decays, times the ratio of ZF decay to p" K~ 7" to that of A}, is defined as,

B(E - EN— p*K "))
B(EH — A+(—> prK—nH)K-n*nt)
B(E ~++ =+t B(=+ Kt
__BEY =) | BE oK) 56
BE — A:rK‘ﬂ+7r+) B(AF — pK~nt)
N(E ) eAK ")

NAYK n*nt) e(Ernt) 57

R

(35)

where N(E n")and N(AJ K n*n")arethe 5/ — El(— p"K n)ntand /7 — Al (— p" K n")K n'n*
signal yields, e(E ") and &(A] K~ 7" n") are total efficiencies for these two decay modes, includ-

ing efficiencies of the acceptance, reconstruction, event selection, PID selection, and trigger
selection. As there is no experimental measurement of the &7 — p"K n* branching fraction,
therefore, we include the ratio of =7 — p* K~ 7" branching fraction to that of A} in our measured
results. As discussed in Section 5.2.2, only the events triggered by the TOS (Trigger Of Signal) of

the LOHadron, or the TIS (Trigger Independent of Signal) of the all LO trigger lines (LOGloal) are
used,ie.,C_LOGlobal TIS ||Xic LOHadron TOS(orC_LOGlobal TIS ||Lc_LOHadron T
is used in this analysis, to have better estimate of the L0 trigger efficiency. Such requirement

is also applied to the 57" — ATK n"n* decay. The signal yield of the =" — = n* decay has

been determined in Section 5.4 to be 91 + 20. The =" — AK 7"n* mass distribution after

applying this LO requirements further is shown in Figure 87, and the number of signal yields is
determined to be 289 + 35.

160 - 3
N,=289+35

n=3621.37+0.77 MeV

LHCb preliminary

Events/(5 MeV/c?)
2 = 3 B =
l=) (=] (=] (=} (=]
T T

'S
S

I

o S
T
|

3500 3600 3700
M(AYK ) [MeV/c?]

Figure 87: The £ — A} K~ n"n* mass distribution in 2016 data, together with the fit results.
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5.5.1 Signal modeling

The MC signal sample was generated with GENXICC generator, with the mass of =" baryon
is set to 3.59798 GeV/c?, and lifetime is set to 0.333 ps. These input parameters are different
from what we observed in =" discovery, and the =" lifetime measurement [90], which may
result in a different kinematic and geometric distributions, and affect the branching fraction ratio
measurement. As discussed in the following, the p; distribution in data is found to be slightly
softer than in simulation, therefore, we consider to use a pr reweighting, and a lifetime reweight-

ing, to make MC more close to data.

As E7* lifetime analysis [90] (using =" — AZ K n*n* channel) is performed parallel to this
analysis, we have two scenarios for the lifetime reweighting. The first scenario is that the ="
lifetime result published before =" — En" channel publication, then we will directly quote a
published lifetime result, as 0.260 ps. The second scenario is reversed case, and in that case, we
will use a binned reweighting method to make the MC lifetime distribution agrees with that of
data. Currently, we are using the second lifetime scenario, and will make a final decision during

the coming review process.

—++
See

— AYK m*n* channel, the comparisons of =" pr and y distributions between

For
background-subtracted data and MC simulation are shown in Figure 88, the other kinematic
distributions comparisons and the MVA input variables comparisons are shown in Appendix A.9.
Even with limited statistics of =" candidates, there are still some sizable disagreement between
data and simulation for the pr distribution, therefore, two steps reweighting is performed to get
a better data and MC agreement. First, a py correction (Data/MC) is studied and applied, which
is aiming to correct kinematic difference between data and MC. As shown in Figure 89, the
correction factor (Data/MC) is calculated as functions of =" pr, where the pr binning is (4,
8.8, 11, 13.2, 17.4, 35) GeV/c. In order to get the lifetime agreement between data and MC, a
lifetime correction is studied and applied. In Figure 90, data and MC lifetime comparison and

the reweighting factor (Data/MC) are shown. The lifetime correction factor is calculated using

the data lifetime distribution after background-subtraction and that distribution of simulation.

For £ — En", as the number of signal is very limited, so only pr correction is applied.

The comparisons between s-weighted data and signal MC for =" — E’n* are shown in Fig-

++ +

—
_):C +

ure 91, and the p7 correction is shown in Figure 92. The lifetime comparison for = n
channel is shown in Figure 93.
It is known that the event multiplicity (SPD hits) distribution (nSPD) in MC is different from
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Figure 88: Comparisons of Z/" pr (left) and y (right) distributions between s-weighted data and simula-

o+

tion using £} — AYK 7"zt channel.

7

._
IS
II|II|III|III|III|I

:'|"'|"'|'+ |
—+ _

0.8
0.6 |
04 |
1 L L L L 1 L L L L 1
10 20 30
p(AK ) [GeV/cH]

Figure 89: The &} pr reweighting factor of &/ — AYK 7n*n" channel.
that in data. However, as shown in Figure 94, the SPD distribution for the signal and control
decays agree well, for both the LOTOS and the LOTIS category. Therefore, such difference
should mostly be canceled in the branching fraction ratio. As the measured results are totally
dominated by statistical uncertainty, and with such limited number of signals, it is not possible
to have a precise estimate of the SPD weight, no SPD reweighting is applied for the nominal

value.

5.5.2 [Efficiencies

The total efficiencies of =" — AK n*n* and 57 — En" are studied with simulated

signal events, including the geometrical acceptance of detector and generator level cuts efficiency

(€4acc), the combined reconstruction and selection efficiency (&gecosser), the trigger efficiency
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(&r+ig), and the PID efficiency for final state hadrons (&p;p), as:

E = Eace X EReco&kSel X ETrig X EPID (58)

Acceptance efficiency of different modes is calculated from the GENXICC generator level events,

the g4.. 1s calculated as:

Z** generated in 47 and all tracks in LHCb detector

EAcc =

59
E** generated in 47 (>9)

where the denominator is the number of generated =" events in the 47 space, and the numerator
is the number of = events with all the final state tracks with polar angles of momentum direction
in the region between 10 to 400 mrad. The obtained individual generator level efficiency for
E7Y - ATK ntnt and EY — Efnt decays are 0.0987 + 0.0002 and 0.1364 + 0.0002. The

=cc cc

ET — AYK m*n* decay has six tracks in the final state, while =" — En* decay only has

=cc

four tracks. Therefore, the acceptance efficiency of =" — A7 K n*z* is smaller than that of

cc

o+ S+t
T —->E8n

The reconstruction and selection efficiency are obtained from simulation, including particle
reconstruction efficiency and event selection (described in Section 5.2), with applying of the
corrections described in Section 5.5.1. The ratio of branching fraction measurement is a ratio
of four-body decay branching fraction to that of six-body decay, where the decay topology and
kinematic of these two modes are different from each other. It does not make any sense to use
either same selection cuts, or same TMVA training input variables in the efficiency studies. The
reconstruction and selection efficiency for each mode is studied independently, using simulated
events. The efficiencies are measured to be (0.58 + 0.01) X 107 for £/ — A*K n*z* channel
(statistics only), and (4.56 + 0.03) x 1072 (statistics only) for Z/* — Efn* channel. The PID
efficiencies are determined using the PIDCalib package [99]. PID efficiencies for proton, kaon,
and pion are determined separately, according to the PID cuts used in this analysis, as functions
of momentum and n, for both MagDown and MagUp polarities. Then, the PID efficiency for each
event is calculated by combining efficiency for each final states particle. The PID efficiencies are
measured to be 0.714 + 0.013 (statistics only) for =" — A7 K n*z* channel, and 0.680 + 0.003

cc

—_

(statistics only) for £7F — Zfn* channel. In =

:v++ =+

— * channel, even with lesser tracks in
final state, with tighter ProbNNp cut applied on proton, the calculated PID efficiency is lower
than that of £ — AYK n*z* channel.

The trigger efficiency is very complicated for this analysis, and is discussed in Section 5.5.3.
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Figure 95: The track efficiency correction table for 2016 data.
Tracking efficiency

The tracking efficiency correction has been applied to the simulated events according to momen-
tum and pseudorapidity value of each final state particle [100], the tracking efficiency correction

for 2016 data is shown in Figure 95.

MC-Match efficiency

As discussed in the Reference [101], the MC truth match is defined as a reconstructed particle
matched to an MC particle if there is an overlap of at least 70% between the hits created by
the reconstructed particle and these created by the MC particle. The arbitrary of the percentage
threshold will leads to an inefficiency in the truth matching. Therefore, this inefficiency need to
be corrected in the reconstruction efficiency, as ngz wSel = EReco&S el EMC—-Match-

The 57" — AIK n'n" has six tracks in the final states, while =7 — Z¥7" only has four
tracks. In the simulation, different number of final state tracks could gives a different perfor-
mance of MC-match efficiency.

The MC matching efficiency is calculated as the ratio of the number of MC-matched signal
events to the number of signal events obtained by fitting the mass distribution (without MC-
matching), both numbers are after applying all the event selection, including MVA selection. It
is determined to be 0.883+0.007 for =" — AfK n*n* channel, and 0.962+0.003 for =" —
=Zfn* channel. The unmatched events mass and BKGCAT distributions are shown in Figure 97.
The contribution from ‘ghost’ tracks (BKGCAT==60) of the MC events that failed MC-match is

determined to be 100% for =" — A K n*n* channel, and 87% for =" — En* channel.
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Figure 96: =Z** candidate mass distribution in simulated signal sample, after applying all the event selec-
tion (including PID cuts), without requiring MC-matching, for =% — AT K 7t 7" (left),and 27" — EXn*
(right).
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=cc

applying all the event selection (including PID cuts), for Z%% — AYK n*n™ (top), and £/ — Ein

(bottom).
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5.5.3 Trigger efficiency

For the trigger efficiency, as Turbo lines are used in both analyses, where the Turbo selection
is equal to offline selection. Therefore, only LO and HLT1 trigger efficiencies are studied.

In this analysis, the LO trigger efficiency requirements includes LOHadron TOSand LOGlobal TIS.
In order to study the LO trigger efficiency, the data/MC sample is split into two disjoint subsam-

ples, as:
* LOTOS: (LOHadron TOS on Al or E)
* LOTIS: |(LOHadron TOSonAf or ZY) & (LOGlobal TISonZE()

In this section, without particular definitions, the LOTOS and LOTIS are used to refer these
subsamples. We will measure the branching fraction with LOTOS and LOTIS subsamples, and
combine them later. If two measured results away from each other more than 3 standard devi-
ation, we will considered to use LOTIS events, as the modeling of LOTIS efficiency is more
straight forward. A validation test for this method using two AY) channels (A) — A}n 77~ and
A) — Aln™)is presented in Appendix A.10, where good agreements between the measured ratio
of branching fraction of A) by using LOTOS and LOTIS events had been found, which are also

consistent with PDG values.

Control channels

The LO trigger efficiency estimation is more difficulty to study, compared to that of HLT1 ef-
ficiency. At L0, C L0Global TIS ||Lc LOHadron TOS requirement is applied to the
E'" — ATK nn* channel, and C LOGlobal TIS | |Xic LOHadron TOS is applied to
the &7F — Efn* channel. The most reliable way to determine trigger efficiency is uses data TIS-
TOS method, directly. But with limited statistics of both =" decay modes in current data set, it
1s impossible to determine the trigger efficiency using TISTOS method with real data. Alterna-
tively, we could use simulated events to study L0 efficiency, but the performance of ‘LOHadron’
TOS triggers had not being well understood, therefore, the trigger efficiencies measured using
MC events cannot be simply used in the analysis. Here, we proposed a method to measure the
L0 trigger efficiency for different =" decay modes, using two A control channels. The ratio of
two control channels LO efficiency is calculated, and compared with the ratio in Ag MC samples,
to develop a correction for MC events. Then, we apply the correction to the =" modes (MC

events).
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In this method, two control channels of Ag decays are used, as Ag — Alnnn and Ag -
Afn~. These two channels have similar decay topology compared to that of =" decays (Ag -
=~ channel is not used in this study, due to this decay mode is not been observed in the data,
and there is no Ag — E’n” simulation sample available). With the 2016 stripping data, we
have enough statistics to perform a L0 trigger efficiency study. The candidates after stripping
selection are required to pass the preselection cuts described in Section 5.2, then we fit the Ag
mass distribution to extract the number of signal for samples passed different trigger require-
ments. Furthermore, MC events of these two control channels are used to estimate the trigger
efficiency, too. The discrepancies between data and MC events need to be suppressed by using
several corrections, as a function of the number of SPD hits (nSPD), and kinematic distributions
(pr and y). The nSPD correction is applied into the MC events at first. The nSPD correction
factors are calculated using the MC nSPD distribution and the s-weighted data nSPD distribution
(Data/MC), for LOTOS and LOTIS samples, separately. Then, the kinematic correction is ap-
plied to MC to reduce the difference between data and MC. The two-dimension correction factor,
as a function of Ag pr and y, is calculated using the Ag s-weighted data and MC (Data/MC).

More details for the Ag mass fitting and MC corrections are shown in Appendix A.10.

L0 trigger efficiency

To make a reliable estimation on L0 trigger efficiency, ratios (RE,%S, Rgﬁ) of &7 - AYK mtn*

cc
LO trigger efficiency to those of 57" — Efn" are determined and used in the analysis.

TIS TOS . . TOS pTIS pTOS pTIS 0
To correct MC, RE:J and RE:: are studied. The ratios (R, Rpy.s Ry Rye) of A —

Afn~n"n~ LO trigger efficiency to those of Ag — Aln™ are calculated. Furthermore, the cor-

rection factors R™5 (R™'®) are calculated using R[5 and R}2>> (RLS and R}[2), to describe the

trigger efficiency discrepancies between data and MC, which will be further applied into the

RI®_. and R\[> _.. (determined from = MC events). The formulas used to calculate RI?? and

MC,Z5- MC, =5 ‘ ="
R™S are
=cc
TOS _  ©TOS pTOS
RIS = RTOS.RIOS . (60)
TIS TIS pTIS
R_ = R>°-R>_
Tt MC,Z5+>

where RT05 and R™S are determined as:

TOS TOS( 0 ot —) TOS( 0 + —)
RTOS  _ Rpya  ©Data Ay = Alm ' - ®mc Ay = A 61)
RTOS TOS 0 +o— TOS 0 e
MC €Data Ab - Acﬂ EmMme Ab - Acﬂ' I
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Table 15: Measured LOTIS, LOTOS trigger efficiencies from =" MC events, after corrections.

=+ + K-ttt —_+ +
ET > AK BN - Bl

TOS 0.176 £ 0.010 0.153+0.003
TIS 0.205 £ 0.010 0.188+0.004

TIS TIS( 0 +—+—) TIS ( A O T
RTS Rpye  ©pata Ny = A eye (A, = Alm

RIS — TIS (A0 o TIS (A O e 2\
MC EData Ab — Alnm Eve Ab —> Alnntn

(62)

In the two control channels, the LO trigger efficiency in LOTOS (e7;;) and LOTIS (egp) are

studied using TISTOS method, for A} — Az 7*7~ and A) — Afn~ channels. The e12” is the

LO TOS trigger efficiency (Lc_LOHadron TOS), calculated as:

TIS&TOS
TOS _ N

Lo — NTIS

(63)

where NTIS4TOS ig the number of events passed both LO TIS and Lc_LOHadron TOS trigger
requirements, and N™'® is the number of events passed LO TIS requirements. Here, the TIS
events are required to pass either of the following LO TIS triggers, as: ‘LOPhoton’, ‘LOElectron’,

‘LOMuon’, ‘LODiMuon’. Similarly, the LOTIS efficiency (C_Global TIS), 8%1, is calcu-

lated as:

TIS&TOS
TIS _ N

Lo = pTOS (64)

where N9 is the number of events passed ‘L0Global TOS’ requirement. The measured LOTOS
and LOTIS efficiencies as a function of pr are shown in Figure 98 and 99, for A) — Alx n*n~

and A) — Afzn~ channels. The data and MC efficiency ratios (R0s, RS, Ry, Ryc) are

compared in Figure 100. The calculated RT°S and R™S are shown in Figure 101. The correction

factor in Figure 101 will be used to correct both Rg?f and RT!S | as a function of py.

Zee

With e12° and 1 measured from these two =" channels, using the formula as:

STISTOS _ N(passed all selections & passed TIS/TOS cuts)

65
N(passed all selections) (65)

the measured efficiencies are summarized in Table 15. For the systematic uncertainty, we
take the differences between the measured efficiencies by using the MC-Match method and that
of TISTOS method as a systematic uncertainty, using two Ag channels. For instance, the uncer-

tainties 1s determined to be 0.8% for LOTOS events, and 0.7% for LOTIS events.
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Figure 99: The measured (left) LOTOS and (right) LOTIS trigger efficiency using TISTOS method, using
A) MC.
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Figure 100: The measured RES; and R{A%S (left) for LOTOS events, and Rgasta and R{/}é (right) for LOTIS

events.
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Figure 101: The measured RS (left) for LOTOS events, and R™™ (right) for LOTIS events.

HLT1 trigger efficiency
The HLT1 triggers’, ‘Hlt1 TrackMVA’ and ‘HItl TwoTrackMVA’ have been used. The HLT1

efficiencies are directly estimated using the MC-Matched simulation events, as

NHLT]

NSel (66)

EHLT1 =

where N5 is the number of events passing event selection and LO requirements, and N7T! is
the number of events passing event selection, LO and HLT1 requirements.

With tight Turbo selection cuts, the ey 1 1s expected to be very high for both channels. Using
TISTOS method, the g1 1s determined to be 0.939 + 0.015 for LOTOS, and 0.922 + 0.015 for
LOTIS in " — AYK n*n* channel. The eypr; is determined to be 0.950 + 0.005 for LOTOS,

cc

and 0.940 + 0.005 for LOTIS in &'t — Etxt channel.

cc c

5.6 Total efficiency and ratio

The efficiencies and ratios of each selections for both channels are summarized in Table 16

and 17 for LOTOS and LOTIS events.

5.6.1 Ratio of branching fraction results

Signal yields
The selected LOTOS and LOTIS candidates for =" — ATK n"n* and 5" — E!n" channels

are shown in Fig. 102. The =/ — AJK 7"z signal yield is 141 + 23 for LOTOS candidates,

cc

"The thresholds of these two triggers had been slightly changed during the 2016 data taking. In the branching

o+

fraction measurements, as same data sample is used in both =" channels, the trigger efficiency should not be

affected by the different thresholds, as the cancellation in the first order.
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Table 16: Measured efficiencies and ratios for /. — ATK n*zx" and Z}F — Ef7* LOTOS events.

Er > AIK ntrt Er - Eint R
Acc 0.0987+0.0002 0.1364+0.0002 0.724+0.002
Reco (5.77£0.12) x 107*  (45.6 £0.34) x 10™*  0.127+0.003
PID 0.714+0.013 0.680+0.003 1.050+0.013
LO 0.176+0.010 0.153+0.003 1.148+0.068
HLT1 0.939+0.015 0.950+0.005 0.988+0.016
MC-Match (1./) 0.883+0.007 0.962+0.003 0.918+0.008

—

Table 17: Measured efficiencies and ratios for =/ — ATK n*x" and 5} — Efn* LOTIS events.

Er > ATK it B — Bt R
Acc 0.0987+0.0002 0.1364+0.0002 0.724+0.002
Reco (5.77+0.12) x 107*  (45.6 £ 0.34) x 10™*  0.127+0.003
PID 0.714+0.013 0.680+0.003 1.050+0.013
LO 0.205+0.010 0.188+0.003 1.090+0.058
HLT1 0.922+0.015 0.940+0.005 0.981+0.017
MC-Match (1./) 0.883+0.007 0.962+0.003 0.918+0.008

144 + 22 for LOTIS candidates. The &' — Efn* signal yield is 33 + 13 for LOTOS candidates,
56+ 14 for LOTIS candidates. These numbers are get from a simultaneous fitting of both LOTOS

and LOTIS events for each channel, using same mass mean value and resolution parameters.

Measured results
As shown in Equation 55, with determined efficiencies and signal yield, the ratio of branching

fraction can be calculated accordingly. The measured ratios for LOTOS and LOTIS are:

Rios = 0.028 +£0.011, (67)
Rus = 0.045+0.013, (68)

where the uncertainty is statistical uncertainty only.

Systematic uncertainties
Sources of systematic uncertainty and their effects on the measured ratio of the total branching

fractions are summarized in Table 18.
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Figure 102: The £/* LOTOS candidates (left), and =5} LOTOS candidates (left). Z}" — AYK n*n*

distributions are shown in the top two figures, and =" — Ezn* distributions are shown in the bottom

two figures.
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The signal yields of both the signal and the normalization decays can be affected by the signal
and background line shapes, and by the fit range. Such effects are studied by using alternative
signal and background models, and by performing the mass fits in different mass ranges. For
the signal model, a two-Gaussian functions have been tried, to replace the nominal one Gaussian
function plus one crystal ball function. For the background model, the nominal exponential
function has been changed to an first-order polynomial function. The fit range have been changed
from 3620 + 150 MeV/c? to 3620 + 100 MeV/c?. Using the MC toy method, as described in
Reference [ 102], the differences between the new ratio and the nominal one, which are 3.8% for
the fit range, 2.6% for the signal modelling, and 2.3% for the background modelling. Combined
above uncertainties, 5.2% is taken as the systematic uncertainty from the mass fitting.

The input Z*" mass used in the MC sample is different from the measured value using

ErT — ATK n*n* channel. As discussed in Appendix A.1, after detailed study on this effect, a
systematic uncertainty of 1.2% is assigned for this effect.

The GENXICC?2.0 generator is used to simulate =" production, a slightly different p; spec-
trum in simulation and in data is seen. This has been reweighted to match that in data. How-

ever, the kinematic cut on =" pr is slightly different for =" — ATK " n"n" (> 2GeV/c) and

ot =+ o+ ; i s =+ o+
57 F — Efnt (> 4GeV/c). In order to estimate any remaining effects, the pr cutin 57" — Eln

“cc

study has been tightened to be the same as used in =/ — ATK 7n"n* (> 4GeV/c). The ratio
is measured again, and a difference of 0.7% is found w.r.t. to the nominal one. Conservatively,
0.7% is assigned as a systematic uncertainty. The uncertainties from p7-y reweighting, and life-
time reweighting are studied using the toy MC method, by varying the correction within one
standard deviation. The uncertainty from efficiencies correction, are also studied with the toy
MC method.

Additional systematic uncertainty arises from tracking reconstruction efficiency, with limited
knowledge of the material budget of the detector, which gives a 1.1% (1.4%) [103] uncertainty
on the the kaon (pion, proton) reconstruction efficiency due to modelling of hadronic interactions
with detector material. Also, there is an additional uncertainty on the tracking efficiency from the
method, which amounts to 0.8% for each track at 13 TeV. As the final states of the = and A} are
the same, such effects are expected to cancel out at the first order. Basically the remaining effects
are due to that there are two more tracks in the normalization decay =" — A K n*n" than in
the signal decay =" — Zfn", so 1.1% (kaon) + 1.4% (pion) + 0.8% X 2 (two more tracks) =
4.1%, is assigned as the systematic uncertainty.

For the uncertainty from the particle ID, the bin size of the PID efficiency could be not
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Table 18: Statistical and systematic uncertainties in the ratio of branching fraction measurement.

Source LOTOS LOTIS | Combined
Stat. 41.2%  29.4% 24.8%
Syst.

Input Mass 1.2% 1.2% 1.2%
pr cut 0.7% 0.7% 0.7%
Mass fit 5.2% 5.2% 5.2%

MC reweight | 0.2% 0.2% 0.1%
MC match 1.3% 1.3% 1.3%

Lifetime 0.1% 0.1% 0.1%
Efficiency 2.2% 2.2% 2.2%
Trigger 6.2% 5.7% 4.2%
Tracking 4.1% 4.1% 4.1%
PID 1.3% 1.3% 1.3%
Total 9.6% 9.3% 8.5%

small enough, then a wrong average efficiency is taken due to the potentially different kinematic
distribution between signal/normalization samples, and the calibration samples. Such effects are
studied by doubling/halving the number of bins, the PID efficiency is recalculated. The largest
deviation from the nominal result, 1.3%, is taken as the systematic uncertainty.

For ratio of the total branching fractions measurement, which is not sensitive to the fitted
mass, so the energy scale and other uncertainties related to the mass measurement are negligible.

The uncertainty from trigger is discussed in Section 5.5.3 and Appendix A.10. The uncer-
tainty from acceptance, reconstruction efficiency is calculated using the MC samples, with the

uncertainty from MC-Match efficiency included (Section 5.5.2).

Combined results

The measured branching fraction ratio (R) using LOTOS and LOTIS events are

Rros = 0.028 + 0.011(stat) + 0.003(syst), (69)
Rris = 0.045 +0.013(stat) + 0.004(syst), (70)
Using BLUE method [97, 98], and taking the systematic uncertainties from trigger and MC

reweight as uncorrelated, and other systematic uncertainties as 100% correlated between LOTOS
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Figure 103: The measured branching fraction ratio using LOTOS and LOTIS, and the combined results.

and LOTOS, the combined result is
R = 0.035 + 0.009(stat) + 0.003(syst), (71)

The comparison between the measured ratio results using LOTOS and LOTIS events, and

the combined result is shown in Figure 103.

5.7 Procedures for evaluating significance and setting limits

5.7.1 Strategy

In this chapter, we are following similar procedures which has been discussed in the =" —
AYK n*n* analysis [91] (Section 7). Considering the = has been discovered, so in this analysis,
we only refer to ‘local’ significance, without any discussion on the ‘global’ significance. The
‘local significance’ means the significance of a signal evaluated for one particular 6m hypothesis.
(There are various different ways to compute a number for this; see below.) And the ‘global
significance’ means the significance of a signal in the whole m range taking into account the
look-elsewhere effect (LEE)—that is, the global significance reflects the probability under the
null hypothesis for such a signal to pop up anywhere in the mass range scanned.

Depending on what we see in data, we will need to choose one of a few different paths:

« Ifthere is a peak whose local significance is above 307, we will quote that local significance

(along with how it was evaluated) but will not fuss with a LEE correction. We will measure
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its mass and yield in a fit (and of course carry out crosschecks to see if it could be faked

by another process).

« If there is no peak at even 30 local, we will quote upper limits as above, together with a

branching fraction estimation.

5.7.2 Local significance estimates

There is no one single, universally accepted way of estimating the local significance of a peak.
In practice, this doesn’t matter too much for us: if the significance is high then its exact value is
immaterial, and if the significance is low then we will set upper limit for the measurement. If we
have a clear signal which we are able to fit, obtaining a yield of Y + oy, the log-likelihood ratio
method will be used to estimate the significance. In the method, we will fit the mass distribution
in the signal region, with background only hypothesis and signal plus background hypothesis,
calculate the log-likelihood for each of hypotheses, and convert log-likelihood ratio into signifi-
cance using Wilks’ theorem.

Also, if there is no peak structure in the data, after unblinding. We will evaluate the signif-
icance with same procedure descibe above. In this test, all fit parameters will be fixed, except

the signal yield.

5.7.3 Global significance estimates

As we are not planning to evaluate global significance in this analysis, so there is no discus-

sion on this.

5.7.4 Upper limits

If no signal is seen, we can set upper limits using the CL, procedure, as was done for the
2011 analysis (see Section 10 of ANA-2012-094). If the signal yield is not enough to perform
the kinematic corrections discussed in Section 5.5.1, even with ~3 ¢ significance, we will use
a larger bin size when studying these corrections, or use one-dimensional correction to ensure
there are enough statistics in each bin.

For all of the discussion of the significance tests, all that matters is whether a peak is present
in the signal mode so all we really need is the signal mode in data (though we get some help from

control samples to estimate the background shape when generating toys). To set an upper limit,
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however, we need two more ingredients: the efficiency (from signal MC), and a normalization

mode. This will enable us to quote limits on

O'(PP — = H X) B(H:: - E+7T+ Nsig €norm

R =
O-(pp - H X)B(:++ - A+K 7T+7T+) Nnorm Esig

: (72)

where o is a cross-section, 8 is a branching fraction, N is a yield,  is an efficiency, sig indicates
the =" signal decay, and norm indicates the =" — Al K n*n" normalization mode. Note that
&g depends on the assumed =" lifetime, so we will check the lifetime dependence of the ratio
of &g (R(&sig)) in two channles, 1f there is a strong lifetime dependence of R(&y;,), we will need to
quote limits for several lifetime hypotheses; if not, we will assign a proper systematic uncertainty
on this, and only report one limit. &g, also depends on ém in general, but this is easier to take
into account; also in the previous analysis it was found that this dependence was quite weak.
Most of systematic uncertainties for the upper limit setting on the branching fraction, are
similar to the uncertainties discussed in Section 5.5. The uncertainties from acceptance and re-
construction efficiency in upper limit measurement are exactly same as that in branching fraction
measurement, similar for the uncertainties from input mass, lifetime, mass fit. The uncertainty

from trigger and MC reweight will be slightly different, since we do not have data to perform

the reweighting.

5.8 Conclusions

++ ++

With 2016 data, we search for =" using =" — = channel, and in this note, we estab-
lished entire analysis procedure, including the mass measurement, ratio of branching fraction
measurement, and significance calculation. After unblinding the data, a structure is observed
in 2016 data, with 5.90 local significance, which is consistent with previously discovered =7,
with a mass of 3620.56 + 1.45 (stat) + 0.49 (syst) MeV/c? . The mocec 2=cm) _ o BE 2pKin) 4

BEIFDSAYK ntnt) B(Af—>pK t)
measured to 0.035 + 0.009 (stat) + 0.003 (syst) .
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6 Measurement of the angular coefficients of u* .~ pairs in the
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Z boson mass region at LHCb

6.1 Data and simulation samples

DaVinci v44r10pl is used to produce the ROOT [104] ntuples for the fully reconstructed

simulation and data samples at /s = 13 TeV centre-of-mass energy.

6.1.1 Data samples

The 2016, 2017, and 2018 data were taken at a centre-of-mass energy of /s = 13 TeV. The
integrated luminosity of three data sets is 5.2 fb™".

The magnetic field deflects oppositely charged particles in opposite directions and this can
lead to detection asymmetries. Periodically reversing the magnetic field polarity throughout
the data-taking almost cancels the effect. The data samples are split into two independent sub-

samples, as MagUp and MagDown.

6.1.2 Simulation

To reduce discrepancies between real data and simulation events, backgrounds with largest
contributions are estimated with a data-driven method. However, two different types of Monte
Carlo (MC) samples are used in the analysis, as MC events with detector simulation and generator-
level events. The MC events with detector simulation are used to study efficiencies, to get a better
understanding on detector response, and to estimate background contributions, which are passed
through the LHCb full detector simulation chain and reconstructed with the same algorithms as
data. The MC events with detector simulation are summarized in Section 6.1.3. The generator-
level MC events are used to estimate the high order correction, to study final state radiation (FSR)

effects.

6.1.3 MC with detector simulation

These samples are produced using Pythia 8 generator [ 105], configured as described in Refer-
ence [106], using the CTEQ6LT1 [107] Parton Distribution Function (PDF) set. The MC samples
with detector simulation used in this analysis are summarized in Table 19. These MC samples

are used to understand the background contributions and efficiency modelling.
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InZ — u*u and Z — 57~ MC samples, the interference effects between the Z boson and
the photon are included. The gg — f and gg — tf samples are treated independently to estimate
the background contributions, accordingly to the production cross-section and luminosity, then

combined together with label 7.

Table 19: Decay channels, event type numbers, and generator level cuts for MC samples used in this

analysis, with detector simulation.

Process LHCb number | Generator level requirements

Z - utu 42112001 Py >4GeV, ' > 1.6,m,, > 40 GeV
W W™ — uv,uv, 41922002 Pr>15GeV,n> 1.6

single top 41900003 Py >17GeV,n > 1.6

gg > If 41900006 Py >17GeV,n> 1.6

qq — tt 41900007 Py >17GeV,n> 1.6

Z—->T11 42100000 Pr>4GeV,n> 1.6

6.1.4 Generator level MC

As discussed in Reference [10&], the theoretical calculations for the Drell-Yan process with
QCD radiation, usually do not include the full EW radiative corrections. Fortunately, the QCD,
the quantum electrodynamic (QED), and the weak corrections can be organized independently,
which can be studied and applied, separately. Following the strategy used in Reference [ 1 0], we
used an enhanced QCD prediction for Drell-Yan process, by implementing the EW corrections
to the QCD calculation.

For the QED radiative corrections, which are related to the final state photons, are not consid-
ered in the calculation. However, these effects are included in the signal MC (Z — u*u™) events
with LHCb detector simulation, via Pythia 8 formalism. In this analysis, as the measured results
are correct to the Born level, so the effects from the FSR are removed, the measured results can
be directly compared with any theoretical predictions in Born level.

The virtual EW radiative corrections are implemented into QCD calculations of Drell-Yan
process, via form factors of fermion-pair production in e*e” collision, e*e™ — Z — ff.

The Z-amplitude form factors are calculated by ZFitter [109—111] generator, which were
wildly used in the LEP-1 and SLD collaborations for various precision tests of the Standard
Model [112]. It is a semi-analytical calculation for fermion-pair production and radiative cor-

rections for high energy e*e™ collisions. Corrections to fermion-pair production via the virtual
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photon include weak-interaction W boson loops in the photon propagator, and Z boson propaga-
tors at fermion-photon vertices. The weak and QED corrections in ZFitter are organized to be
separately gauge invariant. Consequently, weak corrections to fermion-pair production via the
virtual photon are included with the Z amplitude form factors. The renormalization scheme used
in ZFitter is the on-shell scheme [!13], where particle masses are on-shell. In this scheme, the
sin’6y is defined as
. M,
sin“fy =1 — F%’ (73)
The form factors calculated by ZFitter are stored for later use in Drell-Yan QCD calculations.
The calculated form factors are py,, k¢, k4, and k¢, where the label £ denotes a lepton and ¢ denotes
a quark. As the calculations use the massless-fermion approximation, the form factors only
depend on the charge and weak isospin of the fermions. Therefore, the calculated form factors
are categorized with three labels: ¢ (lepton type), u (up-quark type), and d (down-quark type),
which are complex valued, and been presented as a function of the sin’6yw and the Mandelstam

§ variable of the e*e™ — Z — ff. The first three of them for the Z amplitude are important,

which can be reformulated as corrections to the Born-level gﬁ and gé couplings, as
g0 = Ve (T] = 2Qxsin’6y)

where f = € or g, where T§ and Q/ are the third component of the weak isospin and the charge

(74)

of the fermion.

The Drell-Yan QCD calculations are improved by the implementation of the calculated form
factors by the ZFitter into the process amplitude, which provides an enhanced Born approxima-
tion (EBA) to the EW terms of the amplitude. The QED photon self-energy correction is included
as part of the EBA. The cross section of y — Z interference is proportional to (§ — M3), which
dominates the total interference cross section away from the Z pole. As the y — Z interference
dilutes sin’6y, photonic corrections are also included. The ZFitter form factors p;,, k¢, and «,, are
implemented to the Born g£ and g{, couplings for the Drell-Yan process, while «;, form factor
is used as an amplitude correction. The measured Z boson resonant line shape from the LEP
experiments and the total decay width calculated by ZFitter are used in the calculation.

Different theoretical predictions are considered in this analysis, including analytic resummed
calculations (ResBos, dyturbo), fixed-order calculations (Powheg-BOX, MCFM).

The enhanced QCD prediction is obtained from a generator-level Z — u*u~ sample, which
is generated with ResBos [114] using the CTI4HERA2NNLO PDFs [115], with the form fac-
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tors calculated by ZFitter implemented. The ResBos calculation combines a NLO fixed-order
calculation at high boson p7 with the Collins-Soper-Sterman resummation formalism [116—118]
at low boson p7, which is an all-orders summation of large terms from gluon emission.

The Powheg-BOX [119—122] is a NLO generator, and can be interfaced with Pythia for QCD
and EW showering. It is a fully unweighted partonic-event generator for Drell-Yan process at
NLO. Although Pythia is a LO generator, it approximates higher order effects in initial and final
states via a parton showering algorithm [105]. In this analysis, Powheg-BOX is used to generate
Z — u*u~ events, followed by hadronization using Pythia.

The dyturbo [ 123]1is a NNLO generator, for the calculation of the QCD transverse-momentum
resummation of Drell-Yan cross sections up to NNLL accuracy combined with the fixed-order
results at NNLO order (O(e3)), including the full kinematical dependence of the decaying lepton
pair with the corresponding spin correlations and the finite-width effects.

The MCFM [124]is a NLO generator, it is used to estimate the cross section of #f processes in
LHCb detected region, the production cross-section calculated by Pythia is normalised to MCFM

prediction.

6.2 Event selection
The Z — p*u~ candidates are selected based on online (trigger) and offline (Stripping and

event selection) selection requirements, which are discussed in this section.

6.2.1 Trigger

Candidate events are required to have at least one muon candidate to be triggered on signal

(TOS) with respect to all of the following trigger lines in different stages:

* LOMuonEW: Candidate event must contains at least one muon with p;y > 6 GeV, a Global
Event Cut is required as N(SPD) < 100000.

* H1t1SingleMuonHighPT: Candidate event must passes LOMuonEW, and has at least

one muon with pr > 8 GeV, also satisfies track fit quality requirement as y*/ndf < 4

* H1t2EWSingleMuonVHighPtDecision: Candidate event is required to contain at

least one reconstructed muon track with pr > 20 GeV
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6.2.2 Stripping

The following stripping lines from the EW stream are used in this analysis:

* StrippingZ02MuMulLine: This line is used to reconstruct Z — u*u~ candidates and
investigate the contamination from semi-leptonic heavy flavour decays, by requiring two
opposite sign StdAllLooseMuons particles with py > 3 GeV and invariant mass of

dimuon, m,,,, greater than 40 GeV.

* StrippingMuMuSSLined: This line is used to determine contributions from the parti-
cle mis-identification background, which requires two same sign StdAllLooseMuons

candidates with P > 10GeV, pr > 3 GeV, and m,,, > 40 GeV.

6.2.3 Offline selection

As described in Ref. [45], similar event selection criteria are used in this analysis. The event

selection details are listed below:
» At least one muon must pass all three triggers, as shown in Sec. 6.2.1
* Two oppositely charged muons located in the range 2.0 < n < 4.5
* Relative uncertainty in the momentum of the muon track, o,/ p, must be less than 10%

« Two muons must be isolated, pass isolation requirement (z > 0.85). The degree of muon
isolation is parameterised as z = p/./p ", where pi “”" is defined to be the sum of py
of the muon and the tracks within R < 0.5. The 6R is defined as 6R = m, where
on and o0¢ give the separation between the muon track and neighbouring tracks in n and

azimuthal angle ¢.
* Both muons with a transverse momentum greater than 20 GeV, and 50 < m,,, < 150 GeV
« Two selected muons come from the same vertex (dimuon vertex fit 2, /ndf < 9)

In Section 6.3, we will discuss muon isolation requirement and event vertex requirement with
more details. After applying the events selections described above, raw distributions of Z boson
mass (a), Z boson pr (b), Z boson rapidity (y) (c), cos 6 (d) and ¢ (e) for Runll three years of

data sets are shown in Figure 104.
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Figure 104: Comparisons of invariant mass of dimuon (a), Z boson pr (b), Z boson rapidity (c), cosf (d)

and ¢ (e) for Runll data, with event selection applied. All distributions are normalized into 1.
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6.3 Backgrounds

The background contribution in the gg — v*/Z — u*u~ candidate events is very small.
In this analysis, we considered five different backgrounds, including contributions from heavy
flavour (HF) hadrons, hadron mis-identifaction (mis-ID), Z — 7777, tf, and W* W~ processes.
The HF background is studied in Section 6.3.1, and the mis-ID background is studied in Sec-

tion 6.3.2, the other background contributions are estimated in Section 6.3.3.

6.3.1 Semileptonic heavy flavour decays

In the LHC, as a hadron collider, production rate of bb and c¢ is much higher than that of Z
boson. The HF processes can contribute to the dimuon final state, with semi-leptonical decay
of two HF hadrons. Although only a small fraction of HF events has two muons in the final
state, this background could still makes a significant contribution in the data sample, due to high
production rate of bb and cc.

InZ — p*u signal events, two muons in final state are expected to originate from a common
vertex. While, for the vertex reconstructed using two muon tracks from decays of b hadrons or
c hadrons, is expected to have a large vertex y2, /ndf value, as the heavy flavour quarks have
significantly longer lifetime than that of Z/y*, resulting it less likely to contains two muons that
originated from the primary vertex, as shown in Figure 105.

To suppress contributions from this background, a requirement on dimuon vertex x2,_/ndf <
9 is applied in the event selection, as discussed in Section 6.2.3.

Furthermore, muons from heavy flavour quarks are likely to be surrounded with hadronic
activity.

Therefore, the muons in the HF events are expected to be poorly isolated, which is one of
characteristics of QCD processes like bb and c¢ production. Well-isolated muons have z values
close to 1, while poorly isolated muons have value closer to 0. The HF background contribution
is highly suppressed by requiring both muons must isolated, as z > 0.85.

After applying vertex quality cut and muon isolation cuts, the background contribution from

HF is expected to be small, which is negligible in this analysis.

6.3.2 Hadron mis-identification

Events containing pions or kaons can lead to a muon being identified in the final state, as pions

and kaons could decay in flight before they reach the muon spectrometer, or if they have sufficient
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Figure 105: Schematic representation of muons arising from (a) Z — u*u~ decays and (b) decays of
B-hadrons. Due to finite resolution on muon momentum, even muon tracks from signal do not lead back
to the exact same point. However, the impact parameter (thin black line d in (b)) is much larger in heavy
flavour decays. Decays of B-hadrons also have higher momentum tracks within the 7 - ¢ cone around the

muon.

energy to punch through the calorimeters and fake as a muon. This background consists of
events that contain two mis-identified muons and events with a single mis-identified muon plus a
genuine muon. The genuine muon can originate froma W* — u*v decay,andaZ — u*u~ decay
where one muon is outside the LHCb acceptance or in flight decay of a hadron. The normalisation
and invariant mass distribution shape for this background is estimated from data, by applying the
same selection as the nominal analysis, except running over the MuMuSSLine4 stripping line
and requiring that the two muons have the same sign. This method takes advantage of the fact
that the probability for a kaon or pion to fake a positive or negative muon is same. Therefore,
the normalisation is assumed to be equal to the number of same sign candidates remaining, after

the event selection has been applied.

6.3.3 Top and EW productions

The top and EW production consists of the single top, 7, Z — 77, and W*W~ — u*v,u"v,
decays, all of which can contain two genuine muons of opposite charge in the final state. The con-
tribution is estimated by using MC events with LHCDb detector simulation, where Pythia 8 cross
section is scaled to its NLO predictions. The background contributions of different composition
for three years are summarized in Table 20.

As shown in Table 20, purity of selected data Z — u*u~ sample is very high, which is close to
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Table 20: Background composition of the candidate samples after event selection has been applied.

Background Estimation 2016 2017 2018

Hadron mis-ID Data-driven 0.016% | 0.014% | 0.016%
Z -ttt Pythia 8 (ResBos) | 0.067% | 0.054% | 0.064%
tt Pythia 8 (MCFM) | 0.059% | 0.060% | 0.060%
W*W~ — uv,uv, | Pythia8 (MCFM) | 0.017% | 0.014% | 0.016%
Total 0.159% | 0.144% | 0.159%
Purity 99.841% | 99.856% | 99.841%

100%. The purity and background contributions of different compositions are consistent within

three years of Runll datasets. Comparison of cos 6 and ¢ between data sample and background

could be found at Figure 106, where all of contributions are normalized to 1.
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Figure 106: Comparison of cos 6 (left) and ¢ (right) distributions between data sample and background.

6.4 Corrections

Several corrections are studied and applied to the Z — u*u~ data and simulation events, to

suppress effects from imperfect detector modelling in MC events, the detector mis-alignment,

and selection efficiencies, etc. In this section, a correction for detector mis-alignment is presented

in Section 6.4.1, the resolution smearing correction is studied in Section 6.4.2, background con-

tamination estimation is discussed in Section 6.4.3, Followed by a discussion on selection effi-

ciency correction in Section 6.4.4, and a data/MC reweight correction in Section 6.4.5, which is

necessary for A; determination.

The corrections used in this analysis are summarized below:
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* Muon momentum calibration: it is applied to Z — u*u~ data and MC events to suppress

effects from detector mis-alignments

» MC smearing correction: to ensure MC Z — u*u~ events have similar detector response

as data events

» Background subtraction: it is applied to data sample to remove background contamination,

in different Z py and rapidity region

« Efficiency correction: aratio of efficiency of data to MC, and applied to MC events ensure

the selection efficiency in MC is agree with that in data.

» Data/MC reweight: to ensure the muon p7 and 5 distributions of MC Z — u*u~ events

are same as these of data

6.4.1 Muon momentum calibration

During data taking, the LHCb detector alignments are studied and applied in online level,
where the alignments are performed by using hadron decays in the low mass region. The online
alignment procedure improves charged particle momentum measurement, and therefore benefits
most of the LHCb analyses. But for precision EW measurements with muons in the final state,
where muons always with very high momentum, are still suffer from remaining detector mis-
alignment effects. For instance, the mass resolution of the Z boson data (Z — u*u™) events
is worse than that of Monte Carlo simulation events. Furthermore, in the forward-backward
charge asymmetry measurement of the Z/y* events, the Agp distributions of the MagDown and
MagUp samples have large differences between each other, which indicates the remaining mis-
alignment effects. These effects are understood due to either imperfect detector alignment, or
the modelling of magnetic field. In Section 8, a two step offline procedure of muon momentum
alignment for the LHCb Runll datasets is peformed. In the first step, we applied a track bias
correction (muon ¢ dependence) to muons, and refitted muons after correction. Followed by a
second-step, which studied the Z mass dependence as a function of muon 7 and ¢. As shown in
Section 8, after applying these corrections into data, there are significant improvements on the
data Z mass resolution, also the Arp differences between MagDown and MagUp data samples
are largely suppressed.

We used same calibration method to correct both Z — u*u~ data and MC events.
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6.4.2 Muon momentum smearing for MC events

Inthe MC Z — u*u~ events, the Z mass resolution is different from that of data, due to imper-
fect modeling of the detector in MC simulation, as shown in left figure of Figure 153. Additional
muon momentum smearing is applied to MC Z — u*u~ events, to achieve good agreement of
invariant mass distribution between MC and data. The additional smearing corrections is per-
formed using a formula as:

p' = px(1+vyxGauss(0, 1)), (75)

where vy is a smearing factor, p’ (p) is the muon momentum after (before) correction. The smear-
ing parameters are tuned by comparing data and MC invariant mass distributions, and with muon
n dependence been considered. After the smearing correction, the Z — u*u~ invariant mass res-
olution of MC Z — u*u~ events has good agreement with that of data events, as shown in right
figure of Figure 153.

More details for this study can be found in Section 8.
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Figure 107: Comparisons of the yu invariant mass distribution between data and MC sample, before (left)

and after (right) MC smearing correction.

6.4.3 Background subtraction

In this analysis, unbinned maximum log-likelihood fit method is used to extract final result
as described in Section 6.5, so only a weighted method could be used to subtract the background.
The negative-event-weight method [ 125] is described in Section 6.4.3. In this method, we check
the observable angular (cos 8 and ¢) distributions, which are obtained from histograms with back-
ground component subtracted, and background samples with the negative weights applied. Com-

parison of these results as Figure 108 shows, top panels of these two figures are the ratio between
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these two samples, it could be clearly see that the background angular distribution is consistent
between these two samples, which tell us the negative-event-weight method could perform the

background subtraction well.
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Figure 108: Comparisons of cosf and ¢ between the background subtraction sample obtained by the
subtraction of the histogram (blue points) and the negative sample (red points) in 2016 data. Top panels
of these two figures are corresponding to the ratio between these two samples. Good agreements are found

between these two samples.

6.4.4 Efficiency

In this analysis, there are two final states muons with high py. Therefore, a precise deter-
mination of the associated muon reconstruction efficiencies is critical to perform this precision
EW measurement. The muon reconstruction efficiency, €““, can be split into three different

components, as
rec _ _Irg trk id
g ="xe"xe", (76)

where £¢ is muon trigger efficiency, £”* is muon track reconstruction efficiency, and £ is muon
identification efficiency.

Simulation may not model crucial effects like detector occupancy very well, which typically
reduce efficiencies. For this reason, these efficiencies are obtained using data itself, from a
tag and probe study described in Reference [126]. Muon efficiencies in MagUp and MagDown
data samples are determined, which are consistent with each other for different polarities. Also
efficiencies for positive muons as well as negative muons are compared, without any large dif-
ferences.

The Z — u*u~ candidate events are assigned a weight (w) according to 1 of two muons, as

1

= . 77
v gid(mfr )8id(77/f )Strk(ny+ )8trk(u_)[8trig(nﬂ+) + Strig(nu’) - <"';trig(77;1+ )8trig(77;1’ )] ( )
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More details of the muon efficiency at LHCb Runll can be found in Section 7.

6.4.5 Data/MC reweight

With forward acceptance region of the LHCb detector, the A; are measured in the fiducial
region. However, in generator level, A; only has physics meaning, only when the cuts are applied
on the Z boson variables (i.e.Z rapidity> 2, or Z pr). In reality, most of event selection cuts
that applied to candidate events, are related to the muon properties. Therefore, a acceptance
correction is needed in the extraction of A;, as described in Section 6.5.

In the A; measurements, the Z — u*u~ signal MC sample is used to describe detector accep-
tance, so a data/MC reweight is applied to MC sample to ensure the muon p7 and n distributions
are consistent with these in data. The data distributions after background subtraction are com-
pared to the signal MC distributions efficiency correction (Section 6.4.4) is applied to the MC
events.

Comparisons of the muon n and p7 distributions between data and MC are shown in Fig-
ure 109. For muon py distribution, good agreements between data and MC are seen, so a cor-
rection on muon py is not necessary. For this correction, only 7, 2-D reweight is considered, as

shown in Figure 110.

6.4.6 Data and MC comparisons

After apply all corrections described in this section, the data and MC comparisons are shown
in Figure 111, including the Z boson mass, Z pr, Z rapidity, muon 7, cos 8 and ¢ distributions in

CS frame. Reasonable agreements had been found in all distributions.

6.5 Fitting method

Event distributions as a function of decay observables following from theory in practice get
altered by detector acceptance, reconstruction and selection effects. The LHCb detector is a
single-arm detector in forward region with unique acceptance, as well as the event selections
described in the previous sections, could cause non-uniform efficiencies. There are also effects
from detector resolution, and backgrounds modellings. In order to extract physics results from
the data, these effects must be taken into account in the A; determination. In this section, methods

are described to implement these effects for all observables that used to determine A;.
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Figure 109: Comparisons of the muon 7 and pr distributions between data and MC.

6.5.1

The parameters need to be determined in this analysis are Ay, A, A;, Az, and A4. The values
of these parameters are determined with an unbinned maximum log-likelihood fit to the angular
distributions of the selected Z — u*u~ candidates. As described in Section 6.4.3, to subtract the

background component, each event is given a signal weight, W;'. Also, the efficiency correction

Method introduction

is performed with a efficiency weight, as discussed in Section 6.5.2.

A maximum log likelihood fit is then performed with each candidate weighted by W;. The

fit uses a signal only PDF which is denoted §, obtained from Equation 29.

More details about the fit are discussed in the following sections.

6.5.2 Efficiency correction

In the angular measurement, angular efficiency correction is one of crucial components in

the results fitting.

In the MC signal events, an efficiency as functions of two angular observable can be defined

as the probability to reconstruct the event, given that it was generated with a certain set of decay
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Figure 110: The 2-D data/MC reweight factors, as a function of u~ n and u~ eta.
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Figure 111: The 2016 data and MC comparisons are shown in this section, including the Z boson mass, Z

pr, Z rapidity, muon 7, cos 6 and ¢ distributions in CS frame.
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angles. The efficiency can be determined by dividing the number of reconstructed events in a
certain bin by the number of generated events in this bin. If a 2D efficiency is determined in
this way several problems can arise. First of all, an unpractically large data sample is required
in order to get sufficiently small statistical uncertainties per bin. Secondly, a multi-dimensional
function fitted to model such angular efficiency is in general not factorizable into different one-
dimensional efficiencies; many terms can be required for a correct parameterization and the fit
procedure can become unstable. Furthermore, when multiplying the resulting multi-dimensional
function with the probability density function (PDF) of the signal decay, fitting and plotting can
become slow, in practice because of the numerical integrations which have to be performed,
leading to time-consuming studies. Finally, systematic effects due to any parameterization must
be considered.

A method of ‘normalization weights’ avoids the above problems. This method has been

introduced and used by many LHCb analyses [127].

Likelihood
Since this analysis uses a likelihood maximization to extract physics results, a brief review of
the maximum log-likelihood fitting procedure is given.

The method of maximum likelihood consists of finding, for a set of independently measured
quantities, as ¥, and a set of values for parameters A, that maximizes the joint probability density

for all the data, given by
L = [s@ib, (78)

where the index e denotes the event. S is the (signal) PDF, which larger than or equal to zero
everywhere, and is normalized over the observables. The PDF is written with a capital letter and
is implicitly normalized over the variables written to the left of the |. The unnormalized signal

function, s, is introduced with the following equation applies:

Lo s(2|)
S@E)D) = —< 79
(X|4) fs( Adr (79)

In the fitting, maximizing £ is equivalent to maximizing In £, so the log-likelihood equation

can be sloved as

dlnL Cs(@D
=0, 80
A da, Z f s(ADdx (%0
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where n represents the n-th parameter of 1. With a set of measured observables &, and construct
a signal PDF S (fﬁ), the Equation 80 can be used to extract a set of parameters A, with total
probability of all the measurements (which is the product of the individual probabilities of each
measurement) is maximal.

Considering effects from the angular efficiency, &(X), the maximum likelihood equation can

be written as:

dinL Z fs(xel/l)e()?) 1)

di, — da, s(ADe(R)dr B

Since In(AB) =1n(A) + In(B), and the efficiency does not depend on the physics parameters Z, the

solution of Eq. 81 is independent of the efficiency of numerator and therefore can be ignored.

Efficiencies

A method is discussed here, which describes efficiency in the fit, by determining the inte-
gral that appears in the denominator of Equation 81. In this method, the efficiency, and certain
components of the PDF, are independent of the parameters A, and the efficiency factorizes to ef-
ficiencies of different observable subsets. Then, the integral is determined for a general angular
efficiency by summing over the selected MC events. So, this method is independent of the shape
of the efficiency, and the efficiency does not need to be parameterized.

In this analysis, the observed shape of the distribution can be written as
sops(QUD) = s(ADe(D) = AD H( De(D), (82)

where A; is the amplitude term, f,(ﬁ) is the angular dependent functions for the i-th parameter,
and 8(ﬁ) is a general efficiency. As the efficiency in the numerator of Equation 81 does not
influence the estimation of the maximum of the likelihood, and also it does not depend on the

fitted parameters, it is irrelevant for the derivative, then Equation 81 can be rewritten as:

d Z 1 — AiDSiE) (83)

da, [ADFDe@)dE
where i represents the i-th parameter, and j represents the j-th parameter that need to be inte-
grated. From where it can be seen that the integral over the angles is independent of the physics
parameters. Furthermore, no description of the efficiency function is needed, but only the nor-

malization integral over the angles has to be determined to include the angular efficiency, and
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thus it only has to be done once. While the fitted parameters change value in the likelihood

maximization, the value of the angular integral remains constant.

6.5.3 Normalization weights

The integrals over the angles €, the normalization weights, can be determined as:
£ = f FDeDAD. (84)

Whether an event gets accepted or rejected, not only depends on ﬁ, but potentially also depends

on all other observable in the event such as momentum, number of tracks, etc. Naming all other

observable 7, the efficiency equals

L &(Q,28(8,20d

oy - 2G93 2
S (1)

(85)

Since the probability to generate an event with certain Qs independent of Z, it follows that
S (QIZ) = f S (ﬁlj)dz. It should be noted that the probability to generate an event with certain
angles, however, does depend on the parameters .

Then, the integrals Equation 84 can be written as

j ﬁ =2 = - -
£ = f f’ﬁ 3 £(€2, )8 (Q, )dzdQ. (86)
S Q)

The S (€, 24)dzdQ is the probability to generate an event for given 1 with observables between
[ﬁ, Q+ ﬁ] and [Z,Z + Z]. In other words, S (ﬁ, Z]/T)dzdﬁ is a weight for generated MC events,
and the integrals can be written as

1 (O f(8.)

N > 2 E(QK’ZK) = N =2 2 (87)
8 segenerated S (Qel/l) 8N peaccepted S (Qel/l)

& =

where, in the last step, it has been used that for each individual event the efficiency is a boolean

1
N, gen

(a zero or a one), since an event either gets accepted or not. Note that the overall factor is
irrelevant for the likelihood maximization.
In the end, the Equation 83 can be rewritten as:
dinL(h)  d ADAHS,)
- - Z In ———7—.
A, A [ A [ Q)

It can be concluded that there is an expression for the normalization, which can be determined

(88)

from MC. The integral in which the angular efficiency appeared has become a sum over the

accepted MC events.
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6.5.4 Validation

Similar to Reference [128], a validation of the method is performed and summarized here.
In the validation, a Pythia sample generated in Z rapidity > 2.0 region is divided to two identical
and independent sub-samples, labeled as A and B.

The predicted value of A; is estimated from sample A by using the traditional histogram
average method in born level, and the result is marked as “mean”. Sample B is used to describe
acceptance efficiency (LHCb fiducial region) in bare level, then extract another set of A; values
from the sample A by using unbounded likelihood method, to get the measured A; values in
bare level and mark results as ”fit”. The test results are shown in Figure 112, where the results
obtained by these two methods are consistent with each other, as expected. This method is good

to extract the A; parameters in real data.

6.6 Systematic uncertainties

Several systematic uncertainties from different sources are considered in this analysis, which
play an important role in this precision measurement. In this section, details of systematic un-
certainties are discussed, including method used in determination and uncertainty values. In
general, for each systematic uncertainty either a 1o~ variation, or a range of allowed values is
determined for each A; observable. The total systematic uncertainty is quadratic sum of all sys-

tematic uncertainties.

6.6.1 Efficiency

As shows in Section 6.4, the data/MC efficiency correction factor is applied to MC signal
events. This analysis is more like a shape measurement, therefore, measured results are not
sensitive to any global effect. The systematic uncertainty from tracking efficiencies to cover
differences of estimated efficiency between with ‘tag-and-probe’ and ‘Truth method’ [103] is

not been considered. Two kinds of uncertainties are considered:

 The statistical uncertainties of the efficiency are taken as one systematic uncertainties.
The efficiency correction factors shifted by +10 and —1o uncertainty are used to study
the effect on A; results. The larger deviation on the measured A; is chosen as systematic

uncertainty.

» The default efficiency correction is using the efficiency with muon n dependence. We
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Figure 112: Comparisons of the predicted A; and measured A’ using the fitting method, in full phase-space.
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replaced the default efficiency with 2-D efficiency with muon p; and ¢ dependence, and

taken differences between these two methods as one of systematic uncertainties.

6.6.2 MC sample size

The detector acceptance is determined using the MC signal sample, which is used in the
results fitting process. So a systematic uncertainty from MC sample size is considered for this
analysis. The Bootstrap method [129] is used to estimate the uncertainty from MC sample

size.

6.6.3 Background estimation

To estimate uncertainty from background estimation, the background contribution is modi-
fied by +10 and —10, and larger uncertainty is taken as systematic uncertainty for the measured

A;. The uncertainties from background estimation is very small, which can be ignored.

6.6.4 PDFs uncertainties

The systematic uncertainty comes from PDF is estimated by reweighting the central PDF set

to 56 CT14 error PDF sets. The prescription used in the calculation is:

28
AA* = 4| > (A% - AD), (89)
i=1

where A¥ is the predicted A; with i-th eigenvector of PDF sets, and A” is measured with the central
PDF set. Then, asymmetric uncertainties is calculated, but we use only the one with maximal
shift from the nominal prediction as systematic uncertainty, either positive or negative value. The
default PDFs uncertainty estimated with CT 14 PDF is at 90% confidence level (C.L.), arescaling
factor (1.64485) [130] is applied to these uncertainties to obtain the 68% C.L. intervals, as

AA*(68%) =

T6adgs A O0%) ©0)

6.6.5 Acceptance reweighting

The Pythia signal events are used to study detector acceptance and efficiencies. To decrease
the difference between the data and MC distributions, the MC signal events are reweighted to
the data distributions as described in Section 6.4.5. In this step, two kinds of uncertainties are

considered:
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» The statistical uncertainties of the ratio (Data/MC un map) are taken as one systematic
uncertainties. The ratio central values are varied by +10 and —10 uncertainty, and the

larger deviations on the measured A; are chosen as systematic uncertainty.

» The different binning schemes for the ratio reweighting map are tested, and deviations
of measured A; are taken as one systematic uncertainties. The default muon 7 binning is
10 bins in 2.0 to 4.5, two different binning sets are studied, as 5 and 15 bins. The larger

deviations on the measured A; are chosen as systematic uncertainty.

6.6.6 Summary of systematic uncertainty

The determined systematic uncertainties for measured angular coefficient in different Z boson
pr bins in 2016 data, are summarize in Figure 113. Results in 2017 and 2018 could be found
at Appendix B.2. The dominated systematic uncertainty in the measurements of the A; is the
MC statistical uncertainty, even in low Z boson pr region, where with largest statistics. The
comparisons of the total, statistical, and systematic uncertainties as a function of Z p7y in 2016
are shown in Figure 114. The similar result could also be seen in 2017 and 2018 datasets as

Appendix B.2 shows. Statistical dominated the uncertainties of this analysis.

6.7 Measured A, results

With method described in Section 6.5, we used a combined data-set of 2016, 2017, and 2018
to perform the angular coefficient measurements. For presenting the measured A4 results, a ratio
of measured values in each bin to the A4 value in the first Z p7 bin is shown. The measured results
are presented and discussed in this section, while the comparisons of data and fitted results in
each kinematic bin can be found in Appendix B.1.

The measured results of A; are compared to different theoretical calculations currently avail-
able, as a function of Z boson pr, rapidity. They probe the dynamics of perturbative QCD, in-
cluding the presence of higher-order corrections, and explore the effects from the V — A structure
of Z boson couplings.

The measurements are compared to various event generators, in particular to probe different
parton-shower models and event-generator implementations. For the different predictions, we
have Powheg-BOX with Pythia to perform hadronization, followed by different FSR approaches
(Pythia and Photos), predictions from Pythia 8 generators (MC using the LHCb default settings),
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Figure 113: Comparisons of systematic uncertainties of the A;

ZpT.
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predictions from default ResBos and dyturbo packages without any modifications on them, and

prediction from ResBos +zfifter.

6.7.1 Z boson p; depended results

As shown in Figure 115, the comparisons between the measured result using 2016 dataset and
different theory predictions. The measured central values and uncertainties of the coefficients

are listed in Table 21, Appendix B.3.1 shows results in 2017 and 2018 dataset.

The measured A, is agreed with Powheg-BOX predictions, also has similar trends as all
other predictions from Pythia 8, ResBos and dyturbo. While, for the A, the measured result is
disagree with Powheg-BOX and ResBos, less than Pythia 8 and dyturbo. For the measured A,
results, the LHCD results are favored with all theoretical predictions,. The measured A; results,
as we expected this parameter is small, there are reasonable agreements between measured data
and predictions. Finally, for the Ay — A, measurement, the LHCb data agree with 0 in the lower

Z pr region, and vary from 0 in the higher pr region.

Table 21: The measured angular coefficients Ag to A4 and Ag — A3 in bins of Z pr in 2016 dataset, using

Z boson events with y > 2.0.

pr(2)[ GeV] Ay +01ar +05ys1 Ay +01ar +0 5yt A 0 51ar +0 gyst
0-10 0.0105 0.0214 0.0181 | 0.0328 0.0082 0.0042 | 0.0110 0.0113 0.0058
10-20 0.0397 0.0242 0.0190 | 0.0440 0.0110 0.0058 | 0.0648 0.0149 0.0077
20-35 0.1774 0.0280 0.0198 | 0.1165 0.0150 0.0064 | 0.1177 0.0199 0.0109
35-55 0.4008 0.0370 0.0238 | 0.1119 0.0241 0.0134 | 0.2450 0.0300 0.0154
55-80 0.5722 0.0499 0.0260 | 0.1949 0.0419 0.0227 | 0.4360 0.0487 0.0261
80-100 0.6885 0.0927 0.0362 | 0.1962 0.0791 0.0343 | 0.6221 0.1047 0.0571
pr(2)[ GeV] Az £O0star  FOsyst Ay *0sar  FOgyg | Ao — Az E0gur  Hlgyy
0-10 0.0342 0.0053 0.0027 | 1.0000 0.0098 0.0028 | -0.0006 0.0177 0.0214
10-20 0.0265 0.0071 0.0039 | 1.0426 0.0032 0.0035 | -0.0251 0.0235 0.0242
20-35 0.0290 0.0096 0.0046 | 1.0111 0.0073 0.0048 | 0.0597 0.0319 0.0280
35-55 0.0607 0.0148 0.0076 | 0.3864 0.0152 0.0094 | 0.1559 0.0475 0.0370
55-80 0.0977 0.0248 0.0133 | 0.8090 0.0255 0.0244 | 0.1361 0.0670 0.0499
80-100 0.0923 0.0528 0.0294 | 0.4484 0.0462 0.0246 | 0.0000 0.0000 0.0927
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Figure 115: The determined results of the A; and Ag — A, as a function of Z boson pr, are compared with

different theoretical predictions in 2016.
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6.7.2 Z boson rapidity depended results

With the unique acceptance of the LHCb detector, it is important to measure the rapidity
dependence of angular coefficients, and compared/combined the results from the ATLAS and
CMS experiments. The measured rapidity results in 2016 are shown in Figure 116. The measured
central values and uncertainties of the coefficients in 2016 are listed in Table 22. Appendix B.3.2
shows results in 2017 and 2018 dataset.

There is no strong Z rapidity dependence in the measured A;, as expected. Since for the
Z rapidity measurement, the QCD effects on the Z boson pr had been integrated. There are
agreements between measured results and predictions for Ay to A3 and Ao —A2. But the measured
A, are systematically lower than all predictions in high Z rapidity region which indicate a careful

study on the A, predictions are necessary to make a good understanding of the LHCb results.

Table 22: The measured angular coefficients Ay to A4 and Ay — A in bins of Z rapidity in 2016 dataset,

using Z boson events with y > 2.0.

y(Z) AO '—F(sstat id&'ysl‘ Al iésmt i(Ssysl‘ A2 i(sstat iésysl

2.00-2.70 | 0.1788 0.0530 0.0487 | 0.0249 0.0155 0.0085 | 0.1143 0.0144 0.0079
2.70-3.00 | 0.0400 0.0408 0.0365 | 0.0857 0.0120 0.0070 | 0.0880 0.0172 0.0084
3.00-3.25 | 0.0975 0.0404 0.0355 | 0.0826 0.0122 0.0075 | 0.0723 0.0198 0.0111
3.25-3.60 | 0.0656 0.0324 0.0277 | 0.1099 0.0117 0.0080 | 0.0751 0.0184 0.0095
3.60-4.50 | 0.0141 0.0437 0.0381 | 0.0750 0.0161 0.0095 | 0.0898 0.0193 0.0105

y(Z) A3 iéxmt i6syst A4 iésmt ié‘Syst AO - A2 idvtat iéxyst

2.00-2.70 | 0.0424 0.0071 0.0041 | 1.0000 0.0187 0.0026 | 0.0645 0.0363 0.0530
2.70-3.00 | 0.0587 0.0082 0.0047 | 1.4324 0.0049 0.0146 | -0.0480 0.0272 0.0408
3.00-3.25 | 0.0303 0.0092 0.0047 | 1.2129 0.0053 0.0099 | 0.0251 0.0276 0.0404
3.25-3.60 | 0.0423 0.0086 0.0046 | 1.4009 0.0058 0.0083 | -0.0094 0.0261 0.0324
3.60-4.50 | 0.0148 0.0092 0.0052 | 1.1255 0.0007 0.0039 | 0.0000 0.0000 0.0437

6.7.3 Results with low Z boson p; events

As discussed in Section 1.8.4, in this analysis the Boer-Mulders function lower pr region is
also be tested. The measured results in 2016 are shown in Figure 117. The measured central
values and uncertainties of the coefficients in 2016 are listed in Table 42. For Z events with
lower pr, the measured Ay — A, is agreed with 0, but with large uncertainties due to the limited

statistics. Appendix B.3.3 shows results in 2017 and 2018 dataset.
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Figure 116: The determined results of the A; and A9 — A, in 2016 dataset, as a function of the Z boson

rapidity, are compared with different theoretical predictions.
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Figure 117: The determined results of the A; and Ag — A; in lower Z pr region, compared with different

theoretical predictions in 2016 data.
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Table 23: The measured angular coefficients Ay to A4 and Ayp — A, in bins of low Z pr region, using Z

boson events with y > 2.0 in 2016 dataset.

pr(2)[ GeV] Ao TOstar TOsyst A £O0star TOsyst Ay TOstar EOgyst
0-2 -0.0855 0.0424 0.0267 | 0.0083 0.0244 0.0129 | 0.0016 0.0337 0.0179

2-4 0.0519 0.0327 0.0224 | -0.0145 0.0171 0.0095 | 0.0529 0.0236 0.0130

4-6 -0.0196 0.0303 0.0214 | 0.0630 0.0163 0.0081 | -0.0297 0.0226 0.0113
6-12 0.0292 0.0250 0.0194 | 0.0464 0.0110 0.0058 | 0.0241 0.0151 0.0081
12-20 0.0431 0.0255 0.0194 | 0.0469 0.0130 0.0069 | 0.0705 0.0175 0.0089
pr(2)[ GeV] Az 0 1ar +0gyst Ay +0 star 0 gyst Ag—Ay  *ogau +0yst
0-2 0.0274 0.0158 0.0093 | 1.0000 0.0291 0.0033 | -0.0871 0.0520 0.0424

2-4 0.0217 0.0111 0.0055 | 0.9204 0.0089 0.0073 | -0.0010 0.0369 0.0327

4-6 0.0453 0.0105 0.0057 | 1.0848 0.0095 0.0064 | 0.0100 0.0353 0.0303
6-12 0.0266 0.0071 0.0032 | 0.9452 0.0160 0.0106 | 0.0051 0.0237 0.0250
12-20 0.0362 0.0083 0.0044 | 0.7664 0.0138 0.0098 | 0.0000 0.0000 0.0255

6.8 Conclusion

This analysis presents a precise set of measurements of the Z-boson production dynamics in

the Z-boson pole region, through the angular distributions of the muons. Data of 2016, 2017 and

2018 data sets, at centre-of-mass energy of +/s = 13 TeV, have been analysed. By using BLUE

method [97], the combined measurements from 2016, 2017 and 2018 are obtained as a function

of Z boson pr as Figure 118 shows, and Figure 119 shows the result as a function of Z boson

rapidity. While Figure 120 shows the combined result in low Z boson pr region. In the process

of the combination, the PDF and FSR uncertainties are treated as the correlated uncertainties, the

mc size, efficiency and background uncertainties are uncorrelated.
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Figure 118: The combined results of the A; and Ag — A; in 2016, 017 and 2018 dataset, as a function of

the Z boson rapidity, are compared with different theoretical predictions.

174



HEran
DOCTORAL DISSERTATION

o 04
<

035
03
025
02
0.15
0.1

0.05

~ 04
<

03

02

0.1

08

0.6

:

5 . ———
E 1 1 1 1

25 3 35 4 4.5

pT(Z) [GeV/c]

AR T T T .
T £ ——K—__ X ]
—— ‘
o - 1
L. .. .1 T Ll i
2 2.5 3 35 4.5

p,(2) [GeVic]

r T — T LB e
C —— ]
- = 0
r — eV .
— —_—— —
r —t— ]
o . B
C 1 1 1 ]
25 3 35 45

pT(Z) [GeV/c]

0.8

0.6

04

02

« 05
<

04

0.3

02

=)

|
e

a 0.6

0.5

04

0.3

02

0.1

N T T T T ]
r [E— ]
Js——
B Uncorrel lated Sy i
[~ —¥K— rowneasprrsasphatnos ]
o —@— POWHEG+PYTHIA+FSR i
B Pythiag ]
B DYTurbo. T
— ~—4#— ResBossZFitter+Photos -
L . - ]
—— = e —— =
C 1 1 1 1 ]
25 3 35 4 4.5
pT(Z) [GeV/c]
» T T T T ]
- —o— rounesievmursn 3
o Pytian ]
o oviue ]
[~ —4— Ressosszrtersonotos -
E L A b
2 2.5 3 35 4 4.5
p‘_(Z) [GeV/c]
= T T T T T m
E . . . E
= £ A= =
F —%—
E | | |

4 45
pT(Z) [GeV/c]

Figure 119: The combined results of the A; and Ag — A, in three years dataset, as a function of the Z boson

rapidity, are compared with different theoretical predictions.
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7 Measurements of high-pr muon reconstruction efficiency
for the LHCb RunllI data-sets

7.1 Introduction

Precision measurements of the single W* and Z gauge boson production cross section [45,

—133] at the hadron colliders provide important tests on the Quantum ‘Chromodynamics’
(QCD) and the electroweak (EW) sectors of the Standard Model (SM). The Z — u*u~ and
W* — u*v processes have large production cross-sections, and a clean final state particle (u),
which can be used to perform precise EW measurements. For these studies, the muon efficiency
is a crucial element to determining the the production cross section, and an important source of
systematic uncertainties. Therefore, a good understanding on the muon efficiency is a important
task for almost all of Runll EW measurements®. In this note, the high-p; muon reconstruction

efficiency in the LHCb, £, is studied for three independent components, as
g = Etrg X 8trk X 8id’ (91)

where &% is the muon trigger efficiency, £"* is the long track reconstruction efficiency, and &
1s the muon-identification (MulD) efficiency.

The reconstruction efficiency of high-p; muons cannot be directly determined from the sim-
ulated events, as Monte Carlo (MC) events cannot properly model some crucial detector effects
(i.e., detector occupancy), resulting in overestimations of the muon efficiency. Therefore, these
muon efficiencies are determined with real data, using a tag-and-probe method [134]. The mea-
sured efficiencies are further checked with data events collected with different magnet polarities
(MagUp and MagDown), and for positive muons as well as negative muons.

The leptonic decay of Z boson (Z — ¢*¢7) is a process with high signal purity, with high-pr
lepton pairs in the final state. In the LHCb, Z — u*u~ events are used to determine the muon
efficiencies [126]. In the efficiency determination, one of the muons, required to be triggered
by muon triggers and positively identified as a muon at the reconstructed level, is used as a tag.
Another reconstructible object (such as a long track or a muon) representing the second muon,

is used as the probe muon. The probe muon is used to determine the corresponding efficiency,

8In the LHCb W mass measurement and R, measurement, another approach to study the muon efficiency is

used, which not be discussed in this note.

177



DOCTORAL DISSERTATION

g, with formula as

N, pass
b
N tot

E =

92)

where N,,, is the number of events that satisfied the tag-and-probe selection and N, 1s the subset
of these events, which also satisfy specific ‘pass’ requirement on the probe muon.

The studies are performed with Z — u*u~ data and simulated events. The stripping version
used in this analysisisRecol6-Stripping28r2 for 2016 data-set, Recol 7-Stripping29r2
for 2017 data-set,and Recol18-Stripping34 for 2018 data-set. The stripping line Z02MuMuLine
and WMuLine are used in this study, where at least one of muons of Z — u*u~ candidates must
be triggered by the LOMuonEW, H1tlSingleHighPTMuonandH1t2EWSingleMuonVHighPt
trigger lines.

Additionally, the tag-and-probe method is verified using simulated Z — u*u~ events gen-
erated for 2016 data-set. This note is organised as follows: the muon trigger efficiency deter-
mination is described in Section 7.2, the muon track reconstruction efficiency determination is

described in Section 7.4, followed by a study of muon identification efficiency in Section 7.7.

7.2 Trigger efficiency

7.2.1 Tag-and-Probe selection

For the selected Z — u*u~ events, the high-p; muons are required to have been triggered by
dedicated lines at the LO, HLT1 and HLT2 stages (LOMuonEW, H1t1SingleHighPTMuon
and H1t2EWSingleMuonVHighPtDecision) respectively. The trigger efficiency is the
fraction of events that have two triggered muons to events that have only have one triggered
muon. The requirements placed on the Z — u*u~ events that are used to determine the muon
trigger efficiency are summarized in Table 24.

charged .

In the event selection, 1 is used to ensure the muon is an isolated particle in the event,

T
which is defined as

Icharged — p}} (93)

T —cone *
T + T

It is a ratio of muon transverse momentum to that of all charged tracks within a radius, AR, of
0.5 of the muon track. Both tag and probe objects are required to satisfy I5"** > 0.85.
The tag muon is required to pass all three levels of the trigger, and the trigger efficiency is

determined by counting the number of probe muons that passed the trigger requirements.
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Table 24: The tag and probe selection used for the muon trigger efficiency study.

Tag Probe Event
Long track Long track | 60 < M, < 120 GeV
isMuon isMuon
Triggered - X2,/ndf <5

op/P<0.1 | op/P<0.1
pr>20GeV | pr >20GeV
2<n<45 | 20<n<45
e 5 0.85 | 159 > 0.85

7.2.2 Background estimation

The trigger efficiency may be affected by mis-identification background. This background
contribution is estimated from a same-sign data sample, by running over MuMuSSLine4 strip-
ping line, with applying all tag-and-probe selections as Table 24 shows, except that the two
muons are required to have the same charges. The background contribution is found to be very
small, so overall effects from this background contribution to the efficiency determination are
considered to be negligible.

As an additional check, the invariant mass distributions of data sample (after tag-and-probe
selection), that pass and fail the trigger requirements are shown in Figure 121, where a good
agreement is observed between these two mass distributions, indicating that the muon trigger

efficiencies is not affected by the existence of background events.

7.3 MC muon trigger efficiency

For MC sample, besides the tag-and-probe method, Truth method [103] could also be used
to determine the efficiency, by using the particle truth information. In this method, both tag and
probe particles are required to match a generator level muon, that come from Z boson. Then, the
efficiency is studied using this high purity sample. So the tag-and-probe method could be vali-
dated using simulated Z — u*u~ events, by comparing efficiency estimated with Truth method
to that with tag-and-probe method. Comparisons of trigger efficiency as a function of muon n
and muon pr are shown in Figure 122. Good agreements are observed for different variables, in-
dicating that the muon trigger efficiencies calculated using the tag-and-probe method are reliable

and robust.
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Figure 122: Comparison of muon trigger efficiency calculated using the Truth method and the tag-and-

probe method, as a function of muon r (a) and muon pr (b), estimated with simulated events.

7.3.1 Systematic uncertainties

As muon trigger efficiencies measured with different methods are consistent with each other,
given this binning scheme and these tag-and-probe selections, these are the muon efficiencies, no
additional systematic uncertainty is assigned to the trigger efficiency. The only uncertainty for
trigger efficiency is statistical uncertainty, which is used to cover uncertainties due to the finite
size of the Z — u*u~ data sample. This uncertainty in different variable bins varies between
0.002% and 0.004% for 2016 and 2017 data-set, and 0.002% and 0.003% for 2018 data-set.

7.3.2 Results

As studied in Appendix C.1 and Figure 124, the muon trigger efficiency has neither muon
charge dependence nor event magnet polarity dependence. The muon trigger efficiency is mea-
sured for the data-set collected in 2016, 2017 and 2018. The measured trigger efficiency is
presented as a function of four kinematic and event variables (muon 7, muon pr, muon ¢, num-
ber of SPD hits in the event) in Figure 123. The efficiency for each trigger stage (L0, HLT1,
HLT?2) is shown in Appendix C.2.
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Figure 123: Muon trigger efficiency for 2016, 2017 and 2018 data-set as a function of muon 7 (a), muon
pr (b), muon ¢ (c) and the SPD multiplicity (d) of events.
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Figure 124: The measured muon trigger efficiency split by different charge and polarity, in 2016 data, as
a function of muon 7 (a), muon p7 (b), muon ¢ (c), and SPD multiplicity (d).
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7.4 Tracking efficiency

7.4.1 Probe track

Z — u*u” events are used to determine the long track reconstruction efficiency (long track
of muon particle), with the tag-and-probe method. In the method, the tag muon must be a long
track that passing both muon trigger and muon identification requirements. A track reconstructed
by combining hits in the muon stations [ 78] and the Trigger Tracker (TT), known as a MuonTT
track, is taken as probe. Long tracks leave hits in the VELO and the T-stations, but not nec-
essarily in TT. Therefore, a MuonTT track is chosen to estimate the long track reconstruction
efficiency, as this efficiency is not expected to have any dependence on hits from these particular

sub-detectors. [135]

7.4.2 Tag-and-Probe selection

The requirements placed on the Z — u*u~ events that are used to determine the muon track-
ing efficiency are summarized in Table 25.

Compared to the trigger and identification efficiencies studies, a tighter mass window cut is
used in this study, due to a larger background contribution and a worse mass resolution of the
selected sample. The tag and probe objects are further required to have an azimuthal separation
of 0.1 radials, to ensure both tracks do not arise from the same particle (MuonTT track is assigned
to a wrong charge).

The ‘track match’ criteria is defined as [126]:
e Shared Muon Hits > 40%,

» Shared TT Hits > 60%,

* Myperade > 40 GeV,

where the second condition (Shared TT Hits > 60%) is only applied if the long track has associ-
ated TT-hits. The variable M,,4/4., known as the upgrade mass, refers to the invariant mass of
the tag and the long track being tested. By requiring a tight upgrade mass cut, it could suppress
contributions from incorrect matching of the MuonTT track with soft tracks from the underlying

event.
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Table 25: The tag and probe selection used for the muon tracking efficiency study.

Tag Probe Event
Long track | Muon TT track | 70 < M,,, < 110 GeV
isMuon - |Ag| > 0.1 rad
Triggered - X2, /ndf <5
op/P < 0.1
Xip <6 Xip <6
pr >20GeV | pr>20GeV
20<n<45] 20<np<45

7.4.3 Background estimation

The background contribution in the selected tag-and-probe sample is estimated by comparing
the invariant mass distributions of a long track and a Muon TT track in two different tag-and-

probe samples, as discussed below:

* Long-MuonTT: This sample is a tag-and-probe sample selected with selections as Table 25

described, which is also used to determine the tracking efficiency.

* Long-Long: An ‘inverted’ tag-and-probe selected sample. To get this sample, the standard
Z — ptu selection [45] is applied to the data sample, while a MuonTT track is searched

within a cone AR of 0.1 of the probe muon.

As the Long-Long sample is selected by applying the standard Z — u*u~ selection, it has a
minimal background contribution. Therefore, background contamination in the Long-MuonTT
sample can be estimated by comparing the invariant mass distributions of Long-MuonTT and
Long-Long samples. The Long-MuonTT sample represents the invariant mass distribution of
the tag and probe sample, while the Long-Long sample represents the invariant mass distribution
of Z — u*u~ events, with probe object matched to a long track.

The invariant mass distributions for 2016, 2017 and 2018 data-set are shown in Fig. 125.
The mass distributions of Long-Long and Long-MuonTT samples are agreed with each other in
all mass region, which indicate the background contribution is small for events in this region.
As shown in Fig. 126, there is large background contribution in the lower mass region in the
failed events. While in the signal region ([70,110] GeV/c), the background contribution is small.
Therefore, the background contribution is expected to be suppressed with a tight mass window,

and is not been considered as a dominated systematic uncertainty in the efficiency study.
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Figure 125: The invariant mass of a long track and a MuonTT track in the background-free Long-Long
sample and the tag-and-probe sample, Long-MuonTT, for 2016(a), 2017(b) and 2018(c) data. The good
agreement in the region 70 < M < 110 GeV indicates that no significant background is introduced to the

tag-and-probe sample in this mass region.
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7.4.4 Corrections

In contrast to the determination of the identification and trigger efficiencies, the tracking
efficiency determined using the tag-and-probe method is biased by different effects. Therefore,
a number of corrections to the track reconstruction efficiency are required, in order to obtain the

correct efficiency from the tag-and-probe method. The relevant corrections are discussed below.

7.4.5 Bias Correction

The tag-and-probe method use a MuonTT track as probe particle. However, not all of the
long tracks have an associated MuonTT track. The bias on the tag-and-probe track efficiency
is investigated using the simulation signal events (MCDecayTree). The track reconstruction
efficiency of a truth particle that has an associated MuonTT track is compared to that of all truth
particles. The track reconstruction efficiency is calculated as:

N econstructe
&(MC particle : all) = —construeted (94)
NMC particle

NReconstruCted: With MuTT

e(MC particle : With MuonTT) = , (95)

MC particle: With MuTT

where Nreconstructed (VReconstructed: with MuTT) 18 the number of MC particles that has a reconstructed
long track (with an associated MuonTT track), Nuc particle (NMC particte: with MutT) 18 the number of
MC particles (with an associated MuonTT track).

The bias correction distribution as a function of muon 7 (a) and muon pr is shown in Fig. 127,
where events has associated MuonTT track are shown to have a higher reconstruction efficiency.
The bias correction is calculated as a ratio of these two reconstruction efficiencies, as

e(MC particle : all)
&(MC particle : with MuonTT)"

R(Bias) = (96)

The calculated bias correction for tracking efficiency is shown in Fig. 128, as a function of

muon 7 (a) and muon pr.

7.4.6 Track Matching Efficiency

The matching conditions outlined in Sec. 7.4.2, are bring inefficient in the track matching,
where a MuonTT track is matched to a long track. This inefficiency must be corrected to remove
such effects. However, as mentioned in Ref. [103], the matching efficiency is close to 100%

for the long track in the LHCb acceptance region. In this study, the track matching efficiency is
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determined by calculating how frequently a MuonTT track is matched to a long track using an
‘inverted’ tag-and-probe method, based on Z — u*u~ data and simulation events. In this method,
as two muon from Z — u*u~ are selected as two long tracks, the background contribution from
Z events is expected to be negligible. However, background contribution cannot be ignored in
the searching of MuonTT track, where a random MuonTT track is chosen to matched to the
long track. In order to suppress the MuonTT background, we used the x3, cut, by requiring the
muonTT track should point back to a PV. In the study, candidates events are selected with two
fully identified muons that satisfying the Z — u*u~ selection requirements and y3, < 6, and a
MuonTT track with pr greater than 20 GeV and )(IZP < 6 is search within an  — ¢ radius, AR, of
0.1 of the long track. If there is such a MuonTT track exists in event, the efficiency is determined
by calculating how frequently this MuonTT track is matched to the long track, with the matching
conditions described above. The matching efficiency that determined using simulation events is
shown in Fig. 129. The determined matching efficiency is (99.72 + 0.02)% in the MC events,
which is very close to 100%. Similar as the Ref. [103], the matching efficiency is also assumed

to be 100%, and assigned 0.28% as a systematic uncertainty.
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Figure 129: The determined track matching efficiency in MC events, as as a function of muon 7 (left) and

muon pr (right).

7.4.7 Monte-Carlo Comparison

The tag-and-probe method is validated using the simulated Z — p*u~ events. As discussed
before, the tracking efficiency of MC events estimated using the tag-and-probe method need be

corrected for both bias correction and track matching efficiency correction, as

1
&V'(Corrected) = &l¢ .14 prove X R(Bias) x : (97)
EMatch
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In this study, the matching efficiency is assumed to be 100%, so only bias correction is applied
to the tag-and-probe tracking efficiency. In principle, with these corrections applied, the tag-and-
probe efficiency should be same as MC-Truth efficiency. As shown in Fig. 130, the corrected tag-
and-probe tracking efficiency is compared with the MC-Truth efficiency, where good agreements

are observed within the uncertainties.
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Figure 130: The calculated muon tracking efficiency as a function of (a) muon 7, and (b) muon pr, for

the corrected tag-and-probe efficiency and the truth level efficiency.

7.5 The corrected tracking efficiency

As described in Eq. 97, the measured tag-and-probe tracking efficiency of the MC events
need further corrections to suppress the bias from the method itself, including the bias correction
and track matching correction. With good agreements between the efficiencies measured using
the corrected tag-and-probe method and MC-truth method, we could simply use the following
formula to correct the measured data tag-and-probe tracking efficiency, as:

MC

£
£P*(Tracking) = £”**(Tag — and — probe) x —MgIC_T““h . (98)

8Tag—and—pr0be
For the systematic uncertainties of the track reconstruction efficiency, the following sources

are considered.

* Differences between MC-truth efficiency and the corrected tag-and-probe efficiency of
MC events are assigned as the systematic uncertainty. As Fig. 130 shows, good agreements
could be seen between the MC-truth efficiency and the corrected tag-and-probe efficiency,

the remaining discrepancies are taken as systematic uncertainties.
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* The track matching correction estimated using the MC events is not 100%. The difference
between the MC track matching efficiency and 100% is 0.28%, and we assign 0.28% as

one of systematic uncertainties.
 The track matching efficiency difference between data and MC, which is 0.33%.

* The muonTT finding efficiency difference of between data and MC, which is 0.1%.

7.5.1 Track matching efficiency systematic uncertainty

Using the same method as Sec. 7.4.6 described, the matching efficiency could also be calcu-
lated in the real Z — u*u~ data. In Fig. 131, the comparison of the matching efficiency estimated
using the data and MC events are shown, where reasonable agreements between data and MC
are seen. The overall difference between data and MC track matching efficiency is assigned as

a systematic uncertainty, which is 0.33%.
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Figure 131: Comparison of track matching efficiency estimated using the data and MC Z — u*u~ events,

as a function of muon 7 (a) and muon py (b).

7.5.2 MuonTT finding systematic uncertainty

In the determination of the bias correction, as shown in Eq. 96, the e(MC particle : with MuonTT)
is calculated based on the candidates with an associated MuonTT track. Therefore, the differ-
ences of MuonTT finding efficiency between data and MC events could affect the bias correction.

The MuonTT finding efficiency is defined as a efficiency that finding a MuonTT track around a

long track, as:
N(Long track, with MuonTT)

€(MuonTT Finding) = N(Long track)

99)
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Table 26: Summary of systematic uncertainties estimated for the tracking reconstruction efficiency.

Sources Uncertainty
Matching efficiency (data and MC) 0.33%
Matching efficiency correction 0.28%
MuonTT finding efficiency 0.1%
Tag-and-probe Method -
Total 0.47%

This efficiency is estimated using data and MC Z — p*u~ events. Fig. 132 shows the compar-
ison of MuonTT finding efficiency estimated using the data and MC events. There is roughly
20% difference between data and MC of MuonTT finding efficiency. To estimated a systematic
uncertainty to cover this differences, the MC events are reweighted by a ratio of data and MC
MuonTT finding efficiency, and take the differences on the bias correction between with and

without this reweight as a systematic uncertainty, which is 0.1%.
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Figure 132: Comparison of MuonTT finding efficiency estimated using the data and MC Z — u*u~

events, as a function of muon 7 (a) and muon py (b).

7.5.3 Total systematic uncertainty

Given this binning scheme and these tag-and-probe selections, the systematic uncertainty
estimated for the high pr muon tracking reconstruction efficiency is summarized in Table 26. In

summary, the total systematic uncertainty is 0.47% for each muon track.
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7.6 Results

The determined tracking efficiency for 2016, 2017 and 2018 data-sets. As expected, the
efficiency has no dependence on lepton199charge or magnet polarity (Appendix A), and the

measured tracking efficiency as a function of kinematic and event variables are shown in Fig. 133.
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Figure 133: Muon tracking efficiency for 2016, 2017 and 2018 data-set as a function of muon 7 (a), muon
pr (b), muon ¢ (c) and the SPD multiplicity (d) of event.
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7.7 Identification efficiency
7.7.1 Tag-and-Probe selection

The muon identification efficiency is the efficiency that a real muon of identify a real muon
passes the muon quality requirement. In this study, Z — u*u~ events are used, with the tag-and-
probe method. The tag must be a fully reconstructed, identified and triggered muon, and the
probe is a long track without any requirement on muon identification. The tag muon is further
required to have pr > 20GeV, 2.0 < 1 < 4.5, while probe is required to have pr > 20 GeV, 2.0 <
n < 4.5. Both tag and probe are required be a long track with relative momentum uncertainty
less than 10%. The invariant mass of the tag and probe is required in the mass region of [60,
120] GeV. To select a sample with high purity, additional event requirements are also placed on
candidate events, including candidate events must have an azimuthal separation, |A¢|, greater
than 2.7 radians. The tag-and-probe selection requirements used in this study are summarized in
Table 27.

The muon identification efficiency is calculated by counting the number of probes within the

selected sample satisfying the i sMuon requirement.

Table 27: The tag-and-probe selection used for the muon identification efficiency study.

Tag Probe Event
Long track Long track | 60 < M, < 120 GeV
isMuon - |A@| > 2.7
Triggered - X2 /ndf <5
op/P <0.1
pr >20GeV | pr >20GeV
2<n<45 |20<n<45

7.7.2 MC muon identification efficiency

The muon identification efficiency obtained with the Truth method is compared with that
using the tag-and-probe method, using the simulated Z — u*u~ events, to vary the method.
The results are shown in Figure 134, as a function of muon 7 and muon p7y. Good agreements
are seen in all regions. Therefore, no bias is introduced by the tag-and-probe method, and the

tag-and-probe method is stable and robust to determine the muon identification efficiency.
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Figure 134: The muon identification efficiency calculated as a function of muon 7 (a) and pr (b) in

simulated Z — p*u~ events, using Truth method and the tag-and-probe method.

7.7.3 Background estimation

With similar method used in Section 7.2.2, the impacts of background contribution to the
muon identification efficiency is studied. Based on previous analysis [45] the dominating back-
ground of Z — u*u~ events is from heavy flavour (HF) processes. However, in this study, as
X2, /ndf < 5 selection cut has been applied, which could highly decrease the HF background
contribution. Therefore, the background contribution effects to efficiency determination is neg-

ligible.

A further cross-check is performed to ensure that there are no potential background effects.
The invariant mass distribution of Z — u*u~ events that passed the muon identification require-
ment is compared to that of events that passed the muon trigger requirements (candidates used in
muon trigger efficiency study). As mentioned before, the selected trigger efficiency candidates
have small background contribution. For the sample used in the muon identification efficiency
study, if there is any excess in the mass tail region, it will indicate there is an extra background
contribution in the sample. The mass distributions for 2016 2017 and 2018 data-sets are shown

in Figure 135, where good agreements are found between these two distributions.
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Figure 135: Comparison of the Z — u*u~ invariant mass distribution of samples obtained for the muon
identification and moun trigger efficiency studies, for 2016 (a), 2017 (b), and 2018 (c) data-set. The
shadow region represents the mass distribution of muon identification sample, while solid line represents

the mass distribution of muon trigger sample.
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Figure 136: Comparison of the Z — u*u~ invariant mass distributions for events passing or failing the

muon identification requirement, for the 2016 (a), 2017 (b), and 2018 (c) data-sets.
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7.7.4 Systematic uncertainties

Similar to the systematic uncertainty estimation of the muon trigger efficiency, no systematic
uncertainty is assigned to the muon identification efficiency, for both the tag-and-probe method
and the background contribution. The only uncertainty in the muon identification efficiency is
due to the finite size of the Z — u*u~ sample. The uncertainty in different bins of phase space
varies between 0.001% and 0.003% for the 2016, 2017, and 2018 data-sets.

7.7.5 Results

The muon identification efficiency is calculated using the tag-and-probe method, for the
2016, 2017 and 2018 data-sets. As expected, the efficiency has no dependence on lepton charge
or magnet polarity (Appendix C.1), and the measured efficiency is shown in Fig. 137, as a func-
tion of different event and kinematic variables. Good agreements in efficiency are seen between

these three data-sets.

7.8 Conclusion

The muon reconstruction efficiencies are determined using the tag-and-probe method with
LHCb Runll data-sets, for pp collision data collected in 2016, 2017, and 2018. The measured
efficiencies are checked with ‘Truth method’, where good agreements between different methods
are seen. The uncertainties of muon efficiencies are studied, which is dominated by the statistics
uncertainty. Furthermore, for the muon trigger, tracking and identification efficiencies, there is

no dependence on muon charge and magnet polarity.
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Figure 137: Muon identification efficiency for 2016, 2017 and 2018 data-set, as a function of muon 7 (a),
muon pr (b), muon ¢ (c) and the SPD multiplicity (d).
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8 Improved-alignment and momentum calibration for physics

with high momentum muons in LHCb

8.1 Introduction

The LHCDb experiment is a forward spectrometer at the LHC. With unique forward coverage
(2 < n < 5), measurements of W* and Z° boson production at LHCb could provide important
tests of the theoretical predictions [45]. For instance, the LHCb data could probes a different
range of the proton distribution functions, measurement of the Z-boson forward-backward asym-
metry, and a planned measurement of the W mass, are sensitive to different theoretical uncertain-
ties than those of the central LHC detectors.

At LHCb the electroweak measurements are outside the main physics program, which is cen-
tered around low-pr flavour physics. As a result detector calibrations have not been optimized
for this type of measurements. In particular, the momentum calibration for the high-momentum
muons that form the main signature of W* and Z° decays in LHCb for has been found to be of
relatively poor quality. The systematic uncertainty associated to the momentum measurement
affects LHCDb’s potential in electroweak precision measurements. In this manuscript we present a
procedure for the improvement of the momentum calibration for high-momentum muons, using
the invariant mass distribution of the Z — u*u~ decay. Since the start of data taking in 2015, the
LHCD collaboration employs a novel prompt alignment procedure [136], with the aim to obtain

a stable performance of the detector. The prompt alignment and calibration consists of

* the vertex detector (VELO) alignment, followed by the alignment of the spectrometer
tracking stations (TT, IT, OT);

* the alignment of the MUON tracking detector;

+ global time alignment offset between the collision time and the LHCDb clock that affects

the drift time measured in the straw tubes which compose the OT;
* the alignment of primary and secondary mirrors rotation in both RICH detectors;
* RICH gas refractive-index and Hybrid Photon Detectors calibrations;

« ECAL LED (relative) and n° (absolute) calibrations.
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The detector alignment of the tracking detectors (VELO, TT, IT, OT and MUON) is performed
using a global minimum y? algorithm that takes reconstructed tracks and vertices as input [137,
]. In the online procedure, different types of events are selected. For VELO alignment, min-
imum bias events enriched by beam collision with residual gas in the VELO region are used.
For alignment of the spectrometer, D — Kr candidates are used, where the D° mass position
provides important information to constrain the curvature bias. For the alignment of the muon
detectors, muons from Jjy — u*u~ candidates are used. Although the alignment software al-
lows for the simultaneous alignment of all tracking systems, this was not currently exploited
for the prompt alignment for LHCb Runll data-taking. Rather the velo, IT/OT/TT and MUON
alignments are all run in separate steps. The LHCb tracking detectors are oriented approximately
perpendicular to the z-axis. The main component of the dipole magnet is in the y (vertical) di-
rection. Remaining detector mis-alignments lead to a bias in the track curvature, g/p. Since the
magnetic field primarily bends tracks in the xz-plane, to first order the curvature bias is directly
proportional to mis-alignments of tracking detectors in x. For instance, an displacement Ax of

the T station detectors relative to the VELO leads to a curvature bias
AL = AAx (100)

p

where A represents the field integral, and is approximately 0.3 /GeV /m. As a consequence,
the bias in the momentum due to remaining misalignment is proportional p: it grows strongly
as a function of momentum. Figure 138 shows the peak position of the Z — u*u~ invariant
mass distribution as a function of the azimuthal angle of the positive muon in run-2 data, using
the alignment produced with the prompt alignment procedure. Since Z bosons are produced
with small transverse momentum in the LHCb acceptance, the azimuthal angle of the muon is a
good proxy for the azimuthal angle of the Z decay plane. A large dependence of the invariant
mass on this angle is observed. The fact that the behaviour changes sign with the polarity of
the field is in indication that it is due to detector mis-alignment. The largest variations are about
1 GeV, approximately 1% of the Z boson mass. The relative error in the momentum is two
orders of magnitude larger than the precision LHCb obtains for the low momentum tracks used
for precision mass measurements of charm and B hadrons [95, , 140]. As another example
Figure 139 shows the average forward-backward charge asymmetry (Arp) as a function of the di-
muon invariant mass, which can be used to extract the weak mixing angle [141]. The observed
average App also shows a large dependence on the magnetic field configuration. This effect

is not seen on simulated data, and hence must be the result of a poor momentum calibration.
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The prompt alignment used charmed hadrons (D°, J/) to fix the curvature bias. The momenta
of the final state particles are much smaller than those from W#* and Z° decays. This explains
why the prompt alignment is not sufficiently sensitive to the small misalignments that affect the
high-momentum tracks.

In this note we report on a study that exploits Z — u*u~ events to improve the alignment
of the VELO and IT/OT/TT tracking stations. Among others we obtain an improvement of the
Z — p*u” invariant mass resolution by about 30%. However, as some dependencies of the
invariant mass on the kinematics of the decay and the magnetic field orientation remain, we
also study additional calibration corrections for muon curvature in bins of azimuthal angle and

pseudorapidity. As discussed in Refefence [142], the observed muon momentum bias comes
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Figure 138: Z° mass peak position as a function of muon ¢. (top-left) is for u* in MagUp sample, (top-
right) is for u~ in MagUp sample, (bottom-left) is for 4™ in MagDown sample, (bottom-right) is for u~ in

MagDown sample.

from a curvature bias, other than from a momentum scale bias. Momenta are measured by the

curvature, which for the purpose of this note we define as ¢/p with ¢ is the charge of particle.
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Figure 139: Comparison of App distributions measured using MagUp and MagDown events of 2016

data-set.

In LHCDb, the curvature of charged track is measured in the xz plane, but as the magnitude of the
momentum is dominated by the z component, we should focus on the x direction in this study. To
suppress the mis-alignment effects, two alignments are studied and applied, including a detector

level alignment (‘Improved-alignment’) and an additional calibration (‘Post-alignment’).

The ‘Improved-alignment’, based on existing detector alignment information, performs of-
fline detector module alignment as described in Reference [143]. With the ‘Improved-alignment’,
the detector elements are aligned using the corresponding reconstructed tracks, resulting the mass
peak position of reconstructed Z° candidates in different regions of phase-space been corrected

to its mass of world average value [ 144].

However, based on our study, the Z° mass peak position is varies from its world average
value, when different kinematic cuts applied to the final state muons. Therefore, there are Z°
mass peak position dependencies in different regions of phase-space, which should be considered
in the alignment fitting procedure. It is painful to modify the LHCb official detector alignment
package (Alignment), to implement this constraint. Therefore, we propose an offline muon
momentum calibration procedure, named ‘Post-alignment’, to the Z — u*u~ data. In the ‘Post-
alignment’, the Z — u*u~ candidates are further divided into different sub-samples, according
to muon 7 and ¢ values of the Z — u*u~ event. An additional correction is applied to muons,

to suppress the mass peak differences between MagDown and MagUp samples, also to suppress
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differences between data and theoretical prediction. The formula used in this steps is defined as:

(g/p) = (q/p) + P, (1o1)

where (g/p)’ and (g/p) are curvature of particle before and after alignment, S is a track bias
correction, which has dependencies in different muon detection regions. In LHCb, a prompt
alignment using Z — u*u~ events was not feasible in Run-2, as the Z — u*u~ production rate
(~100 events per hour) is too small. As LHCb will run with a factor 7 higher instantaneous lu-
minosity in Run-3, the rate may be sufficiently high to provide a meaningful constraint in the
prompt alignment in the future. This is another motivation to study the performance of the align-
ment with tracks from Z — p*u~ decays. Furthermore, we would like to emphasise importance
of a simultaneous alignment at the LHCb. Currently, the prompt alignments of the VELO and
spectrometer alignment are run independently. However, based on our study, in order to get an

optimal alignment, it is important that at least once the alignments are run simultaneously.

8.2 Samples and event selection

In this study, Z — u*u~ candidates selected from the 2016 pp collision data-set are used
to demonstrate the alignment procedure and improvements from the alignment and calibration.
The standard Z — u*u~ MC events generated by LHCDb collaboration are used in this study,
which provide important cross-checks. The 2017 and 2018 data-set can be corrected with similar
procedure, we will not discuss them in this note.

The Z — u*u~ data candidates are selected from the StrippingZ02MuMuLine strip-
ping line. This stripping line requires two oppositely charged StdAllLooseMuons with
pr > 3 GeV, and the invariant mass of the dimuon pair, m(u* ™), larger than 40 GeV.

Similar as Reference [45], the standard LHCb Z — u*u~ selection cuts are used to get a
sample with high purity, by requiring both final-state muons must have py > 20 GeV and pseu-
dorapidity 2.0 < 7 < 4.5. For the muon candidates, the track probability x* is required to be
greater than 1%. At least one of the muon candidates is required to be triggered on signal
(TOS) with respect to all three trigger decisions LOMuonEW, H1t1SingleMuonHighPT and
H1t2SingleMuonHighPT. The m(u*u~)is further required to be in the range 60 < m(u*u~) <

During the data taking, the polarity of the LHCb magnet is swapped regularly to cancel de-
tection asymmetries. In this study, the ‘MagDown’ and ‘MagUp’ refer to the data-sets collected

with different magnet polarities.
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For the VELO alignement, a special set of tracks is used, including Vel oOverlap, VeloBackward,
ITBoxOverlap, and GoodLong. Detailed requirements on each of these track type are sum-

marized in Table 28, and the global requirements are summarized in Table 29.

Table 28: Selection requirements on the tracks used in VELO alignment. nHits represents the number of
hits in the particular detector region, while n(VeloHoles) and n(THoles) represents the number of missing
VELO/T layers in the track.

Track Type Inputs Selections
nHits(A — side) > 3
nHits(C — side) > 3
VeloOverlap Velo,Backward nHits(R) > 7
nHits(¢) > 7
n(VeloHoles) < 1
nHits(R) > 6
VeloBackward Backward nHits(¢) > 6
n(VeloHoles) < 0
At least two hits from different IT modules
P >30GeV
30 < P <200 GeV
GoodLong Long pr > 0.2GeV
n(THoles) < 1

ITBoxOverlap Long

Table 29: Global selection cuts on the tracks used in VELO alignment.

Variables Cut values
Track y? <3
Track Match y?/ndf <3
Track VELO y?/ndf <3
n(THoles) <0
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8.3 Detector alignment update

To better understand the source of the misalignment effects seen in the data (c.f. Figure 138
and 139), the update of the detector alignment is performed in two steps. First, the tracking
detectors of the spectrometer (TT/IT/OT) are realigned. Subsequently, the VELO detector mod-
ules are added to the alignment. In the second step, the spectrometer tracking detectors are still
allowed to move, as we have found that the alignments are strongly correlated. This partially
explains why the prompt calibration procedure applied during Runll could not reproduce the
results: It is not considering sufficiently many alignment degrees of freedom at the same time.

The detector alignment using events with Z — u*u~ decays takes three kinds of inputs:

1. Di-muon pairs as selecting with the criteria described in Section 6.2.3, but in a narrow
mass window 80 < m(utu~) < 100 GeV are used as input to the alignment with a Z° mass
constraint. The mass is applied as part of the vertex fit [138]. The vertex fit changes the
track parameters and the vertex. These changes are then propagated to all hit residuals on
the track, which is how the detector alignment parameters become sensitive to the mass
constraint. The mass constraint in the vertex fit takes the natural width of the Z° reso-
nance into account, but it does not account for the detailed shape of the invariant mass

distribution.

2. Other high qualities in the selected Z — u*u~ events are used as input to the align-
ment as well. The inclusion of medium-high momentum tracks (GoodLong) or tracks
(VeloOverlap, ITBoxOverlap)thatgo through overlapregionsinthe sub-detectors
significantly reduces the correlation between alignment parameters. For the alignment of
the VELO detector trans with negative pseudorapidity (Backward) are also used. These
tracks do not have a momentum estimate: to account for their multiple scattering the track

fit uses a fixed transverse momentum of 0.4 GeV.

3. For the internal alignment of the VELO primary vertices are used as input to the alignment
as well [138]. The CPU penalty of high multiplicity vertices in the alignment is very large.
Therefore, primary vertices are quasi-randomly split in smaller vertices with a maximum

multiplicity of 7 tracks before they are included as a constrained in the alignment.

More details on the configuration of the alignment procedure can be found in Appendix ??.
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8.3.1 TT/IT/OT alignment

The T-station alignment, includes TT, IT and OT alignments. In the configuration file, the
default setting is used, as TTITOTVeloModulesZRyRx. The following detailed settings are

used in the alignment:

OTFrames ("TxRz")
OTModules ("TxRz", longmodules)
OTHalfModules ("TxRz", shortmodules)

TTLayers ("Tz")
TTHalfModules ("TxRz")
TTShortModules ("TxTzRxRz")

ITBoxs ("TxTzRz")
ITLayers ("TxTz")

After the T-station alignment, there are improvements in Z° mass resolution, as shown in left
figure of Figure 140. While big improvements in Arp distribution of MagDown and MagUp
samples had been seen, the large differences are highly suppressed by this alignment, as shown
in right figure of Figure 140. But, there are still large Z° mass peak position dependences (as a
function of muon ¢) in the data, as shown in Figure 141, even after this alignment. To further
suppress these effects, more TT, IT and OT alignment information (freedom) had been tested,
but we cannot get any further improvements, which indicates there are alignment effects from

other detector system. More tests for the TTITOT alignment can be found in Appendix D.1.

8.3.2 VELO alignment

To get further improvements, an internal alignment of the VELO is performed, starting from
the improved TTITOT alignment. The VELO can be aligned at two levels of granularity si-
multaneously, namely the VELO half alignment and the VELO module alignment. Due to the
movement of the system needed to retract the VELO for beam insertion, the half alignment is
normally performed for each run. On the Z — p*u~ sample this is not possible without sig-
nificant development of the code. Therefore, it has been decided not to touch the existing half

alignment, but only align the VELO modules. In this VELO alignment, the VELO modules are
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Figure 140: (left) Invariant mass distribution Z — u*u~ candidates before and after TTITOT alignment.
(right) App differences between MagUp and MagDown samples, before and after TTITOT alignment.
The red points represent Arp differences before TTITOT alignment, and the blue points represent App
differences after TTITOT alignment.

aligned in xy plane, as ‘“TxTyRz’, while the z direction information is used too, as ‘RxRyTz’. In

the configuration file, the following setting is used:
VeloModules ("TxTyRzTzRyRx")

After TTITOT+VELO alignments, the mass distribution of Z — p*u~ candidates is shown
in left figure of Fig. 142. Again, a large improvement in the Z° invariant mass resolution is
observed, from 3.18 GeV to 2.98 GeV, about 6% improvement . This illustrates how important
the VELO internal alignment is, even for resonances with a large opening angle. Comparison
of the App distribution difference between MagDown and MagUp samples is shown in right
figure of Figure 142. Although there is significant improvement on the Z boson mass resolution,
the App differences are still remaining. The Z° mass peak position as a function of the muon
azimuthal angle is shown in Figure 143. The dependence of the mass on ¢ is much reduced by
adding the VELO alignment.

8.3.3 Summary of ‘Improved-alignment’

Tracker mis-alignment effects in Z — u*u~ events can be largely suppressed by applying the
offline detector alignment. The alignment of the TT, IT and OT systems accounts for most of
the difference in Arp between the MagDown and MagUp samples. However, the Z° boson mass
peak position still shows a large variation as function of the azimuthal angle of the decay plane

(a so-called ‘cowboys-versus-sailors’ effects). After adding the internal alignment of the VELO,

209



HEran
DOCTORAL DISSERTATION

= T T = T T
L [}
% 0 -©- Before TTITOT alignment % 9 [~ " Before TTITOT alignment
= =
g D B0 g 6@2‘?
(§§) g%@p = After TTITOT alignment = After TTITOT alignment gé 5
915 %@ %&% 915 6)
91 [ﬁ %;ﬁ Q&%% % 91
90.5 o) 90.5
LHCb 2016 Data MagUp Q%S%gb
90 90
1 1 Q 1 1
-2 0 2 -2 0 2
CDW q)u
% T T % T T T
O @)
E% g2 [ "S- Before TTITOT alignment E% 0 “©- Before TTITOT alignment

T
= After TTITOT alignment &? @@
91.5 91.5
(]

91 91 %

9.5 ) o, [ 9.5 % alife:
R O y
LHCb 2016 Data MagDown o
90 % (39 i,
1 1 1

o((j()b @' 4=+ After TTITOT alignment
Q?

B

&‘%

1!

Figure 141: The Z° mass peak position as a function of a function of moun ¢. (top-left) for u* in MagUp
sample, (top-right) for u~ (right) in MagUp sample, (bottom-left) for 4™ in MagDown sample, and (bottom-
right) for 4~ in MagDown sample. The red points represent the peak position dependence before TTITOT
alignment, and the blue points represent the dependence after TTITOT alignment.
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Figure 142: (left) Invariant mass distribution Z — u*u~ candidates before and after VELO alignment.
(right) App differences between MagUp and MagDown samples, before and after VELO alignment. The
red points represent Agp differences before VELO alignment, and the blue points represent Agp differ-

ences after VELO alignment.

the latter effect is largely removed. However, as shown in right figure of Figure 142, there are
still large App difference between MagDown and MagUp samples, even after TTITOT+VELO
alignment. The largest variation between MagDown and MagUp A is about 0.05, around Z°
peak region, which is much larger than its statistical uncertainty, indicates there is still remaining
mis-alignment effects in Z — u*yu~ data. The TTITOT and VELO alignments are done with a
iterative method. Different number of iterations are tested, we found that four iterations for each
alignment is sufficient enough to get stable results. More details can be found in Appendix D.2.
To balance fitting speed and reliability of detector alignment, four iterations is used as a default
option in this step. As discussed above, with the ‘Improved-alignment’, the Z° mass resolution
is largely improved, which allow precision electroweak measurement using LHCb Run-2 data.
This ‘Improved-alignment’ will benefit many W and Z related measurements. But the App dif-
ferences between MagDown and MagUp samples are still there, which will be discussed and

resolved in the coming section.

8.4 Post-alignment

The Agp distribution after ‘Improved-alignment’ is shown in the top-left figure of Figure 144,
which indicate an additional muon momentum calibration is needed for the Z — p*u~ data.The
‘Improved-alignment’ is studied with an assumption that Z° mass peak position is stable in differ-

ent regions of Z° decay phase-space. But this assumption is not correct in many special regions
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Figure 143: The Z° mass peak position as a function of a function of moun ¢. (top-left) for u* in MagUp
sample, (top-right) for u~ (right) in MagUp sample, (bottom-left) for 4™ in MagDown sample, and (bottom-
right) for = in MagDown sample. The red points represent the peak position dependence before VELO

alignment, and the blue points represent the dependence after VELO alignment.
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Figure 144: The comparisons between MagDown and MagUp samples, with ‘Improved-alignment’ ap-
plied. (top-left) is Afp distribution, (top-right) is m(u*u ™) distribution, (bottom-left) is the Z° mass peak
position in different 4* and u~ 7 regions, (bottom-right) is the Z° mass peak position in different u* and
i~ ¢ regions. In the top two figures, the y>/ndf values directly represent the differences between MagUp

and MagDown. In the bottom two figures, ‘Index’ is a label of these 64 sub-samples.

of phase-space, the LHCb detector is a single-arm forward detector, only forwardly boosted
7 events could be detected, which are located in many unique regions in phase-space. In this
section, we checked the Z° mass dependence in different regions of phase-space, and a ‘Post-
alignment’ is performed to further suppress remaining track bias effects. The ‘Post-alignment’
is developed based on the Z° mass peak position information, with an iterative method using
TMinuit fitting to get the correction factors. As described in Equation 101, only a track bias
correction factor (B) is needed for one type of muon. For a given muon category (for example
in a given n(u) bin), there are four different types of muons, as u* in MagDown sample, y~ in
MagDown sample, u* in MagUp sample, and = in MagUp sample. So in the ‘Post-alignment’,
there are four free parameters to be determined by the fitting for a given muon category.

213



DOCTORAL DISSERTATION

8.4.1 The Z° mass dependence in generator level

In LHCb, the Z — pu*u~ simulated events are generated with Pythia [86].To get a better
modelling of Z° boson p; and rapidity, MC-truth and MC reconstruction (MC-reco) events are
reweighted to the distribution of a higher order generator, ResBos [ 1 14] using CT14NNLO [115].
The ResBos generator has advantage of including most of the electroweak effects with a full
simulation of the non-perturbative, at approximate next-to-next-to-leading order (NNLO) plus
next-to-next-to-leading-logarithm (NNLL) in QCD interaction. The Pythia events after ResBos
reweighting are used to have a better understanding of the Z° mass peak position dependence.
To correctly modelling kinematic cut effects, the MC events must passed trigger and offline
requirements. Then, the MC-truth and MC-reco level Z° mass information of selected candidates
is used to study the dependence. The Z° mass dependence on muon 1 and ¢ in truth level are
shown in Figure 145. In the figure, each bin content in a 2-D histogram means the corresponding
Z peak position in a given kinematic region. It is clear that Z peak position has strong dependence
in the truth level. The reason is that the event selection cuts only pick up special region of the
7" decay phase-space, special in the detector boundary, where the Z° boson peak position is no
longer same as its world average value. The n(u*) and CS-cosf dependence is larger than that
of others, such as ¢(u*) and CS-¢ dependence, where CS is short for Collins-Soper frame [52].
Considering CS-cosf is 100% correlated with Agp distribution, we should avoid to use it in
the muon momentum calibration, so only n(u*), #(u*) dependence are considered in the study.
The distributions of Z mass dependence for MagUp and MagDown data samples are shown in
Figure 146 and Figure 147. While these distributions of MC samples are shown in Figure 148 and
Figure 149. From these figures, we can see there are different mass dependence in MagUp and
MagDown data samples. While, the mass dependence of MagUp and MagDown MC samples

are consistent with each other, which are also consistence with the generator level predictions.

8.4.2 Procedures of ‘Post-alignment’

As discussed above, the Z° boson mass peak position has large dependencies on the muon
n and ¢, and therefore affects the Arp measurement. Furthermore, the  and ¢ dependencies
are highly correlated. Therefore, two different approaches can be used to decompose these two
dependencies, either by making a 2-D global fitting or performing an iterative fitting. For a
2-D global fitting, a Z — u*u~ sample with large statistics is needed, also a 2-D fitting is a

time consuming procedure, which need plenty of CPU resources. Therefore, an iterative fitting
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Figure 145: The Z° mass peak position dependence, estimated using the ResBos generator. (top-left) is
as a function of the n(u), (top-right) is as a function of ¢(u), (bottom-left) is as a function of Z rapidity
and CS-cos 6, (bottom-right) is as a function of CS-cos 8 and CS-¢.
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Figure 146: The Z° mass peak position dependence of data MagUp sample. (top-left) is as a function
of the n(w), (top-right) is as a function of ¢(u), (bottom-left) is as a function of Z rapidity and CS-cos 6,
(bottom-right) is as a function of CS-cos 6 and CS-¢.
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Figure 147: The Z° mass peak position dependence of data MagDown sample. (top-left) is as a function
of the n(w), (top-right) is as a function of ¢(u), (bottom-left) is as a function of Z rapidity and CS-cos 6,
(bottom-right) is as a function of CS-cos 6 and CS-¢.
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Figure 148: The Z° mass peak position dependence of MC MagUp sample. (top-left) is as a function
of the n(w), (top-right) is as a function of ¢(u), (bottom-left) is as a function of Z rapidity and CS-cos 6,
(bottom-right) is as a function of CS-cos 6 and CS-¢.
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Figure 149: The Z° mass peak position dependence of MC MagDown sample. (top-left) is as a function
of the n(w), (top-right) is as a function of ¢(u), (bottom-left) is as a function of Z rapidity and CS-cos 6,
(bottom-right) is as a function of CS-cos 6 and CS-¢.
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approach is used to remove all dependencies.
In this iterative procedure, there are three steps calibration are applied to Z — u*u~ data

events. The muon momentum calibration formulas are listed below:

« n(w) fitting: (¢/p) = (g/p) + By
* $(w) fitting: (q/p) = (q/p) + B(;)(fixed) + B(¢;)

« n(w) fitting: (q/p) = (q/p) + B(m:) + B($;)(fixed)

Here, (3 is the calibration factor, and i; and ¢ ; are the muon type information. There are two types
of parameters to be determined, as B(1;) and B(¢;). In the fitting, the determined parameters will
be fixed in the next fitting.

8.4.3 Muon 7 tuning

For Z — u*u~ events, there are two muons in each event, and most-likely those two muons
are located in different i positions. Thus, there are strong correlations between two n(u) bins.
In order to decouple the Z° mass dependence from these 7(u) bins, the entire Z — u*u~ data
sample is divided into 8 X 8 sub-samples, according to n(u*) values. The binning scheme (8
bins) for muon 7 is {2.0, 2.3, 2.6, 2.9, 3.2, 3.5, 3.8, 4.1, 4.5}, and following observables of each

sub-samples are employed in a global fitting, as

» m(u* ™) distribution (Constraint-1): distributions of MagDown and MagUp should be

consistent with each other

* Z — u*u” mass peak position (Constraint-2): data peak position should be consistent with

that of reconstruction level MC, for both MagDown and MagUp samples
* muon pr distribution (Constraint-3):
— u* pr of MagDown sample and u* py of MagUp sample should be consistent with
each other

— = pr of MagDown sample and u~ py of MagUp sample should be consistent with

each other

— u* pr of MagDown sample and u~ pr of MagUp sample should be consistent with

each other
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The number of constraints used in the fitting, and y? of each distribution before and after
fitting are summarized in Table 30. As the same data-set is used for pr constraints, the statistical
uncertainties between the constraint are correlated. To take these correlations into account, the
covariance matrix for two py distributions are determined and implemented in the y? calculation.
With consideration of covariance matrix, the y? from Constraint-3 is changed from 11161 (9410)
to 10059 (8232), before (after) ‘Post-alignment’ correction. More discussions on the muon pr

constraint can be found in Appendix D.5.

Table 30: The number of constraints, and comparisons of y? from each histogram before and after fitting,

using 2016 data-set.

Num of constraints  y? (Before fit) y? (After fit)
Constraint-1 2560 3010 2357
Constraint-2 128 481 155
Constraint-3 9600 10059 8232
Total 12288 13550 10764

To get a better estimation of S, B(1;) parameters are studied in a finer binning scheme (10
bins), as {2.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.5, 3.8, 4.1, 4.5}. For each muon 7 bin, there are
four free parameters (u"-MagUp, u*-MagDown, u~-MagUp and u~-MagDown) need to be de-
termined. Therefore, for the global fitting, there are 40 (10 X 4) free parameters. In the fitting,
muon momentum is modified according Equation 101, and x? values for above observables are
calculated and summed together, then the summed y? is minimized by the TMinuit algorithm.
The App distribution after the first step of ‘Post-alignment’ is shown in Figure 150, where the
differences between MagDown and MagUp are highly suppressed. The Z° mass peak position of
MagDown and MagUp samples in different muon 7 region are consistent with each other, after

this correction, but there are still remaining mass dependence in muon ¢.

8.4.4 Muon ¢ tuning

Based on the muon 7 tuning, a similar muon momentum calibration is studied and applied
to Z — u*u~ data to suppress the track bias in muon ¢ direction. The calibration is based on
previous step, and Z — u*u~ sample is divided according to two muons ¢ information. A binning

scheme (8 bins) of muon ¢ is used to divide Z — u*u~ data sample, as {-3.2, -2.4, -1.6, -0.8, 0,
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Figure 150: Comparisons between MagDown and MagUp samples, with ‘Improved-alignment’ and first
iteration (n(u)) of ‘Post-alignment’ applied. (top-left) is App distribution, (top-right) is m(u*u~) distribu-
tion, (bottom-left) is the Z° mass peak position in different u* and u~ 7 regions, (bottom-right) is the Z°

mass peak position in different ™ and u~ ¢ regions.
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0.8,1.6,2.4,3.2}, and B(¢;) parameters are studied in a finer binning scheme (10 bins), as {-3.2,
-24,-1.8,-1.2,-0.6,0.0,0.6, 1.2, 1.8,2.4,3.2}. Same observables are employed to minimize the

x? value, to determine 8 parameters.

8.4.5 ‘Post-alignment’ results

After ‘Improved-alignment’ and ‘Post-alignment’ correction applied on the muon momen-
tum, the track bias effects are suppressed, and a better u energy modeling is achieved. The
results are shown in Figure 151, where the differences between MagDown A g and MagUp App
1s suppressed, the Arp distributions are consistent with each other within statistical uncertainty.
The Z° mass peak position dependences between MagDown and MagUp are also consistent with
each other. The invariant mass distributions of Z° boson from MagDown and MagUp samples

have good agreements.

8.5 MC muon momentum corrections

The LHCb MC events do not expect to have any mis-alignment effects. Therefore, the
‘Improved-alignment’ is not necessary, only ‘Post-alignment’ is applied to the MC events. Also
in the MC events, Z° peak position does not have ¢ dependence, so only one step muon momen-
tum calibration (muon 7) is applied to MC events. The comparison between MagDown A g and
MagUp App is shown in Figure. 152. As expected, there is no differences between them. For
the MC events, the mass resolution is different from that of data, due to imperfect modeling of
the detector in MC sample, as shown in left figure of Figure 153. Additional muon momentum
smearing is applied to MC Z — p*u~ events, to achieve good agreement between invariant mass
distribution of MC and that of data. The additional smearing corrections is performed using a

formula as:

p = px(1+7yxGauss(0, 1)), (102)

where vy is the smearing factor. The smearing parameters are tuned by comparing data and MC
invariant mass distributions, and smearing factors with muon n dependence is considered. After
the smearing correction, the Z — p*u~ invariant mass resolution of data Z — u*u~ events has

good agreement with that of MC events, as shown in right figure of Figure 153.
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Figure 154: Comparison of the resolution of muon momentum (left) and Z boson mass (right) in MC
sample, with and without ’post-alignment’ corrections applied. Black points represent results of MC
signal events without any ‘post-alignment’, red points represent results with ‘post-alignment’ corrections
with muon pr constraint, while blue points represent results with ‘post-alignment’ corrections without

muon py constraint.

8.6 MC muon momentum resolution check

We checked the difference of the muon momentum and mass resolution in MC sample be-
tween with and without these two steps alignment corrections. The result is shown in Figure 154.
In the figure, the Pre. — Prye distributions of 4 py and Z boson mass are shown. After the ‘Post-
alignment’, we do see a little worse resolution in MC events, which could be caused by no track

refitting is done after the second step correction.

8.7 Systematic uncertainty

To make a cross check, the Magdown and Magup data samples are divided into two inde-
pendent sub-samples with same statistics. Then, there are four sub-samples, as MagUp sub-
sample A (UA), MagUp sub-sample B (UB), MagDown sub-sample A (DA), and MagDown sub-
sample B (DB), respectively. The ‘Improved-alignment’ are stuided using these sub-samples, as
A (UA + DA) and B (UB + DB) sub-samples. Then parameters estimated with A samples are
applied to to B samples, also for the reversed case. The physics observable (Arp) is checked
in both A and B sub-samples after ‘Improved-alignment’. As shown in Figure 155, reasonable
agreements between results from these two independent samples are seen, within the statistical
uncertainties. We are not planning to take the differences of results obtained from these two sam-

ples as a systematic uncertainty, as these differences are dominated by the statistics uncertainty.
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To estimate related systematic uncertainty from this correction, the variations of the MC Z peak
position dependencies is considered. In the variation of the MC Z peak position dependencies,
the central values of the dependencies are varied within the statistics of the ResBos predictions,
and larger deviations of muon momentum calibration are taken as systematic uncertainties. The

results of this uncertainty on the Az measurement as the Figure 156 shows.
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Figure 156: Systematic uncertainties on App distribution from the variations of the MC Z peak position

dependencies.

8.8 Conclusions

For the LHCb Run-2 data, we applied both ‘Improved-alignment’ and ‘Post-alignment’ to
removed detector level mis-alignment effects, resulting a better agreement between MagDown
Arpand MagUp App, and the Z° mass peak position dependence is suppressed. Forthe Z — utu~
simulation events, an additional smearing correction is applied to the muon momentum. A test
only with ‘Post-alignment’ applied is studied in Appendix D.3, which shows both ‘Improved-
alignment’ and ‘Post-alignment’ are necessary for the muon momentum calibration. Tests of

different parameter strategies are shown in Appendix D.4.
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For the coming RunlII LHCDb data taking, we are planning to merge the ‘Improved-alignment’
and ‘Post-alignment’ into one step correction, which will make the future muon momentum

calibration becomes faster and reliable.
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Appendices

A Appendix-Search for the doubly charmed baryon =7 with
the = 7" decay

A.1 Input =" mass in MC

The MC events used in this analysis are generated with M(Z.") = 3597.98 MeV/c?, and the
measured value is M(Z") = 3621.40 MeV/c?, using =7 — A7 K n*n* decay. The difference
between input =7 mass could resulting a potential bias in the efficiency measurement. In this

section, we studled the MC pr distributions of 57, ¥, and p, K, r final-state particles, generated

r—~++

with different input =+ mass hypotheses within LHCb acceptance. The comparisons of pr
distributions with different input mass of 5/ — AYK n*n" channel are shown in Figure 157,
and pr comparisons of =" — E'n" channel are shown in Figure 158. The pr and y ratio of
M(S**) = 3597.98 MeV/c? to M(E}Y) = 3621.40MeV/c? for Y — AYK n*nt and ZFF
E " decay channels are shown in Figure 159.

Furthermore, we checked the pr cut efficiencies on these MC samples. With p7 cuts de-
scribed in Section ??, the efficiency changed from 47.28% to 47.13% for 27" — A'K n'n*
channel, and from 71.87% to 70.73% for Z'F — Efn* channel. The pr cut efficiency ratio of

=cc

EYr — ATK nat to that of 5} — Efx* is changes from 0.658 to 0.666. The deviation of

cc

ratios (~ 1.2%) is used as systematic uncertainty.

A.2 PID efficiency

The PID efficiencies (including DLL and ProbNNx) of hadrons are estimated using PID-
Calib package, the measured efficiencies as a function of P and n are shown in Figure 160. In
Figure 160, as a tighter selection had been applied on the pion from =7, the PID efficiency is
smaller than that of pion from Zf. Also, for the hadrons with P > 100 GeV/c, the PID efficien-
cies is much smaller compared to that in the low P region, special for the kaon. In this analysis,
only 10% signal MC event has at least one hadrons with P > 100 GeV/c. With proper systematic
uncertainty assigned in the high P hadrons, the impacts from high P region inefficiency can be
ignored. The P and n distribution of =" daughter particles (p, K, 7r) are shown in Figure 161.

The MC E7" mass with direct PID cut and PID reweight are compared in Figure 162. There
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3621.40 MeV/c?, for 5 — AT K n*nt (left) and EF — ZXa* (right).
are large differences between these procedure, which means we need apply the PID reweight in
the MC for this study.

A.3 MVA input variables tests

In this analysis, 19 input variables are used in the MVA training, which could have over-
training effects, as some of input variables are calculated with same event information. The
signal and background comparisons of 19 input variables are shown in Figure 163 and 164. The
input variables ranking with its importance are shown in Table 31. For example, \/27)(12}, among
the daughters’ is calculated by summing over the daughters y7,, which is highly correlated with
‘ \/)g of =/ daughters’.

In order to check the correlation effects between input variables, we performed three tests,
as removing the input variables > 70% correlated with other variables, > 80% correlated with
other variables, and > 90% correlated with other variables. The comparisons of trained MVA
ROC for these three tests compared with default one is shown in Figure 165, where the default
one has best performance. The Punzi FoM distribution are also checked, again, the default one
with 19 input variables gives us the best performance. As discussed in Sec. 5.2.4, there are no
over-training with 19 input variables, among four different MVA methods. So, the MVA with

19 input variables is used as default one in this analysis.
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Figure 163: Comparisons of MVA input variables between signal and background events.
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Figure 164: Comparisons of MVA input variables between signal and background events.
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Table 31: The ranking and importance of 19 variables used in the MLP training.

Rank Variable Importance
1 \xi of Z%F daughter 7 to its PV 1.342x10°
2 \Xip of Z4F from its PV 1.659x10?
3 X3 of E; to its PV 1.236x10?
4 cos ! (DIRA) of Z'F to its PV 9.786x10!
5 \Xtp of E. from its PV 9.043x10!
6 Xi of EF daughters (p) to its PV 8.511x10!
7 \[X% of E daughters (r) to its PV 5.726x10!
8 \[x3> of EF daughters (K) to its PV 4.419x10!
9  log(pr) of E} 4.411x10!
10 /> x% among the daughters (p, K, n, ZF — ) of £/ 4.275x10!
11 log(pr) of 277 2.257%10!
12 x? of the £ vertex fit (DTF, with PV constraint) 1.366x10!
13 log(pr) of £F daughter 1.032x10!
14 2. /ndf of the EF vertex fit 7.438x10°
15 x2./ndf of the Z'F vertex fit (non-DTF) 6.362x10°
16 \[x3 of F toits PV 5.352x10°
17 log(pr) of £} daughters (p) 3.955x10°
18 log(pr) of Z; daughters () 1.573x10°
19 log(pr) of £} daughters (K) 1.287x10°
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A.4 Particle mis-ID background of =7 and Z" WS events

With looser PID cuts (ProbNNx > 0.1), there are significant contributions from the par-
ticle mis-ID background, which can be estimated by changing the mass hypothesis of final-
state hadrons. The candidates used in this section are selected using selection cuts described
in Sec. 6.2.3, including the = mass window. For the =, as there are three final-state hadrons
in each candidates, we have 9 different hypothesis distribution, as shown in Figure 166. From
the figure, there are two significant peaks (D*, DY) in the M(Knnr) and M(KKrn) hypotheses,
which means with looser PID cuts, there will be significant contributions from D mesons. The
D meson background are selected with a K or 7 faked into p, therefore, a tighter PID cut would
expected to remove most of these physics backgrounds.

With tighter PID cuts (ProbNNp > 0.8), the mass distribution of M(Knnr) and M(KKr)
hypotheses are shown in Figure 167, and the contributions from D mesons had been highly
suppressed by the tighter proton PID cut.

For the =" WS data sample, we also checked the physics background contributions from D
meson. With zero charge in the pKnr system, the background contribution could from neutron
D mesons. In Figure 168, the Knr and K Knr mass hypotheses are tested, where after applying
tighter proton PID cut, the contribution from D meson becomes much smaller. Considering there
are potential backgrounds contamination in the WS sample, we decided not use WS sample as
default input in the MVA study. In the RS sideband regions, with two charges in the p Kz system,

the physics background contributions are expected to be negligible, as shown in Figure 169.
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A.5 Background types for MVA training

AvaH

For the input background events in MVA training, we tested the MVA performance with
three types of backgrounds, as WS, RS (Upper sideband), and RS (Lower and Upper sideband).
In the test, same signal MC events and 19 input variables are used as default, only change the
background input, and then evaluated all of them with the WS background sample. For the
far upper sideband, the background events are required in the mass region from 3800 to 4000
MeV/c?, and the lower sideband, the background events are required in 3200 to 3400 MeV/c?.

In this analysis, the default input background are RS (Upper sideband) events, the MVA
performance of that sample is shown in Sec. 5.2.4. And the MVA performance of using RS
(Lower and Upper sideband) and WS events as background is shown in Figurel70. Unlike the
MLP selector has best performance in the MVA training with RS (Upper sideband), the BDTG
selector has best performance for RS (Lower and Upper sideband) training. Therefore, ROC
comparison and Punzi FoM comparison between RS (Lower and Upper sideband) and RS (Upper
sideband) are shown in Figure 171, using MVA selector with best performance. As shown in the
figure, the MVA trained using RS (Upper sideband) events has better performance than that of
using RS (Lower and Upper sideband) events.

Then, the MVA performance of RS (Upper sideband) is compared to that of WS sample. The
Punzi FoM comparison between WS and RS (Upper sideband) are shown in Figure 172. The RS
(Upper sideband) has better performance than that of WS events, therefore, we use RS (Upper
sideband) sample as MVA training input background.
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Figure 170: The MVA punzi FoM distribution for different MVA selectors, using (left) RS (Lower and
Upper sideband) and (right) WS events as background.
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A.6 Two-step MVA test

In this analysis, =" decays into =} and a pion, then E! decays into pKnz. Based on the decay
topology, there will be two background sources, as areal = randomly combined with a pion, or a
faked Zf randomly combined with a pion. To suppress the background contribution, it would be
good to reject the second type of background as much as possible. By using the = information
in the MVA training is a good choice, which is the default solution for this search, but there is

another way to do that, which is two-step MVA method.

In the two-step MVA method, the variables from =} are used to training a MVA at first, which
is expected to have a better rejection for = background. Then, the calculated MVA variable is

used in the second MVA training, combined with other variables related to =" decay.

In the one-step and two-step M VA training, the MLP method is used. Then the trained MVAs
are optimized with FoM method, The MVA performances of one-step and two-step MVA as a
function of cut are shown in Figure 173, where similar performance has been found from both
MVA methods, and based on the maximum value of FoM, the one-step MVA has slightly better

performance, therefore, we use one-step MVA as default one.

The WS sample is used to evaluate the performances of different MVA. The E] mass distri-
bution after MVA cuts are shown in Figure 174, where one-step and two-step MVA get similar
= mass distribution. There is no signal significance improvements by using two-step MVA

method.

A.7 Signal MVA efficiency check

The Punzi FoM method is used to optimize the MVA selection, where the MC efficiency is

estimated using all of signal events. This could resulting a potential bias of signal efficiency.

In order to study this effect, we calculated the FoM by using half of signal events (Test-
Tree in the MVA training), and compared the FoM distribution calculated using all of signal
events. For the Punzi FoM calculation of each MVA cut value, with same background events
used in the calculation, contribution from background will not be changed, while the measured
signal efficiency may vary in different signal samples. As shown in Figure 175, there is a good
agreement between these two FoM distributions, in all MVA region, which means there is no

over-estimation of the signal efficiency.
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With exactly same background sample is used in these two tests, the FoM distribution represent the signal
efficiencies with different MVA cuts.

A.8 PID cut optimization

The purity of selected = data candidates is highly rely on the quality of each daughter par-
ticle, a tighter PID cut could reject more = background from hadron mis-ID. Then, a dedicated
study on the PID cut is necessary in this analysis. The signal purity has been estimated with
different PID cuts on kaon and proton. As shown in the Figure 176, a tighter Kaon PID cut
cannot give a higher purity of selected Z7. While, with a tighter proton PID selected applied in
the data sample could gives us a higher purity of E. candidates, which means a better control of
the background contamination. As discussed in Appendix A.4, the mis-ID background is mainly
from the mis-ID proton, not from the mis-ID kaon or pion, therefore, we decided to use tighter

PID cut for proton.

Also, with a tighter PID cut (ProbNNp > 0.8) applied in both signal MC (PID reweighting)
and data sample, we repeat the whole analysis procedure. As shown in Figure 177, the FoM

value has been improved with tighter PID cuts.

Finally, we decided to use a tighter proton PID requirement (ProbNNp > 0.8), to get a better

rejection of mis-ID background, and a =} sample with higher purity.
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A.9 Comparisons of kinematic distributions of ="

Comparisons of =" final state particles pr, n distributions and the input variables of MVA
training, are shown in Figure 178 for 5" — AJK n*x". With limited statistics, all of variables
has a reasonable agreement between data and predictions. The comparisons for =" — Efn" are

shown in Figure 179 for 57 — En*.
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Figure 178: Comparisons of /" — AfK n*n* final state particle kinematic distribution between s-

weighted data and signal after preselection and MVA selection.
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Figure 179: Comparisons of Zf — Efz* final state particle kinematic distribution between s-weighted
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A.10 A} validation

Two A control channels are used to validate the procedure of branching fraction measure-
ment described in Sec. 5.5.

In this validation, the 2016 stripping data and generated A) MC events are used, with strip-
ping lines Lb2LcPiPiPiLc2PKPiBeauty2CharmLine and Lb2XicPiXic2PKPiBeauty? CharmLine.
The selection criteria for two strippings lines are summarized in Table 32. For the oftline se-
lections, we used similar selection cuts as described in Section. 5.2, including PID cuts and
mass window cuts, but without MVA selection, as shown in Table 33. Furthermore, for the
Ag — Aln n"n™ channel, we also applied the duplicate events remover and clone track re-
mover, as described in the note [91]. For Ag — Aln~, only the clone track remover selec-
tion is applied, as described in Sec. 5.3.3. Also, additional HLT?2 trigger requirements are ap-
plied, besides the LO trigger (Lb LOGlobal TIS ||Lc LOHadron TOS)and HLTI trig-
ger (Hlt1TrackMVA| |H1t1TwoTrackMVA), in the HLT?2 level, the candidates are required
topass (H1t2 Topo2| |H1t2 Topo3||H1t2 Topod).

For the data, only part of 2016 data sample is used. The integrated luminosity is 951.6 pb™!
for A) > Afn~n*n~ channel and is 734.6 pb™' for A) — Az~ channel. In the data mass fitting,
two types of background contributions had been considered, one is the combinatorial background
and the other one is the background from particle mis-ID and partly reconstructed events. The
fitted results for the Ag mass is performed to extract the number of signal in different channels
after event selections. As shown in Figure 180, the data mass distribution is modelled with a
double-side Crystal-Ball function (signal), plus a exponential (combinatorial) and Argus function
(mis-ID and partial reconstruction) for backgrounds. Using part of 2016 data, the number of
A) — Alm m*n” LOTOS events is 20387 + 208, and LOTIS is 34859 + 293. The number of
A) — Afn LOTOS events is 25525 + 187, and LOTIS is 50970 + 265.

For the efficiency studies, we followed the same procedures used in the =7 branching frac-
tion measurement, the total efficiency includes the acceptance (eac), reconstruction and selec-
tion (&recossel)> PID efficiency (epp), and trigger efficiency errig. Again, Erecossel 1S corrected by
the tracking efficiency (&7,x) and MC-matching efficiency (eyc-maern)- The overall efficiency

correction for each channel can be written as:

€ = EAce X EReco&Sel X EPID X ETrig X ETrk] EMC-Match (103)

The measured efficiencies are summarized in Table 34 and 35, for A) — Aln 7"z~ and A) —

Arn~ channels, and ratio between them. In the efficiency studies, the MC events are required to
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Table 32: Stripping selections for two Ag lines.

Particle | Variable A) = Afnntne A) — Afn™
Cosine of decay angle (DIRA) | > 0 >0
Mass € [2186,2386] MeV/c? | € [2186,2386] MeV/c?
Arithmetic sum of child pr > 1800 MeV/c > 1800 MeV/c
_. | Vertex quality x2,/ndf < 10 X2 /ndf < 10
“ | DOCA < 0.5 mm < 0.5 mm
x* from related PV > 36 > 36
Maximum child pr > 500 MeV/c > 500 MeV/c
Maximum child P > 5000 MeV/c > 5000 MeV/c
Transverse momentum pr > 100MeV/c pr > 100 MeV/c
Momentum p > 1000 MeV/c p > 1000 MeV/c
Impact parameter significance | % > 4 X >4
Track quality x*/ndf < 4.0 x*/ndf < 4.0
P57 Ghost Prob Pohos < 0.4 Pohos < 0.4
particle ID (p) DLL,, > -10.0 DLL,, > -10.0
particle ID (K) DLLg, > —10 DLLg, < 20
particle ID () DLLg, < 20 DLLg, < 20
Arithmetic sum of child pr > 1250 MeV/c -
Vertex quality X2, /ndf < 8 -
x* from related PV > 16 -
Cosine of decay angle (DIRA) | > 0.98 -
Impact parameter significance | x% > 0 -
Ay | p, 0, distance >0.1,2.0 mm -
Mass <3500 MeV/c? -
Maximum (Second) child pr > 500,300 MeV/c -
Maximum child P > 5000 MeV/c -
DOCA < 0.4 mm -
Transverse momentum pr > 100 MeV/c pr > 500MeV/c
A, - n(s) Momentum p > 2000 MeV/c p > 5000 MeV/c
particle ID DLLg, < 10.0 -
Track quality x*/ndf < 4.0 x> /ndf < 4.0
Ghost Prob Pihost < 0.4 Pohost < 0.4
Cosine of decay angle (DIRA) | > 0.999 > 0.999
Mass € [2186,2386] MeV/c? | € [5200,9000] MeV/c?
Impact parameter significance | y7, < 25 X <25
252 Decay time 7>02ps 7>02ps
A0 Vertex quality X2 /ndf < 10 X2 /ndf < 10
| ¥? from related PV Xt > 36 Xt > 36

Maximum child pr
Maximum child P

> 1700 MeV/c
> 10000 MeV/e

> 1700 MeV/c
> 10000 MeV/c
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Table 33: Offline event selections for A) — Afx n*n~ and A) — Az~ channels.

Particle | A) - Aln n*n™ A) - Afn™

all tracks | 2 < p < 150GeV/c Same
all tracks | 1.5 <7< 5.0 Same
all tracks | ProbNNghost < 0.9 Same
p | ProbNNp > 0.1, DLL,, > 5.0, DLL ,x > 5 | Same
K | ProbNNk > 0.1, DLLg, > 5.0 Same
Al —nm | ProbNNpi > 0.1, DLLg, < 5.0 Same
A) —m | ProbNNpi > 0.1, DLLg, < 0.0 Same
A) | 5400 < M < 5800 MeV/c? Same

A) | pr > 4GeV/c pr > 2GeV/c

match real data, by applying two corrections of nSPD, and py —y. The corrections are calculated
using the s-weighted data and MC, as shown in Figure 181 and 182. The MC-Match correction
(emc—maicn) 18 determined to be (81.4 + 0.2)% for Ag — Aln n*n” and (92.7 + 0.2)% for Ag —
Alnm.

The trigger efficiencies are determined in two steps. First, we determined the LO trigger ef-
ficiency for LOTOS and LOTIS events, using the TISTOS method with selected data and MC
events (as described in Sec. 5.5.3). Then, for the HLT trigger efficiency, as there are requirements
on HLT?2 trigger in the stripping level, as (HLT PASS RE('HItf2T opo.xDecision’ )\ HLT PASS RE('HIt2.
IncPhi. = Decision’)), where these HLT2 requirements include HLT1 tracking triggers. With this
bias in the selected events from stripping, it doesn’t make any sense to study the HLT1 and HLT2
trigger efficiency using the TISTOS method. So we decided to use MC events to study the HLT1
and HLT?2 trigger efficiency for these two Ag channels (as in LHCb-ANA-2011-052 [?]), using
the MC events reconstructed from the basic particles from DST files, instead of MC events get
from the stripping lines. In the HLT trigger efficiency study, we use the number of MC events
that passed all of selection criteria as denominator, and the number of MC events passed the HLT1
(HLT1TrackMVA| |HLT1TwoTrackMVA)and HLT2 (H1t2 Topo2| |H1t2 Topo3| |H1t2 Topo4
requirements as numerator. The measured trigger efficiencies are shown in Table 34 and 35.

The HLT trigger efficiency is very high for these A) channels. To further test the HLT trigger
efficiency, we studied the HLT trigger efficiency with different offline selections, as ‘Default’
(Stripping + Offline cuts in Table 33), ‘NoPID’ (Stripping + Offline cuts, with PID selections in
Table 33) removed, and ‘Stripping’ (only with the cuts in stripping level), ‘MCMatched’ (remove
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Table 34: Measured efficiencies (LOTOS) for Ag — Afn n*n” and Ag — Afn~ channels, and ratio of

A) - Afn~mta™ efficiency to that of A) — Afn~.

| A) > Alnntn (%) | A) - Afn~ (%) | Ratio (R)
Acc 159+09 174+ 1.0 0913 +£0.074
Reco 3.67 +£0.01 8.09 = 0.01 0.454 + 0.002
Trk 93.6 +0.1 96.1 +0.1 0.975 = 0.001
PID 522 +0.2 58.1+0.2 0.899 + 0.000
LO (TOS) 276 +04 237+04 1.167 + 0.030
HLT(TOS) 96.8 +0.1 942 +0.1 1.027 + 0.002

all selection cuts, including the cuts in stripping level). With these three selection scenarios, we
use the MC method (reconstruct candidates from the basic particle, with MC-match, but without
any other offline selection cuts) to study the HLT trigger efficiency. As shown in Table 36 and 37,
with tighter offline selection cuts, the HLT trigger efficiency is higher. Therefore, the high HLT
trigger efficiency is mainly due to the tighter selection cuts in the stripping level.

In this A} ratio of branching fraction measurement, we only consider the uncertainty from
PID are 100% correlated in two channels, and the other uncertainties are treated as uncorrelated.
Also, we only considered systematic uncertainties from the MC/data sample statistics, without
any further detailed studied for each uncertainty source. Combined information above, the mea-
sured ratio of branching fraction is 0.804 + 0.069 by using LOTOS events, and 0.851 + 0.071 by
using LOTIS events.

Using Run-I data 35pb™" 7TeV data, the ratio of branching fraction of Ag — Aln nn to
that of Ag — Afn~, which is 1.43 £ 0.16 + 0.13. By reversing the measured result, we get the
ratio of branching fraction of A) — A7~ to that of A) — Az~ n*n™ is 0.699 + 0.101.

As expected, there is a good agreement between the measured results using LOTOS and
LOTIS events, which are all consistent with the LHCb Run-I published result. We will take
the average value of the measured branching fraction results using LOTOS events and LOTIS
events as the measured one, and take the deviation as one of systematic uncertainty from LO
trigger, which is determined to be 2.85%. In a sanity check, with published A) numbers and
calculated efficiencies, the expected Ag — Aln n*n~ LOTOS events number is (17+2.9)k, and
the number of Ag — Afn~n*n~ LOTOS events in our data is (20+0.2)k, where good agreement
had been found.
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Figure 180: The fitted Ag mass distribution, (left) are the mass distributions get from Ag - Afnntn”
channel, and (right) are mass distributions get from Ag — Arn~ channel. The top two figures for LOTOS

events, and bottom two figures for LOTIS events.

Table 35: Measured efficiencies (LOTIS) for A) — Afx n*a~ and A) — A}z channels, and ratio of

A) - Afn~m*a” efficiency to that of A) — Afn™.

e| A) > Alnntn (%) | A) > Aln~ (%) | Ratio (R)
Acc 159+09 174+ 1.0 0913 +0.074
Reco 3.67 £0.01 8.09 = 0.01 0.454 + 0.002
Trk 93.6 +0.1 96.1 + 0.1 0.975 = 0.001
PID 522 +0.2 58.1+0.2 0.899 + 0.000
LO (TIS) 38.6+0.3 36.9 +0.1 1.048 + 0.014
HLT(TIS) 95.6 +0.1 92.1 +0.1 1.038 + 0.002
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Figure 181: The nSPD correction factors for (top) Ag — Afn~xn*n~ channel, and (bottom) Ag — Afn”
channel. The left two figures are corrections for LOTOS events, and right two figures are corrections for
LOTIS. The nSPD cut is 450 for LOHadron trigger, and extend to 900 in some of other LO triggers
(LODiMuon), so the corrections for LOTIS events are calculated upto nSPD=900.
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Table 36: Measured HLT trigger efficiencies for Ag — Aln~n*n channel, with different offline selec-

tions.

&(Trig)

LO

TOS

TIS

HLT

TOS

TIS

MCMatched
Stripping
NoPID
Default

24.1+0.2
28.1+£0.3
263+£0.3
27.6 +0.4

38.8+0.2
39.9+0.3
39.6 £0.3
38.6+0.3

70.4 + 0.1
95.6 £0.1
95.7+0.1
96.8+0.1

65.6 £0.1
942 £0.1
943 +0.1
95.6 +0.1

Table 37: Measured HLT trigger efficiencies for Ag — A}n~ channel, with different offline selections.

&(Trig)

LO

TOS

TIS

HLT

TOS

TIS

MCMatched
Stripping
NoPID
Default

209+0.2
23.4+0.3
22.1+04
23.7+0.4

443 +£0.2
38.0+0.3
37.6 £0.3
36.9+0.3

68.1 +0.2
93.8+0.2
93.7+0.2
942 +£0.2

62.2+0.2
90.7£0.2
90.8 +0.2
92.1+£0.2
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Figure 183: The mass distribution of =7 and & candidates using =" — Z¥z* channel.
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Figure 184: The mass distribution of Z*" candidates using cut-based selections.

A.11 More tests after unblinding

We did two more checks after the =" — EZn* unblinded, including the charge conjunction

test and cut-based selection test. As shown in Figure 183, there are 36+12 candidates for 5"
and 56+13 candidates for Z.

For the cut-base selection, we simply some of pre-selection cuts, including EXF -7 pr >

500 MeV/c, EFF pr > 4000 MeV/c, cos(DIRA, Z5) > 0.9999, y? of PV fit < 10. Without any

or cuts optimisation, there is still a mass peak around 3620 MeV/c?, with a local significance of
5.90, as shown in Figure 184.
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B Appendix-Measurement of the angular coefficients of u "y~

aNOH

pairs in the Z boson mass region at LHCb

B.1 Fitting Check

In this analysis, an unbinned maximum log-likelihood fit method is used to extract final result
as described in Section 6.5. However, with this method, it cannot directly draw the finally fitting

distributions, and make a directly comparison with data. An alternative method can used to check

PDFMC*PDFfining

PDFGene ? and

the fitting performance, which produce the fitted PDFs shape by calculating
then compared with data distributions.

As Figure 185 shows, there are good agreements between data and fitted results in 2016
year, which means the fitting results are reliable. The fitting checks also done for the Z rapidity

dependence results and in the low Z pr region, as Figure 186 and Figure 187 shows.

B.2 Systematic result in 2017 and 2018 datsets

The determined systematic uncertainties for measured angular coefficient in different Z boson
pr bins in 2017 data, are summarize in Figure 188 while Figure 189 shows the results in 2018.
The comparisons of the total, statistical, and systematic uncertainties as a function of Z pr

in 2017 are shown in Figure 190. Figure 191 shows the result in 2018.

B.3 Final result in 2017 and 2018 datasets

B.3.1 Z boson p; depended results in 2017 and 2018 datsets

The measured Z boson p7; depended results in 2017 datset are shown in Figure 192. The
measured central values and uncertainties of the coefficients in 2017 are listed in Table 38. While

Figure 193 and Table 39 shows the result in 2018 dataset.

B.3.2 Z boson rapidity depended results in 2017 and 2018 datsets

The measured rapidity results in 2017 datset are shown in Figure 194. The measured central
values and uncertainties of the coefficients in 2017 are listed in Table 40. While Figure 194 and

Table 40 shows the result in 2018 dataset.
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Figure 186: Comparisons of cosf and ¢ between data (blue points) and the fitted results (red points) in
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Figure 187: Comparisons of cosf and ¢ between data (blue points) and the fitted results (red points) in
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Figure 188: Comparisons of systematic uncertainties of the A;

ZpT.
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Figure 189: Comparisons of systematic uncertainties of the A; and Ag — A, in 2018 data as a function of

ZpT.
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Figure 190: Comparisons of different uncertainties of the A; and Ay — A,, as a function of Z py in 2017

dataset.
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Figure 191: Comparisons of different uncertainties of the A; and Ay — A,, as a function of Z py in 2018

dataset.
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Table 38: The measured angular coefficients Ay to A4 and Ag — A3 in bins of Z pr in 2017 dataset, using

Z boson events with y > 2.0.

pr(Z2)[ GeV] Ag FO0gar gy Ay +O0gar  FOgyu A, FO0gar gy
0-10 -0.0503 0.0202 0.0159 | 0.0037 0.0082 0.0043 | 0.0049 0.0112 0.0064
10-20 0.0157 0.0222 0.0170 | 0.0325 0.0111 0.0054 | 0.0537 0.0150 0.0074
20-35 0.1616 0.0259 0.0187 | 0.1042 0.0150 0.0075 | 0.1170 0.0198 0.0093
35-55 0.3727 0.0375 0.0237 | 0.1416 0.0241 0.0130 | 0.2963 0.0299 0.0158
55-80 0.6596 0.0512 0.0268 | 0.1412 0.0431 0.0226 | 0.3021 0.0501 0.0263
80-100 0.7764 0.0938 0.0352 | 0.1402 0.0771 0.0403 | 0.7815 0.1025 0.0595
pr(Z2)[ GeV] As FO0gar gy Ay +O0gar  FOgg | Ao— Az Fogur £y
0-10 0.0279 0.0052 0.0027 | 1.0000 0.0098 0.0028 | -0.0552 0.0175 0.0202
10-20 0.0393 0.0071 0.0038 | 1.0993 0.0034 0.0025 | -0.0381 0.0237 0.0222
20-35 0.0360 0.0095 0.0046 | 1.3994 0.0074 0.0048 | 0.0447 0.0319 0.0259
35-55 0.0553 0.0149 0.0075 | 1.5853 0.0153 0.0091 | 0.0764 0.0474 0.0375
55-80 0.0751 0.0252 0.0124 | 0.7772 0.0261 0.0244 | 0.3574 0.0687 0.0512
80-100 0.0619 0.0528 0.0286 | -0.7267 0.0447 0.0233 | 0.0000 0.0000 0.0938

Table 39: The measured angular coefficients Ay to A4 and Ag — A3 in bins of Z pr in 2018 dataset, using

Z boson events with y > 2.0.

pr(Z2)[ GeV] Ag 010 +0yst A +0 1 0yt As +0grar 0yt
0-10 -0.0367 0.0223 0.0184 | 0.0248 0.0074 0.0044 | 0.0087 0.0101 0.0063
10-20 0.0158 0.0250 0.0202 | 0.0452 0.0099 0.0055 | 0.0458 0.0134 0.0078
20-35 0.1554 0.0298 0.0231 | 0.0849 0.0135 0.0078 | 0.1156 0.0178 0.0098
35-55 0.4231 0.0393 0.0271 | 0.1558 0.0216 0.0128 | 0.2513 0.0270 0.0154
55-80 0.6146 0.0520 0.0307 | 0.1623 0.0380 0.0231 | 0.3491 0.0446 0.0243
80-100 0.7125 0.0904 0.0361 | 0.2521 0.0711 0.0421 | 0.5587 0.0920 0.0560
pr(Z2)[ GeV] As 01t +0yst Ay +0 g | Ao—Ar  *0ga 0yt
0-10 0.0391 0.0047 0.0027 | 1.0000 0.0088 0.0028 | -0.0454 0.0158 0.0223
10-20 0.0376  0.0063 0.0038 | 1.0538 0.0029 0.0025 | -0.0300 0.0211 0.0250
20-35 0.0446 0.0086 0.0049 | 1.1718 0.0066 0.0049 | 0.0398 0.0285 0.0298
35-55 0.0566 0.0133 0.0078 | 0.5329 0.0136 0.0088 | 0.1717 0.0426 0.0393
55-80 0.0912 0.0225 0.0129 | 1.1956 0.0234 0.0247 | 0.2654 0.0613 0.0520
80-100 0.0000 0.0468 0.0256 | -0.7789 0.0406 0.0232 | 0.0000 0.0000 0.0904
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Figure 192: The determined results of the A; and Ay — A,, as a function of Z boson pr, are compared with
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Figure 193: The determined results of the A; and Ay — A,, as a function of Z boson pr, are compared with

different theoretical predictions in 2018.
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Figure 194: The determined results of the A; and Ag — A, in 2017 dataset,
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Table 40: The measured angular coefficients Ag to A4 and Ag — A3 in bins of Z rapidity in 2017 dataset,

using Z boson events with y > 2.0.

¥(Z)

Ao

i6stat

id&'yst

A,

*+0star

_—F&Syst

A,

iéstut

iésyst

2.00-2.70
2.70-3.00
3.00-3.25
3.25-3.60
3.60-4.50

0.1704
0.0972
0.0521
0.0086
-0.0687

0.0515
0.0427
0.0394
0.0360
0.0334

0.0477
0.0369
0.0340
0.0315
0.0274

0.0357
0.0449
0.0679
0.0539
0.0685

0.0156
0.0123
0.0123
0.0116
0.0157

0.0086
0.0068
0.0079
0.0091
0.0088

0.0890
0.0926
0.0903
0.0702
0.0713

0.0145
0.0176
0.0198
0.0181
0.0186

0.0073
0.0087
0.0100
0.0094
0.0088

¥(Z)

As

iéstat

iésyst

Ay

i63‘l‘at

iésyst

Ap— Ay

iéstat

ié‘syst

2.00-2.70
2.70-3.00
3.00-3.25
3.25-3.60
3.60-4.50

0.0399
0.0394
0.0250
0.0498
0.0415

0.0072
0.0084
0.0092
0.0085
0.0089

0.0036
0.0047
0.0055
0.0048
0.0045

1.0000
1.2634
0.9652
1.1415
1.2594

0.0188
0.0048
0.0053
0.0059
0.0002

0.0026
0.0106
0.0110
0.0059
0.0113

0.0814
0.0046
-0.0383
-0.0616
0.0000

0.0365
0.0280
0.0276
0.0257
0.0000

0.0515
0.0427
0.0394
0.0360
0.0334

Table 41: The measured angular coefficients Ag to A4

using Z boson events with y > 2.0.

and Ay — A, in bins of Z rapidity in 2018 dataset,

¥(Z)

Ag

*+05tar

ié&yst

A

*+05tar

iéSyS[

A

iéstut

i5Syst

2.00-2.70
2.70-3.00
3.00-3.25
3.25-3.60
3.60-4.50

0.2141
0.0625
0.0357
0.0224
-0.0758

0.0517
0.0409
0.0360
0.0276
0.0393

0.0478
0.0370
0.0303
0.0216
0.0347

0.0319
0.0786
0.0815
0.0759
0.0629

0.0142
0.0109
0.0111
0.0104
0.0141

0.0085
0.0075
0.0096
0.0099
0.0089

0.1073
0.0776
0.0801
0.0477
0.0712

0.0132
0.0156
0.0177
0.0164
0.0167

0.0071
0.0083
0.0101
0.0098
0.0083

¥(Z)

As

idstat

iésyst

Ay

i63‘l‘al‘

iésyst

Ap— A,

iésmt

05yt

2.00-2.70
2.70-3.00
3.00-3.25
3.25-3.60
3.60-4.50

0.0534
0.0463
0.0217
0.0414
0.0549

0.0065
0.0074
0.0083
0.0076
0.0080

0.0035
0.0043
0.0053
0.0046
0.0047

1.0000
1.2989
1.4350
1.8310
1.9353

0.0171
0.0046
0.0049
0.0055
0.0001

0.0026
0.0043
0.0094
0.0049
0.0094

0.1068
-0.0151
-0.0444
-0.0253
0.0000

0.0333
0.0248
0.0247
0.0232
0.0000

0.0517
0.0409
0.0360
0.0276
0.0393
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Figure 195: The determined results of the A; and Ag — A, in 2018 dataset,
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B.3.3 Results with low Z boson p; events in 2017 and 2018 datsets

The measured results with low Z boson p7 events in 2017 datset are shown in Figure 197.

The measured central values and uncertainties of the coefficients with low Z boson pr events in
2017 are listed in Table 43. While Figure 198 and Table 44 shows the result in 2018 dataset.
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Figure 196: The determined results of the A; and Ayg — A; in lower Z pr region, compared with different

theoretical predictions in 2017 data.
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Table 42: The measured angular coefficients Ay to A4 and Ay — A, in bins of low Z pr region, using Z

boson events with y > 2.0 in 2017 dataset.

pr(Z2)[ GeV] Ao +0 giat +0yst A +0 10t 0yt A, +0 giar 0 yst
0-2 -0.0389 0.0418 0.0275 | -0.0328 0.0248 0.0135 | 0.0057 0.0341 0.0157

2-4 -0.0807 0.0303 0.0200 | -0.0097 0.0168 0.0081 | 0.0171 0.0228 0.0122

4-6 -0.0525 0.0289 0.0197 | 0.0002 0.0162 0.0076 | -0.0670 0.0225 0.0108
6-12 -0.0131 0.0233 0.0173 | 0.0309 0.0110 0.0053 | 0.0409 0.0150 0.0081
12-20 0.0055 0.0241 0.0173 | 0.0271 0.0131 0.0070 | 0.0588 0.0176 0.0094
pr(Z2)[ GeV] As FO0gar gy Ay +O0gar  FOgg | Ao— Az Fogur £y
0-2 0.0264 0.0160 0.0082 | 1.0000 0.0295 0.0033 | -0.0447 0.0529 0.0418

2-4 0.0521 0.0108 0.0057 | 0.8273 0.0095 0.0062 | -0.0978 0.0354 0.0303

4-6 0.0148 0.0104 0.0049 | 1.1896 0.0099 0.0056 | 0.0145 0.0351 0.0289
6-12 0.0227 0.0071 0.0035 | 1.1719 0.0164 0.0090 | -0.0540 0.0236 0.0233
12-20 0.0454 0.0083 0.0044 | 1.2237 0.0141 0.0081 | 0.0000 0.0000 0.0241

Table 43: The measured angular coefficients Ay to A4 and Ay — A, in bins of low Z pr region, using Z

boson events with y > 2.0 in 2017 dataset.

pr(Z2)[ GeV] Ao FOgar gy Ay FOgar  FOgys A, FO0gar  EOgyy
0-2 -0.0389 0.0418 0.0275 | -0.0328 0.0248 0.0135 | 0.0057 0.0341 0.0157

2-4 -0.0807 0.0303 0.0200 | -0.0097 0.0168 0.0081 | 0.0171 0.0228 0.0122

4-6 -0.0525 0.0289 0.0197 | 0.0002 0.0162 0.0076 | -0.0670 0.0225 0.0108
6-12 -0.0131 0.0233 0.0173 | 0.0309 0.0110 0.0053 | 0.0409 0.0150 0.0081
12-20 0.0055 0.0241 0.0173 | 0.0271 0.0131 0.0070 | 0.0588 0.0176 0.0094
pr(Z2)[ GeV] As 01t +0yst Ay +0 g | Ao—Ar  *0ga 0yt
0-2 0.0264 0.0160 0.0082 | 1.0000 0.0295 0.0033 | -0.0447 0.0529 0.0418

2-4 0.0521 0.0108 0.0057 | 0.8273 0.0095 0.0062 | -0.0978 0.0354 0.0303

4-6 0.0148 0.0104 0.0049 | 1.1896 0.0099 0.0056 | 0.0145 0.0351 0.0289
6-12 0.0227 0.0071 0.0035 | 1.1719 0.0164 0.0090 | -0.0540 0.0236 0.0233
12-20 0.0454 0.0083 0.0044 | 1.2237 0.0141 0.0081 | 0.0000 0.0000 0.0241
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Figure 197: The determined results of the A; and Ag — A; in lower Z pr region, compared with different

theoretical predictions in 2017 data.
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Figure 198: The determined results of the A; and Ag — A; in lower Z pr region, compared with different

theoretical predictions in 2018 data.
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Table 44: The measured angular coefficients Ag to A4 and Ag — A, in bins of low Z py region, using Z

boson events with y > 2.0 in 2018 dataset.

pr(Z2)[ GeV] Ag +O0gar sy Ay +O0gar  EOsyst A; 05t sy
0-2 -0.0596 0.0425 0.0268 | -0.0010 0.0223 0.0126 | -0.0587 0.0304 0.0179
2-4 -0.0388 0.0316 0.0222 | 0.0149 0.0153 0.0086 | 0.0763 0.0209 0.0120
4-6 -0.0451 0.0304 0.0217 | 0.0153 0.0146 0.0073 | -0.0516 0.0201 0.0107
6-12 -0.0243 0.0252 0.0198 | 0.0380 0.0098 0.0057 | 0.0267 0.0135 0.0077
12-20 0.0321 0.0272 0.0211 | 0.0553 0.0116 0.0068 | 0.0511 0.0158 0.0092
prOIGeV] | As  Eouy  E0na | A E0uw 0y | Ac— Ay ESum gy
0-2 -0.0056 0.0143 0.0078 | 1.0000 0.0266 0.0033 | -0.0009 0.0474 0.0425
2-4 0.0609 0.0099 0.0054 | 0.7752 0.0085 0.0058 | -0.1150 0.0325 0.0316
4-6 0.0400 0.0093 0.0051 | 1.0678 0.0090 0.0059 | 0.0065 0.0314 0.0304
6-12 0.0327 0.0063 0.0034 | 0.9390 0.0148 0.0086 | -0.0511 0.0211 0.0252
12-20 0.0444 0.0075 0.0045 | 1.0295 0.0128 0.0083 | 0.0000 0.0000 0.0272
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Appendix-Measurements of high-p; muon reconstruction

efficiency for the LHCb RunlI data-sets

C.1 Magnet Polarity and muon charge dependence

The muon efficiencies are studied in two sub-samples, which are collected with different

magnet polarities (MagUp and MagDown). Also, muon probes are split by charge. Comparisons

of muon efficiency with different polarities and charges are shown in Figure 199 to Figure 206.

For most of bins, within statistical uncertainty, there are no significant differences between them.

Muon Trigger Efficiency

0.95

Muon ID Efficiency
e
o

o
%
o3

0.8

0.75

0.7

= —— =
E == == =
F —e— 3
E —a— =
E _—=—= —
E — E
E- —e—2017-MagUp- u* =
E —o—o
E 2017 - MagUp - —
E —o— qUp - 1 ]
E —e— 2017 - MagUp - 1 =
E 2017 - MagDown - y° =
E M B R B
25 3 35 4 4.

n

(a)

T T T T T T T
F—e—. — ———o—"0 —— .
o ——a— ——= —
F == == —— ——

r == —— ]
r e— =]
r —e— 2017 - MagUp - p* ]
r —e— 2017 - MagUp - i ]
[ —e— 2017-MagUp- i -
C 2017 - MagDown - |i* ]
C. 1 L L L 1 1 .
-2 0 2
(o]
(c)

n

Muon ID Efficiency

Muon ID Efficiency

|

E L ===
L = ]
09— -
o —— 1
0.8 — -
07 3
r —e— 2017 - MagUp - u* ]
0.6 —¢— —
n —e— 2017 - MagUp - 1 ]
—— B
05 r —e— 2017 - MagUp - 1 .
C 2017 - MagDown - 1 ]
04 C. v by by sy ]
20 30 40 50 60 70
Py
1 I I r T
;t-\—o—-_._ 4]
095 === e -+ '+' !
L A= e el | IRE
: I - L -
09 ) ?—-f- .
085 3
r —e— 2017 - MagUp - 1* ]
08— —
r —e— 2017 - MagUp - 1 ]
075  —e—2017-MagUp- -
C 2017 - MagDown - * T
07 C M T T R B
’ 200 400 600 800 1000
nSPD

Figure 199: The muon trigger efficiency measured for by different charge and polarity, in 2017 data, as a

function of muon 7 (a), muon pr (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 200: The muon trigger efficiency measured for by different charge and polarity, in 2018 data, as a

function of muon 7 (a), muon pz (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 201: The muon identification efficiency measured for by different charge and polarity, in 2016

data, as a function of muon 7 (a), muon py (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 202: The muon identification efficiency measured for by different charge and polarity, in 2017

data, as a function of muon 7 (a), muon py (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 203: The muon identification efficiency measured for by different charge and polarity, in 2018

data, as a function of muon 7 (a), muon py (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 204: The muon tracking efficiency measured for by different charge and polarity, in 2016 data, as
a function of muon 7 (a), muon p7 (b), muon ¢ (c), and SPD multiplicity (d).

283



HEFEA
DOCTORAL DISSERTATION

Muon Trigger Efficiency

Muon Trigger Efficiency

o
% -

0.82
0.8

e 2 2 @
o b v b
LS O - - -

o
)

0.88
0.86
0.84
0.82

0.8

7T T 7T 7 T T T T T T
F —_— ]
F —_—— _+ ]
E —— —— .
e = 4
E ! —Q—E¢E == —o—
g :tz
E e 2om- MagUp - u* =
:_ —e— 2017 - MagUp - & _:
:_ —e— 2017 - MagUp - 1 _:
:_ 2017 - MagDown - |1~ _:
T S TR S N SN TN TN SR [N SN SR SO T SN SR ST SR T N S T S

2 25 3 35 4 45

n

(a)
Fr T T T J
T — =¢= L =
N
———% —— ===
c = = E
— —
E e 2omr- MagUp - u* =
:_ —e— 2017 - MagUp - & _:
:_ —e— 2017 - MagUp - |1 _:
:_ 2017 - MagDown - 1 _:
E. 1 1 1 2]
-2 0 2
(]

(©)

> C ]
Q - -
= o ]
L0981 —]
S E ]
== F R / . =
096 == _=AVE='_.—*——H | —
5 EA—¥— E
%0.94 = =
. E
=092 — —
g E ]
2 09 -]
= F E
0.88 [~ —e— 2017 - MagUp - p* .
086 F o 2017 - MagUp - & _;
0.84 :_ —e— 2017 - MagUp - u° _:
0.82 :_ 2017 - MagDown - 11* _:
08 T S TR S N SN TN TN SR [N SN SR SO T SN SR ST SR T N S T S
20 30 40 50 60 70

Py
5 T T T T T ]
= .
o -
g == ]
= .
5 bt =
= == :#: L E
&b = #:j:+ B
2 ! ]
= 0 .
z . _‘|b_ :L “ —o
o LT
2 E
> % =
—e— 2017 - MagUp - u* LT u E
—e— 2017 - MagUp - 1 =
_ . -0 |4
—e— 2017 - MagUp - i~ . E
2017 - MagDown - 1 - _:
A 1 1 1 L ]

200 400 600 800 1000
nSPD

(d)

Figure 205: The muon tracking efficiency measured for by different charge and polarity, in 2017 data, as

a function of muon 7 (a), muon pr (b), muon ¢ (c), and SPD multiplicity (d).
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Figure 206: The muon tracking efficiency measured for by different charge and polarity, in 2018 data, as

a function of muon 7 (a), muon pr (b), muon ¢ (c), and SPD multiplicity (d).
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C.2 Muon trigger efficiencies of each trigger stage

The muon trigger efficiency for a muon to pass all trigger stages was presented in Sec-
tion 6.2.1. In this section, the trigger efficiency is divided into sub-stage (1.O, HLT1 and HLT?2).
The measured 1.O muon trigger efficiency is shown in Figure 207. With respect to L0 trigger
selection, the measured HLT1 muon trigger efficiency is shown in Figure 208. Similarly, based
on LO and HLT1 trigger selections, the measured HLT2 muon trigger efficiency is shown in
Figure 209. The HLT1 trigger efficiency has an inverse dependence on muon p7, compared to

that of L.O.

C.3 Isolation efficiency

C.3.1 Tag-and-Probe selection

The muon isolation efficiency is an efficiency of identify a real muon to pass muon isolation
requirement, as a real muon from Z boson is expected to be isolated in detector, while for a muon
from semileptonically decay of heavy flavour hadron, which has additional particles around it.
In some precision electroweak measurement, the muon isolation cut is employed to suppress
background contribution from heavy flavour. Therefore, we discussed an efficiency study for

this cut.

In this study, the Z — u*u~ events are used, with the tag-and-probe method. The tag must
be a fully reconstructed, identified and triggered muon, and the probe is a identified long track,
passed muon identification requirement (i sMuon). The tag muon is further required to have
pr > 20GeV, 2.0 < n < 4.5, isolated (I;ha1rged > (0.85). while probe is required to have pr >
20GeV, 2.0 < n < 4.5. Both tag and probe are required be a long track with relative momentum
uncertainty less than 10%. The invariant mass of the tag and probe is required in the mass
region of [60, 120] GeV. To select a sample with high purity, additional event requirements are
also placed on candidate events, including candidate events must have an azimuthal separation,
|A¢|, greater than 2.7 radians. The tag-and-probe selection requirements used in this study are

summarized in Table 45.

The muon identification efficiency is calculated by counting the number of probes within the

charged
I T

selected sample satisfying a isolated ( > (.85) requirement.
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Figure 207: The LO trigger efficiency in 2016,
pr (b), muon ¢ (c) and SPD multiplicity (d).

2017 and 2018 data-sets, as a function of muon 7 (a), muon
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Figure 208: The HLT1 trigger efficiency in 2016, 2017 and 2018 data-sets, as a function of muon 7 (a),
muon pr (b), muon ¢ (c) and SPD multiplicity (d).

288



HEFEA

DOCTORAL DISSERTATION

210l ) 210l )
5 r ] 5 r ]
2 1f ] £ 1f ]
[8a] L ] @ [ ]
8 C ] 8 C ]
20099 F . 20099 F .
=t 1 =t 1
50.98F . 50.98F .
= ] = ]
097F . 097F .
-+2016 ] -+2016 ]

0.96 - =+2017 ] 0.96 - =+2017 1

[ 42018 b [ 42018 b

_. ) ) ) I . . ) ) ) . ) ) ) ) . . ) ) ) ._ _. ) ) ) I . . ) ) ) . ) ) ) ) . . ) ) ) ._

0.95 2 2.5 3 35 45 0 '9520 30 40 50 60 70

n P, (GeV/c?)

(a) (b)
2101 — — — — 20— ]
5 r ] 5 r ]
= - ]
[8a) L ] m L ]
5 r ] g C ]
20099 F . 36099 F .
- -

= r ] = r ]
50.98F . 50.98F .
= ] = ]
097F . 097F .

F 42016 . - +2016 .

0.96 - +2017 ] 0.96 |- +2017 ]

[ 42018 7 [ —+2018 7

_. ) I ) ) ) ) . . ._ - . . ) I . . ) ) ) ) ) ) ) . ) . -

0.95 -2 0 0 '950 200 400 600 800 1000

@ nSPD

(© (d)

Figure 209: The HLT?2 trigger efficiency in 2016, 2017 and 2018 data-sets, as a function of muon 7 (a),

muon pr (b), muon ¢ (c) and SPD multiplicity (d).
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Table 45: The tag and probe selection used for muon Isolation efficiency study.

Tag Probe Event
Long track Long track | 60 < M,,, < 120 GeV
isMuon isMuon |Ag| > 2.7
Triggered - X2, /ndf <5
op/P <0.1
pr >20GeV | pr > 20GeV
2<n<45 [20<np<45

e > 0,85

C.3.2 MC muon isolation efficiency

The muon isolation efficiency obtained with Truth method is compared with that of tag-and-

probe method, using the simulated Z — u*u~ events, to vary the method. The results are shown

in Figure 210, as a function of muon n and muon p7y. Good agreements are seen in all regions,

except in the low pr region there is a small discrepancy, due to the statistic limitation. Therefore,

no bias is introduced by the tag-and-probe method, and the tag-and-probe method is stable and

robust to determines the muon isolation efficiency.
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Figure 210: The muon isolation efficiency calculated as a function of muon 7 (a) and p7 (b) in simulated

Z — u*u~ events, using ‘Truth method’ and the ‘tag-and-probe method’.
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C.3.3 Background estimation

As discussed in Sec. 7.7.3, the impacts of background contribution to the muon isolation

efficiency could be ignored.

C.3.4 Systematic uncertainties

Similar to systematic uncertainty estimation of muon identification efficiency, no systematic
uncertainty is assigned to the muon isolation efficiency, for both the tag-and-probe method and
background contribution. The uncertainty of muon isolation efficiency is only from statistical
precision of the Z — u*u~ sample. The uncertainty in different bins of phase space varies
between 0.002% and 0.004% for 2016, 2017, and 2018 data-sets.

C.3.5 Results

The muon isolation efficiency is calculated using the tag-and-probe method, for 2016, 2017
and 2018 data-sets, as a function of different variables. The measured efficiency is shown in
Figure 211, as a function of different event and kinematic variables. While good agreements of

efficiencies amount these three data-sets are seen.

D Appdendix-Improved-alignment and momentumcalibration

for physics with highmomentum muons in LHCb

D.1 More tests on ‘Improved-alignment’

As discussed in Section 8.3.1, the T-station alignment is performed with default setting.
Based on that, two additional alignments are studied, which are TTITOTzCVeloModulesZRyRx
and TTITOTzVeloModulesZRyRx. The differences between them are listed below:

* TTITOTzCVeloModulesZRyRx: add z alignment for OT, but fixes the T3 station such

that the z-scale is not completely free
* TTITOTzVeloModulesZRyRx: removes the constraint on T3.

The comparisons of alignment results with different alignment settings, are shown in Fig-

ure 212. From where, the default TTITOTVeloModulesZRyRx has the best performance.
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Figure 211: Muon isolation efficiency for 2016, 2017 and 2018 data-sets, as a function of muon 7 (a),
muon pr (b), muon ¢ (c) and the SPD multiplicity (d).
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Figure 212: The comparisons between different alignment settings. (top-left) is App differences distribu-

tion, (top-right) is m(u* ™) distribution, (bottom) is the Z° mass peak position in different u* i~ ¢ regions,

of MagUp, MagDown samples.
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D.2 Number of iterations in ‘Improved-alignment’

The TTITOT and VELO alignments are done with four iterations. Different number of iter-
ations of alignment have been studied, as shown in Figure 213 and Figure 214. We found that

four iterations is sufficient enough for the ‘Improved-alignment’.
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Figure 213: The comparisons for results with different number of iterations for the TTITOT alignment.

(top-left) is App differences distribution, (top-right) is m(u* ™) distribution, (bottom) four figures are the
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D.3 Only with ‘Post-alignment’?

Based on studied in Section 8.4, the ‘Post-alignment’ could largely remove the remaining mis-
alignment effects, and suppress the difference between MagDown Ay and MagUp Agp. So, in
this section, we checked the Az differences between MagDown and MagUp, without "Improved-
alignment’. By comparing the Ay distributions of these two procedures, we concluded that both
‘Improved-alignment’ and ‘Post-alignment’ are necessary for the muon momentum calibration.

The results are shown in Figure 215.
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Figure 215: Comparisons of Agp obtained using two different alignment procedures. (left) is App distri-
bution obtained only with ‘Post-alignment’ applied, while (right) is Arp distribution obtained with both

‘Improved-alignment’ and ‘Post-alignment’ applied.

D.4 Different strategies for ‘Post-alignment’

In ‘Post-alignment’, if the remaining differences of Ay are from misalignment effects, then
we should expect these new track bias correction parameters should be stable for both MagDown
and MagUp data sets, but with reversed signs. Figre 216 shows the Agp distribution with three
different parameter shared strategies, where ‘Post-alignment’ without any shared parameters has
best performance. The other two strategies cannot suppress the differences between MagDown
and MagUp Arp. Possible reason for this is that ‘Post-alignment’ does not perform track refit
after bias corrections. As we are planning to merge ‘custom alginment’ and ‘Post-alignment’

one detector level alignment for Run-3 data set, which is expected to solve this problem.
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Figure 216: Comparisons of Agp distribution obtained using three different input parameter strategies.
(top-left) is App distribution obtained with parameters that shared with MagDown, MagUp, for both y*
and u~. (top-right) is Agp distribution obtained with MagDown-u*, MagUp-u~ share one bias correction
parameter, while MagDown-u~, MagUp-u* share other set. (bottom) is A pp distribution obtained with no

shared parameters.
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D.5 Constraints from muon py

In the previous studies, we only used constraints from the Z boson mass, as ‘Constraint-1" and
‘Constraint-2’ in Section 8.4.3, labelled as ‘Old correction’. However, when we check kinematic
distributions after ‘Old correction’ correction, there are unexpected large shifts on the muon pr,
using 2018 data-set, as shown in Figure 217. A comparison of ¢ angle distribution in Collins-
Soper frame is shown in Figure 218. It is clear that a fit with mass only constraints does not work
for 2018 data-set, which mess up the muon p7 distributions. While for 2016 and 2017 data-sets,
everything looks fine. However, we do not expect this method has data sample dependence. If
the fitted results of 2018 data-set have problem, there are potential problems may exist in the

2016 and 2017 results, even the fitted results look fine. So we would like to add muon p7 as one

of constraints.
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Figure 217: Comparisons of muon p7 distribution before (left) and after (right) the ‘Old correction’.
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Figure 218: Comparisons of cos 6 (left) and ¢ (right) angle distribution in Collins-Soper frame, with and
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In generator level, there is no difference between = and u* pr distributions. The prediction
from ResBos generator is shown in left figure of Figure 219. Then, the signal events with the
LHCD detector simulation also tells us that there is no difference between u~ and u* distributions,
as shown in right figure of Figure 219. Therefore, we decided to include the muon p7 as one of
the constraints in the fitting.

There could be a potential bias from the LHCb acceptance, as the muon p7 distributions
could be different from each other, due to the crossing angles of the LHC beam and asymmetry
of the detector. However, as shown in Figure 219, in the simulated events, there is no difference
between them. So we are planning to include the acceptance effects in this momentum calibration

model.
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Figure 219: The prediction on y~ and u* pr (left), using the ResBos generator, with LHCb fiducial
requirement applied. (right) is the muon py distributions of the LHCb simulated events, in different

magnet polarity.

The kinematic distributions for different data-sets, after ‘post-alignment’ correction are shown

from Figure 220 to Figure 222.
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Figure 220: Comparisons of kinematic distribution with/without ‘post-alignment’ correction, using 2016
data-set. (right figure of third row) is the muon p7 distributions before correction, (left figure of bottom
row) is the muon pr distributions using a correction (with muon-py constraint), (right figure of bottom

row) is the muon p7 distributions using a correction (without muon-pr constraint).
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Figure 221: Comparisons of kinematic distribution with/without ‘post-alignment’ correction, using 2017
data-set. (right figure of third row) is the muon p7 distributions before correction, (left figure of bottom
row) is the muon pr distributions using a correction (with muon-py constraint), (right figure of bottom

row) is the muon p7 distributions using a correction (without muon-pr constraint).
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Figure 222: Comparisons of kinematic distribution with/without ‘post-alignment’ correction, using 2018
data-set. (right figure of third row) is the muon p7 distributions before correction, (left figure of bottom
row) is the muon pr distributions using a correction (with muon-py constraint), (right figure of bottom

row) is the muon p7 distributions using a correction (without muon-pr constraint).
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D.6 ‘Improved-alignment’ output parameters

The ‘Improved-alignment’ output parameters S distribution as a function of muon 77 and ¢ in

2016, 2017 and 2018 data set can be found in Figure 224.
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Figure 223: Distribution of ‘Improved-alignment’ output parameters § as a function of muon 7 (left) and
¢ (right) for different sub-samples in 2016 data.
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¢ (right) for different sub-samples in 2017 data.
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