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Abstract

The study of electroweak bosons in proton—proton, proton—nucleus and nucleus—nucleus
collisions provide an important insight into initial state effects of hadron and nuclear
collisions, such as collision geometry and modification of parton distribution functions.
This research focuses on studying the Z boson production in Run-2 data collected with
the ATLAS detector at the Large Hadron Collider. Measurements are obtained with
the data from proton—proton and nucleus—nucleus collisions at a center-of-mass energy of
5.02 TeV per nucleon pair. Fiducial Z-boson cross section in proton-proton data is mea-
sured in electron and muon decay channels. The combined cross section is found to be
in good agreement with next-to-next-to-leading-order QCD calculations. Rapidity differ-
ential cross section is found to agree with calculations within 1 to 2 standard deviations,
with the biggest discrepancy measured in the rapidity region |y| < 1. The results from
the pp system are used to form the nuclear modification factor of the previously measured
Z-boson cross section in p+Pb collisions. The nuclear modification factor, measured as a
function of Z boson rapidity, shows an asymmetry qualitatively consistent with nuclear
modification of the parton distribution functions. This asymmetry is more pronounced
in central p+Pb collisions compared to peripheral events. In the Pb+Pb system, the
Z-boson differential cross section is measured in electron and muon decay channels as a
function of dilepton rapidity and event centrality. The measurements in Pb+Pb collisions
are compared with the measured proton—proton results. The nuclear modification factor
is found to be consistent with unity in central and mid-central collisions. After reject-
ing photon-induced backgrounds, the nuclear modification factor in peripheral collisions
is found to be above unity, although consistent with it. The results are compared with

theoretical predictions obtained at next-to-leading-order using proton and nuclear par-



ton distribution functions. The measured Z boson yields in Pb+Pb collisions lie about
1 to 3 standard deviations above the predictions. The nuclear modification factor mea-
sured as a function of rapidity agrees with unity while showing a trend consistent with

next-to-leading-order QCD calculation including the isospin effect.
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1 Introduction

An overarching quest in the field of nuclear physics is to determine the exact form and
different regimes of the strong force. Exploring the phase diagram of nuclear matter in the
high-temperature region became possible in the particle accelerator era starting with first
experiments at Bevatron (Lawrence Berkeley National Laboratory, USA) and in Dubna
(Joint Institute for Nuclear Research, Russia) in the 1950s. With the development of
the collider technology in the 1960s and the first hadronic machine in 1971 (Intersecting
Storage Rings at CERN) it became feasible to reach higher collision energies for heavy-
ion (HI) systems and hence to explore new regimes of nuclear matter in unprecedented
experimental conditions.

With high enough ion collision energies (roughly 200 GeV per nucleon pair), strong
experimental evidence shows that the nuclear system transitions into a new color decon-
fined phase. The system behaves as a strongly interacting plasma of quarks and gluons
(sQGP) that allows us for the first time to study the collective behavior of these partons.
At the Large Hadron Collider (LHC), this new phase of matter is studied at the highest
reached temperature known to this day. As currently understood and confirmed by lattice
gauge theory calculations, the phase transition to QGP occurs at zero baryon chemical
potential via a crossover.

Valuable tools in studying the hot dense medium formed in HI collisions are elec-
troweak (EW) probes. They include high-energy isolated photons and heavy vector
bosons, Z and W. These particles are produced in collisions with a high momentum
transfer, which are only possible in the interactions of the participating nucleons inside
the colliding ions in the initial stage of the collision. Z and W bosons decay much faster
compared to the quark-gluon plasma evolution timescale while also their leptonic decay
products do not interact with the medium. Therefore, being immune to the strong in-
teraction, these probes carry the information about the initial stage of the collision, the
geometry and the parton dynamics inside the colliding nuclei. This Ph.D. research project
focuses on measuring the Z boson production in the dilepton decay mode in different col-
lisions systems using the ATLAS detector at the LHC.

By measuring the integrated and differential cross sections of EW probes in nucleus-

nucleus (A+A), proton-nucleus (p+A), and proton-proton (pp) collisions at the same
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center-of-mass energy, one can extract the information about the initial state of the colli-
sion and the role of cold nuclear matter (CNM) effects as opposed to the ones coming from
the QGP medium evolution. The ratio of cross sections for the EW observable measured
in different systems allows extracting nuclear effects present in colliding systems involving
ions. It is important to note that such a ratio is now available for the first time for the
Z boson production measurement due to the high enough luminosity and collision energy
delivered by the LHC machine. The measurement in the pp system is at the same time an
important contribution to the Standard Model program of precision measurements at the
LHC. Combined with a W-boson cross section measurement, one can derive W/Z boson
ratios as an important test of the theory of the perturbative QCD.

The Z boson production occurs via hard scattering of two initial partons. The kine-
matics of this process depends on the fraction of the nucleon momentum z carried by
each of the two partons. The probability density of the momentum distribution for par-
tons at a given momentum transfer (Q?) is defined as the parton distribution function,
PDF(z,Q?*). To this day there exists ample experimental evidence that shows that the
PDF of nucleons in a bound state does not correspond to a mere convolution of all the free
constituent nucleon PDF's, but rather a new set of probability distribution functions needs
to be derived from the nuclear collision data. There are different CNM effects observed
inside the nucleus that are categorized as shadowing, anti-shadowing, the EMC effect and
the Fermi motion [1-3]), depending on the region of z-values probed by the measurement.
Deriving the free proton PDF's as well as the nuclear PDFs (nPDF's) consists of obtaining
global fits to the measured data from fixed-target or collider experiments. A particular
observable sensitive to the (n)PDF distribution is the differential cross section of Z bosons
measured as a function of rapidity. The experimental distributions in data can further be
used by theorists for the next iteration of (n)PDF fits.

The measurement of Z bosons can be used to study the agreement of the Glauber
model [4] with data. This model of describing multi-particle scattering processes is used by
all HI experiments to estimate the initial collision geometry. The model further introduces
the number of participants Npa and relates it to the number of binary collisions N
and other geometrical quantities. Within the numerical implementation of the Glauber
Monte Carlo model (GMC) these geometric quantities can be mapped onto a detector

observable such as the total energy measured in the forward rapidity which is used by
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ATLAS. By measuring Z boson production yields, unaffected by the medium produced in
HI collisions, the GMC model can undergo the highest scrutiny test and its results then
can be used for all other measurements that require the knowledge of the initial geometry
in HI collisions. For the first time in this work, the Z boson measurement is extended
to the ultra-peripheral centrality region where additional physical processes that do not
enter Glauber modeling need to be considered.

The thesis is organized in the following way: In Chapter 2 we introduce the theoretical
background and the physics motivation for the research project; Chapter 3 discusses the
experimental characteristics of the ATLAS detector at the LHC and some of the main
methods and observables employed in the measurement; later on, in Chapter 4, we present
an overview of the current experimental results on EW boson production; in Chapter 5
we present a detailed measurement procedure for extracting final results in three collision
systems presented in Chapter 6. Finally, In Chapter 7 we discuss the impact of results
presented in this work in the context of the current status of the field and their contribution

in the light of new upcoming experiments.

2 Theoretical background

In this chapter, we introduce the main physics questions related to the understanding
of the hot and dense nuclear matter, commonly referred to as Quark-Gluon Plasma.
Both from the applied theoretical standpoint and the experiment, it remains challenging
to properly characterize this state of matter. After introducing general features of the
QGP in Section 2.1, in Section 2.2 we motivate using heavy vector bosons to access the
information about the nuclear system contained in the initial stage of the collision before
entering the regime of the QGP thermodynamic expansion. The main theoretical quantity
accessed by measurements of heavy bosons is the distribution of quark momenta inside
the colliding nuclei, namely the Parton Distribution Function described in Section 2.3.
Later on, in Section 2.4 we derive the geometrical model used for describing the many-
body scattering occurring in HI collisions also known as the Glauber model. In that
context, we further introduce the centrality parameter and the model expectation for the

hard-scattering production yield that is of particular interest in the Z boson measurement.
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2.1 Quark Gluon Plasma

Ultra-relativistic HI collisions serve as an experimental method for exploring high-temperature
regions of the nuclear phase diagram and theoretical predictions of the quantum chromo-
dynamics (QCD). The main challenge to the theory is the non-perturbative regime of
the strong coupling for which no overarching analytical framework is developed which
gave rise to many model descriptions used today. Even though the QCD thermodynam-
ics [5] and lattice QCD [6] have greatly advanced since the 1960s [7], there are still many
open questions regarding the description of the hot nuclear matter. After discovering
the asymptotic freedom of the strongly interacting matter [8], it was predicted that there
should exist a state in which interactions between quarks and gluons become weaker.
That state was later referred to as Quark-Gluon Plasma. At high enough energy density
accessible at hadron colliders it is anticipated that the hadronic matter (containing con-
fined colored partons) undergoes a phase transition shown in Figure 1, where different
phases of nuclear matter are illustrated as a function of the baryon chemical potential
pp (essentially the difference in the number of quarks and antiquarks) and the system
temperature.

At LHC collider energies, which is the case for this study, the energy is sufficiently
high so that the produced amount of particles overrides the initial excess in baryon num-
ber coming from the colliding nuclei, especially at midrapidity. Therefore, a balanced
amount of produced quark and antiquark pairs yields essentially ug = 0, while the pro-
duced system has high energy density and temperature, around 300 MeV (derived from
measurements of thermal radiation [9]). This is almost twice of the critical value 7, pre-
dicted by lattice QCD calculations [10] and previously motivated by simple fermion gas
models [11] or more than the Hagedorn critical temperature for hadronic matter [12].
Using simple calculations for the fermion gas [11], the energy density of the quark-gluon
matter created at temperature 7' = 300 MeV is e = £I7T* which yields 16.5 GeV /fm’
for 3 quark flavors. Similarly, the baryon number density of the medium is given by
npg = 25((3)T3, which gives ng = 1.93/fm®. This is around 14 times larger than the
nucleon number density of ordinary nuclear matter np = 0.14/fm?®.

Intense studies of the medium created in HI collisions at the Super Proton Synchrotron
at CERN and Alternating Gradient Synchrotron at Brookhaven and finally at the Rela-

tivistic Heavy Ion Collider (RHIC) lead to a discovery of the strongly interacting plasma
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Figure 1: A proposed phase diagram of nuclear matter as a function of the baryon chemical
potential and temperature of the system. The lines of medium evolution corresponding to
different collision energies for RHIC and LHC are drawn in green and violet, respectively.
The region of the phase space explored with the Beam Energy Scan program (BES)
at RHIC is denoted with a yellow line. A point in the diagram that approximately
corresponds to the system studied in this work is denoted in the figure with a red star.

(Figure adapted from https://deixismagazine.org/2016/06/early-universe-soup/.

)

(sQGP) [13-16], in contrast to the previously expected gas-like nuclear matter [17]. The
order of the phase transition and whether there exists a critical point are still open ques-
tions addressed by experiments at RHIC [18] and future projects such as NICA and FAIR.
The region of phase space explored in this work in denoted in Figure 1 and it suggests
strongly that at the high energies achieved at the LHC, the system undergoes a crossover
transition from the QGP phase to a hadronic gas phase.

The evolution of nuclear matter after the collision is illustrated in Figure 2. At the
initial state of the collision, highly energetic partons interact via hard scattering (parton—
parton interaction with a large transfer momentum) and produce energetic probes in
the final state such as jets and electroweak (EW) bosons. Subsequently, a thermalized
system of quarks and gluons (QGP) is formed over time comparable to the time of the
ion-ion interaction (5-10 fm/c). The liquid then expands and cools following relativistic
hydrodynamics until the crossover phase transition occurs at 155 MeV when the plasma
hydronizes (“chemical freeze-out”). The produced hadronic system then continues to in-
teract, expand and cool until the temperature falls to about 95 MeV when the interactions

between hadrons cease (“thermal freeze-out”) and they finally reach the detector [19].

15


https://deixismagazine.org/2016/06/early-universe-soup/

y=0/ y=1ly=6
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Figure 2: Snapshots of a central 2.76 TeV Pb+Pb collision at different times (different
horizontal slices of the space-time picture) with hadrons presented with blue and grey
spheres and QGP in red. At a given time the hottest regions can be found at high rapidity
close to the outgoing remnants of the nuclei. The red lines indicate the approximate
longitudinal location of particles with rapidity y = 0, y = 1, and y = 6. (Figure adapted

from http://web.mit.edu/mithig/movies/LHCanmation.mov.)

Through measuring the final state particles in the detector it is possible to uncover the
presence of the QGP and also measure its properties. While measuring the soft particle
production leads to an understanding of the collective modes of the system behavior as
a whole, studies of hard processes provide an insight into the transport characteristics of
the medium and its initial stage. A particular case of such hard-scattering observable is

the measurement of the vector boson production discussed in the next section.

2.2 Vector boson production

The W and Z bosons were discovered in 1983 by the UA1 and UA2 experiments at
CERN [20-23]. Since then extensive studies have been performed at the LEP [24] and
Tevatron [25] colliders. The EW boson measurements are an integral part of the scientific
program at the LHC for all four experiments whether included in Standard Model (SM)
precision measurements, beyond SM searches or as a part of the HI program.

The leading order (LO) of the W and Z boson production at the high-energy hadron
collisions is the Drell-Yan mechanism of the quark-antiquark annihilation with leptons in
the final state (both valence and sea quarks contribute to the process). The higher-order

contribution includes 2 — 2 QCD processes (including also gluons in the initial state)
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with an additional quark or a gluon in the final state that will be observed as hadronic
jets in the detector. Vector bosons predominantly decay through hadronic channels (70%
of the time) but measurements in that decay channel suffer from large QCD background,
especially in HI collisions where the outcoming jets interact with the QGP. Therefore, of
particular experimental interest are the leptonic decay channels as they provide a much
cleaner signal. The branching ratios are approximately 3.46% for the Z boson and 10.8%
for the W boson in each of the leptonic decay channels.

As mentioned above, W and Z bosons are produced in the hard scattering that occurs
at the initial stage of a HI collision. Due to a large Q? which corresponds to M3 W
no medium effect is expected to interfere in their production. Since their decay takes
place at a short time scale of ~0.01 fm/c, EW boson interference via QED effects with
the medium is considered to be negligible. Besides, decay leptons that could in principle
traverse the medium before and after thermalization are not expected to interact with
the QGP, except for some residual QED interaction with charges in the QGP. This type
of process has been shown to affect dilepton angular correlations in measurements of
photon-induced dimuon pairs [26]. In this study, such effects are neglected and overall no
medium effect is expected to contribute to the Z boson production and decay processes.
This allows us to uniquely relate measured Z boson kinematic distributions to initial-
stage effects that primarily modify momentum distributions of incoming partons involved

in the hard scattering.

2.3 Parton distribution functions

In hadronic collisions, the kinematics of a hard scattering depends on the fraction of the
nucleon momentum carried by the two incoming partons. The probability density of the
longitudinal momentum distribution for partons is described by parton distribution func-
tions (PDFs), denoted in the following as f;(x, u), where x is the momentum fraction of
the parton ¢ and p is the factorization scale. The QCD factorization theorem suggests that
at a high momentum transfer @2, the PDFs are universal and process independent which
makes them an essential ingredient in cross section calculations of countless processes
measured at the LHC. This emphasizes the relevance of obtaining these distributions for
the quark and the gluon sector in different regions of the phase space.

In the case of the Drell-Yan Z production cross section, one can write the factorization

17



as:

Opp—ilx = Z / dzl/ dzy X fi(z1, )f](z% p)o zj—>llX<x11 = Q>+O<A2§D>w (1)

Z
4,7=4,4,9 2 K

where f; (212, 1) are the PDFs of the incoming partons and the & is the matrix ele-
ment on the parton level calculable in pQCD. PDF's obey the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (known as DGLAP) equations:

8fZ
8Q2 Z ®fjv (2)

where Pj; are the splitting functions governing the scale evolution. Unlike the Q? evo-
lution, a direct functional form of the xz-dependence of the PDFs is not known from the
first principles of QCD (even though there have been many recent developments based on
lattice QCD approaches; for a comprehensive overview see for example Ref. [27]). Instead,
a general approach is to determine the initial conditions for DGLAP equations by fitting
experimental data by a process of a global QCD analysis where PDF's are essentially ob-
tained by fits to a large span of data in the (z, Q?) space. The experimental data included
in the most recently published PDF sets comprises DIS HERA data from H1 and ZEUS
experiments (for the full list of publications see [28, 29]), fixed target Drell-Yan results
from NMC [30, 31], BCDMS [32, 33], SLAC [34], CHORUS [35], NuTeV [36] and finally
the collider data from Tevatron (DO [37] and CDF [38, 39]) and a plethora of data from
the LHC experiments (ATLAS, CMS and LHCb). An example of the data set included
in the global fit is shown in the left panel of Figure 3 as a function of z and Q? for the
recent NNPDF3.0 PDF set [40].

In the context of HI collisions, one needs to derive PDF's for nucleons bound in in-
coming nuclei which can differ from the ones for nucleons in a vacuum. Formally, for a

nucleus A with Z protons and N neutrons, one can write the nuclear PDF as:

F @) = 2w Q) + R @), )

where f! /4 is the bound proton PDF and the neutron PDF f;" /4 is obtained by employing
the isospin symmetry. In the nPDF calculation approach one usually also assumes that
the bound proton PDFs have the same evolution equations and sum rules as the free
proton PDF's.

In the DIS measurements quoted above, it was shown that the bound proton PDF

gets modified compared to the free proton case (a comprehensive review can be found in
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Figure 3: (Left) The kinematical coverage in the (x, Q?) plane of the data included in the
NNPDF3.0 PDF fit [40]. (Right) Illustration of the PDF modification in the nucleus R

in different regions of the longitudinal momentum fraction x [41].

Ref. [42]). The ratio of the bound to the free proton PDF is usually quantified by the

nuclear modification factor:

PPN N

Figure 3 in the right panel shows the fit function R (z, Q?) for the nuclear modifications in
the most recent EPPS16 nPDF set [41]. A significant reduction in the ratio in the region
x < 0.1 is called shadowing, while the region from 0.3 < x < 0.6 is generally referred to
as the EMC effect. The rise of the ratio above unity for x around 0.1-0.2 represents a
transition region in the data and in the models and is know as the anti-shadowing region.
As x approaches 1, the ratio steeply rises due to nuclear effects such as the intrinsic motion
of the nucleons in a nucleus at rest (Fermi motion). Different kinematic regions of the
phase space are mapped with the variety of the available data and are included in the

latest nPDF fits used in this work for comparisons to the measured data.

2.4 Glauber model of HI collisions

In this section, we derive a theoretical framework for describing HI collisions in the context
of many-body scattering theory. A major contribution in this field is usually attributed to
R. J. Glauber and his pioneering work in the 1950s [43, 44]. The theory was successful in
describing the total cross section in d + p collisions [45] and proton-nucleus collisions [46]

where in the latter it was able to reproduce distinct features of the measured differential
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elastic cross section [47]. Hence, many of the models used to calculate geometric quantities
in the initial state of HI collisions are still called “Glauber” models, even though significant
developments have been done by others [48, 49]. A brief overview of the model is given
below.

Figure 4 illustrates a collision of two nuclei in a side view where they are moving
along the beam axis z with their centers displaced by |b|. One usually wants to derive a
probability of inelastically colliding two nucleons from each nucleus. It has to be noted
that these calculations are done in the eikonal approach, which assumes that nucleons
travel on straight trajectories and that the inelastic cross section does not change in

subsequent binary interactions.

projectile nucleus B target nucleus A
é @

Figure 4: Schematic illustration of the Glauber model description of a HI collision

transversal to the beam direction.

Essential ingredients to this model are the inelastic nucleon—nucleon (nn) cross section
o™ (extracted from proton—proton measurements) and the probability of finding a nucleon
in the nucleus in a volume of 27bdbdz that is given with the nucleon number density p.
One can introduce the probability for a nn inelastic collision in a HI collision as t(r)o/"
where r is the nn impact parameter and the ¢(r) is called the nn thickness function, an

equivalent of a partonic luminosity. The nn impact parameter is given by r = b— b4 — bp.

If a probability of finding a nucleon in a nucleus is given by p;(b;, z;)db;dz; where (i =
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A, B), then the probability element of an nn inelastic collision is given by:

dP = pa(ba,za)dbadza pp(bg, zp)dbpdzp t(r)ol" (5)
= Ta(ba)dbs Tg(bg)dbg t(r)ol (6)

n

where normalized thickness functions was introduced, T;(b;) = [ p;(b;, z;)dz; for i = A, B.

From this one derives the total probability for the nn inelastic collision as:
Tun(b)om = /TA(bA)dbA Ty(by)dbs t(b— bs — by)ol™, (7)

where T45 is the total thickness function. To calculate the total inelastic cross section
for A+ B collision 028 one needs to add all the possible number of collisions between
the nucleons in crossing, ranging from 1 to AB. The probability for k inelastic events to
occur when nuclei are b apart is:
AB
Pkt = (7)) Eooz o, ®)
where for simplicity one usually considers spherically symmetric nuclei (7'(b) = T'(b));

finally the total cross section yields:

AB
oAB — /Zp(k, b)db
_ / 1= [1 = T(b)o™ P ap, (9)

One can show that the average number of nucleon-nucleon collisions at b is given

by [11]:

AB
(Nean(b)) =Y kP(k,b) = ABTap(b)oyy (10)

and the number of nn collisions per inelastic nucleus-nucleus collision after integrating

over the impact parameter is

(Ve

coll

) = ABUZ‘”/U;?ZB. (11)

n

2.4.1 Glauber Monte Carlo calculations

Practically, the modeling of HI collisions relies on Monte Carlo (MC) methods that im-

plement the Glauber model approach in computer calculations. Firstly, the nucleons are
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distributed in the transverse plane according to the nuclear charge density distribution.
For spherical nuclei such as 2°Pb, the density is a function only of the nuclear radius and

is modeled by a Fermi distribution:

- = 14+ w(r/R)?
p( )7p0—1+6$p(%%)7

where py is the nucleon density, R is the nuclear radius, a is the skin depth and w models

(12)

deviations from the Fermi distribution. These constants are extracted from low-energy
scattering experiments [50] and for 2°® Pb one usually has R = 6.624 fm, a = 0.549 fm and
w = 0 (overall normalization does not enter the calculation) [51].

The collision itself is simulated by randomly choosing the value of the impact pa-
rameter from a distribution dN/db o< b (up to 2R) and then registering inelastic nucleon—
nucleon collisions if their radial distance does not exceed W. The generator therefore
provides the number of nn collisions per event, N, and the number of total participating

nucleons in the collision, Npay.
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Figure 5: (Left) One simulated Pb+Pb collision in the transverse plane. Nucleons that
interacted inelastically are indicated as solid circles, while others are dotted circles [51].
(Right) Distribution of the number of binary nucleon-nucleon collisions (N ) versus the
number of participating nucleons (Npayt) for a simulated Glauber MC sample used in this
work [52]. Low values of N, and Npay correspond to events simulated with large impact
parameter values or to more peripheral events. The colored z-axis shows the number of

events in each bin of Neon and Npays.

The example of a simulation is given in Figure 5 where in the left panel one sees
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the nucleon distribution in the transverse plane for one Pb+Pb collision and in the right
panel the distribution of Neoy versus Npay for a large simulated sample of events. The
derived geometrical quantities are further related to the experimental data by a mapping

procedure that involves a full detector simulation and is described in detail in Section 3.2.

3 Experimental methods

In this chapter, we introduce the main ingredients necessary for measuring the Z pro-
duction cross section in the data collected with the ATLAS detector. The detector is
described in Section 3.1 with the emphasis on relevant subsystems used for extracting Z
boson yields from measuring decay leptons. In Section 3.2 we describe the procedure of
centrality determination in the experimental data within the Glauber model framework.
The concept of the nuclear modification factor as an experimental observable used for HI

measurements is introduced in Section 3.3.

3.1 ATLAS experiment at the LHC

The ATLAS experiment [53] is a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and nearly 47 coverage in solid angle. The collision point
is surrounded by inner tracking devices followed by a superconducting solenoid providing
a 2 T magnetic field, a calorimeter system, and a muon spectrometer. Below we discuss
the main detector subsystems and their properties used for the measurements discussed

in this work.

Inner detector. The inner-detector (ID) system is immersed in the magnetic field
and provides charged-particle tracking in the range |n| < 2.5. On average, a central HI
collision can record about 4500 charged particles in midrapidity, which forms a substantial
challenge for the detector performance. To satisfy the physics requirements of physics
analyses for the vertex and momentum resolution, the tracking system is designed as a
multi-layer silicon detector. This enables the hit reconstruction through robust pattern
recognition and high precision in both R-¢ and z coordinates.

The first hit is usually detected in the insertable B-layer [54-56] and followed by

three more layers of the silicon pixel detector and four double layers of silicon microstrip
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trackers (SCT). These silicon detectors are complemented by the transition-radiation
tracker (TRT), which enables radially extended track reconstruction up to |n| = 2.0. In
HI collisions the TRT is not used in the track reconstruction due to occupancy saturation.

The ATLAS ID system cross-section summary is shown in Figure 6.
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Figure 6: The layout of the ATLAS inner tracking detector: IBL, Pixel, SCT and TRT
detector layers. (Figure adapted from Ref. [56].)

The primary vertex resolution improves with detector occupancy and so in pp events
it ranges from 30 pm for events with 70 tracks to about 80 pum for events with 20 tracks,
while in HI events it about 10 gm. The momentum resolution depends linearly on the
track momentum both in pp and Pb+Pb systems and it grows in the forward 7 region.
Typically, for |n| < 1.9 it ranges from 3% up to 10 GeV and rises to approximately 10%
at 100 GeV. For more forward tracks, the momentum resolution rises from 8% to 15% in

the same momentum range.

Calorimeters. The two main components of the ATLAS calorimetry system are the
Liquid Argon (LAr) Calorimeter and the Tile Hadronic Calorimeter (TileCal). They cover
a wide range of |n| < 4.9 and are designed to stop and measure the energy loss of electrons,
photons and charged hadrons (jets). The total thickness of the EM calorimeter is > 22
radiation lengths (Xj) in the barrel and > 24 (Xj) in the end-caps. The approximate
9.7 interaction lengths (\) of active calorimeter in the barrel (10 in the end-caps) are
adequate to provide a good resolution for high energy jets. The cross-section view of the
ATLAS calorimeter system is shown in the left panel of Figure 7 with all the subsystems.

LAr calorimeters are divided into EM barrel (|| < 1.475) and endcap (1.375 < |n| <

3.2), LAr hadronic end-cap calorimeter (1.5 < |n| < 3.2) and LAr forward calorimeter
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(3.1 < |n| < 4.9). They are placed inside of three aluminum cryostats and supplied
by liquid Argon at -183 °C. The operation technology is based on the noble-liquid sam-
pling calorimetry where alternating layers of absorbers (lead or copper) and active gas
components with high-voltage kapton electrodes are used to degrade the energy of an in-
cident particle and measure the ionization signal coming from the EM or hadronic shower.
Electrodes are arranged in the accordion geometry that provides complete ¢ symmetry
without azimuthal cracks. The energy resolution for the EM barrel and endcap is about
10%/vE. Schematic representation of the EM calorimeter basic structure is shown in
the right panel of Figure 7. The barrel calorimeter consists of two identical half-barrels,
separated by a small gap (4 mm) at z = 0. Each end-cap calorimeter is mechanically
divided into two coaxial wheels: an outer wheel covering the region 1.375 < |n| < 2.5,

and an inner wheel covering the region 2.5 < |n| < 3.2.

47 cm

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic

outer copper layer |
inner copper layer .|/
kapton —3

outer copper layer

stainless steel—,

LAr electromagnetic
barrel

Figure 7: (Left) Side-view of the ATLAS calorimeter system [53]. (Right) Schematic view
of the structure of the ATLAS EM calorimeter [57].

The forward calorimeters (FCals) are located in the same cryostat as the end-cap
calorimeter and they consist of three modules in each end-cap: the first, made of copper,
is optimized for electromagnetic measurements, while the other two, made of tungsten,
measure predominantly the energy of hadronic interactions. Due to a very high incoming
particle flux, the design of the FCal modules is based on the electrode structure of small-
diameter rods, centered in tubes that are oriented parallel to the beam direction. The
LAr gaps which are the sensitive element are smaller than 2mm. The energy resolution

of FCal is about 100%/v/E.

LAr hadronic end-cap calorimeter (HEC) provides hadronic coverage and provides an

25



energy resolution of about 60%/ VE. Tt has parallel copper plate absorbers orthogonal
to the beam axis assembled into two consecutive wheels. The forward calorimeter (FCal)
consists of three modules in each end-cap: the first, made of copper, is optimized for
electromagnetic measurements, while the other two, made of tungsten, measure predomi-
nantly the energy of hadronic interactions. The energy resolution of the EM layer is about
30%/+v/E and of the hadronic modules around 80%/v'E [58].

TileCal is a sampling calorimeter using iron as absorber material and scintillating
tiles as an active material. It is placed directly outside the EM calorimeter. Both sides
of the tiles are read by wavelength shifting fibers into two separate photomultipliers. The
calorimeter is split into a barrel and two extended barrel parts. It provides an energy
resolution of approximately 40%/v/E for pions.

In addition to the calorimeters described above, the ATLAS system also uses Zero-
Degree Calorimeters (ZDCs) for detecting forward neutrons with |n| > 8.3 in HI collisions.
The ZDCs are divided into two arms and reside inside the TAN (Target Absorber Neu-
tral) absorber £140 m from the interaction point. Their design is based on scintillating
sampling calorimeter technology using quartz rods as an active material readout by pho-
tomultipliers and tungsten and steal as absorption material. The single neutron energy
resolution for the spectator neutron energy of 2.51 TeV is about 17%. By requiring a
tight coincidence from the two arms of the ZDC’s, background processes from beam-gas
and beam-halo effects can be significantly reduced. The ZDC coincidence is also a basis of
the minimum-bias (MB) trigger algorithm in HI collisions. Such triggers are designed to
collect a large fraction of the total inelastic Pb+Pb cross section while introducing as little
selection bias as possible. By requiring a single-sided ZDC signal or no signal in the ZDCs
(below the energy of a single neutron), one can tag photon-nuclear and ultra-peripheral

EM processes that leave one or both of the incident nuclei intact.

Muon Spectrometer. The Muon Spectrometer (MS) was designed to detect muons
in the pseudorapidity region up to |n| = 2.7 and to provide better momentum resolution
measurement in the central part of the detector after combining the information with
the ID. The measurement technology is based on the magnetic deflection of muon tracks
in the large superconducting air-core toroid magnets, instrumented with separate trigger
and high-precision tracking chambers. The layout of the MS is shown in Figure 8. The

magnetic system consists of a barrel toroid magnet that covers the regions of |n| < 1.4
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and two smaller endcap toroids that deflect muons in the region 1.6 < |n| < 2.7; the
magnetic field in the transition region is provided by a combination of both barrel and
endcap magnets. The bending power of the magnets, quantified as [ Bdl where integral

is evaluated between the first and the last chamber, is in the range from 1 to 7.5 Tm.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

R chambers (RPC)
End-cap foroid
Monitored drift tubes (MDT)

Figure 8: The layout of the ATLAS muon spectrometer with all types of muon chambers
indicated [53].

Precision tracking of muons is done by Monitored Drift Tubes (MDTSs) in the coverage
of |n| < 2.7. A basic measuring element is a gas-filled tube, 1-6m long, with an anode
that is at +3300 V so that it creates an avalanche of ionization electrons created by an
incident muon. The gas mixture used is Ar-COy (93-7%) at 3 bar, where Ar ensures a large
primary ionization yield and COy is a quencher gas that absorbs the UV photons from
excited Ar atoms. The tubes are assembled into multilayers inside chambers that finally
provide 50um position resolution (single drift tube resolution is about 80 pm). Muon
momentum resolution measured with MDTs is from 2-4% for muons from 10-200 GeV
and rises to 12% for 1 TeV muons.

In the region |n| > 2 the counting rate exceeds the MDT requirements for safe oper-
ation (above 150 Hz/cm?). Therefore, MDTs are replaced with cathode-strip chambers
(CSC) which are multiwire proportional chambers with the wires oriented in the radial
direction and segmented into strips to provide the position measurements. The position
resolution of the CSC plane is 60 pym with a good two-track resolution. CSC can be
operated safely up to 1 kHz/cm? rate.

An additional detector subsystem is installed inside the MS for triggering purposes.

27



In the barrel (Jn| < 1.05), Resistive Plate Chambers (RPCs) are used which are gaseous
parallel electrode-plate detectors. They have good spatial (~1 mm) and time resolu-
tion (about 2 ns) as well as adequate rate capability. In the end-cap region, Thin Gap
Chambers (TGCs) have been selected which operate on the same principle as multi-wire
proportional chambers, and they provide good time resolution (~4 ns) and high rate

capability.

ATLAS Trigger. A two-level trigger system is used to select events for this analy-
sis. The first-level trigger is implemented in hardware and uses a subset of the detector
information. High-pr muons are identified using RPC and TGC signals as described
above. Calorimeter selections are based on reduced-granularity information from all the
calorimeters. Results from the L1 muon and calorimeter triggers are processed by the
central trigger processor, which implements a trigger “menu” made up of combinations
of trigger selections. There is a possibility of implementing additional “event prescales”
which further reduce the recorded output rate for each trigger in the menu. For the Z
boson analysis one usually relies on the trigger with the lowest pr requirement, defined
by the allocated bandwidth, with no prescale reduction in both channels to maximize the
measured boson yield. The L1 trigger sequence is followed by the software-based High-
Level Trigger (HLT) system, which can run offline reconstruction and calibration software,
further reducing the event rate. An example of this is quality requirements applied to the
EM shower associated with electron and photon HLT objects.

In the 2015 pp reference run, the L1 rate for the main electron trigger (requiring
pr > 13 GeV) was about 1 kHz and for the muon trigger about 2 kHz (for pr > 10 GeV
muons). The HLT output rate for electrons and muons was around 20 Hz. During the
Pb+Pb 2015 run the main electron L1 physics trigger (pr > 12 GeV) sampled the rate of
about 1 kHz and the muon L1 trigger up to 200 Hz (pr > 6 GeV). The HLT rates went
up to 200 Hz for the muon trigger (with pr > 8 GeV) and up to 40 Hz for the electron
trigger (requiring pr > 15 GeV and additional quality cuts).

3.2 Centrality association in data

To estimate geometrical quantities within the Glauber model that can be associated with

the experimental data, one usually applies a procedure called “mapping”. It consists of
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finding the observable sensitive to the event activity in a HI collision that can be simul-
taneously employed in a Glauber MC simulation and also measured in the data. Then
one can “map”’ geometric parameter distributions — such as Npat, Neon, and Thx— from
simulation to data. Within the ATLAS framework, this observable is the total trans-
verse energy measured in the forward calorimeters (X EECa) which cover the acceptance
of 3.1 < |n| < 4.9. The advantage of this particular calorimeter is that it is located at high
rapidity and away from the main energy production region in the transverse direction.
This reduces the bias that would have been otherwise introduced by an energy deposition
of a hard scattering in the event.

The X EECA! distribution in data that is used for mapping is obtained from a minimum-
bias (MB) event sample in the 2015 Pb+Pb collision data [52]. This sample of events
is recorded by requiring two triggers: “L1TESH0” is designed to register events with
Er > 50 GeV in the calorimeters, and “L1ZDC_A_C_VTES50” is designed to register
peripheral inelastic events by requiring the ZDC coincidence signal and Er < 50 GeV in
the calorimeters. The collected sample contains inelastic collision events by introducing
minimal selection biases. However, only a fraction of this distribution above X EXC! = 40
GeV is used for the centrality association; below that value, a significant fraction of diffrac-
tive and photonuclear events compared to Glauber-like events is found to contaminate the
sample. The left panel of Figure 9 shows the ¥ EEC?! distribution sampled by the two MB
triggers, where the negative and positive tails show contributions from multiple inelastic
events recorded together (pile-up).

An equivalent distribution is then obtained in the full Glauber MC sample where
one can relate geometric parameters to LEEXC via the two-component-model [59]. This
model assumes that the soft particle production rate, or the particle production with the
low momentum transfer, depends on the “soft” contribution proportional to Np. and
the “hard” contribution that scales with Neo (or Tas). One derives the linear weight
of these two contributions from pp events and obtains that P(ZEgcal; Npart = 2, Neon =
1) = Gaus(XEEC) which is then used for convolution into the final SEEC! distribution
in Pb+Pb events. When fitted to the data, the fraction of Glauber-like events or the fit
efficiency is at the level of 85%, as it can be seen in the right panel of Figure 9. By
dividing then the MB distribution in the data into 85 bins of equal sizes, one obtains
the L EEC cuts that determine the centrality intervals. Finally, (Npa) and (Neoy) in
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Figure 9: (Left) XELXC distributions in the 2015 Pb+Pb data collected with two MB
triggers “VTES50” (blue squares) and “TE50” (red circles). A sum of the two distributions
used in the GMC mapping procedure is given in open squares. (Right) Fit result showing
a Glauber 4+ Gaussian fit (red circles) to the MB data (black squares) in the region
YEEC > 40 GeV. (Figure adapted from Ref. [52].)

centrality intervals are derived from (SEEC N .) and (NEX“e N.) distributions

derived from the fits and the T is obtained as a ratio of (N.) to o/,

Centrality (Npart) (Tan) [mb™!] Centrality (Npart) (Tap) [mb™1]
0-2% 399.0£1.6 28.30=x0.25 20-25% 2066 £29 9.77+£0.18
2-4% 380.2+2.0 2547+£0.21 25-30% 172.8£28 7.50£0.17
4-6% 358.9+24 23.07+£0.21 30-40% 1314 +£2.6 4.95+£0.15
6-8% 338.1+£2.7 20.93+£0.20 40-50% 8§7.0£24  263+£0.11
8-10% 317.8+£2.9 18.99+£0.19 50-60% 53.9+2.0 1.28 £ 0.07
10-15% 285.2£29 16.08 £0.18 60-80% 23,013  0.39+0.03
15-20% 2429+£29 12.59+£0.17 80-100% | 4.80 £0.36 0.052 + 0.006
0-100% 114.0£1.1 5.61 £0.06

Table 1: Centrality intervals and their corresponding geometric quantities with systematic

uncertainties, from Ref. [60].

Table 1 summarizes geometric quantities, (Npart) and (Taa), corresponding to central-
ity intervals as calculated with Glauber MC v2.4 [60]. A special treatment is employed
for the 20% most peripheral interval of events, where diffractive and photonuclear pro-

cesses significantly contribute to the MB event sample. This requires extrapolating the
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total number of MB events in this region and employing a special requirement on the Z
boson event topology and so ensuring no background contamination. The total number
of minimum-bias events in 0-80% centrality interval is (2.99 + 0.05) x 10° which is then

distributed in different centrality intervals according to their size.

3.3 Nuclear modification factor

In this section, we introduce the main observable constructed by taking the ratio of the
Z boson production yields in pp and Pb+Pb systems. Due to its normalization, this
observable reflects the presence of nuclear effects in the Pb+Pb system not taken into
account in the Glauber model.

In Pb+Pb collisions, a Z boson can be produced in a hard interaction of any two
nucleons from the colliding nuclei. Since the production of a Z requires large momentum
exchange and has a low cross section, one can neglect any other “soft” interaction into

which the same nucleons can also be involved. Therefore:
oin~ Aol (13)

where the number of nucleons in the ion A is the sum of the number of protons (the

nucleon charge Z) and neutrons. Taking into account the isospin effects:

oy = Z2crpzp +(A—2)* 02 +27(A— Z)Ufn

Z7*  Z(A-Z)o,  (A-Z)of
- AQO}%(E : A2 ) LZ+2( A )U_T?>
Upp Upp
ciSOAQUPZp, (14)
where o/ 0/ and o/, denote the corresponding nucleon-nucleon cross sections and cis,

accounts for the isospin effects. Since for the Z boson the cross sections o/, =~ o/, ~ 07,

the coefficient ¢, is close to 1 and independent of biy,,. From the simulation one obtains
Ciso = 1.02.

The total number of Z bosons in the sample can be found from Eq. 14,
NZy = csoA’0l L~ A% L, (15)

where L is the integrated luminosity of the collected data. This number can further be

related to the total number of inelastic (non-singly diffractive) Pb+Pb collisions, Ny,
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that corresponds to the inelastic Pb+Pb cross section o'§'. The luminosity £ cancels out

leading to:
Nia _ A

o o 7z
N = U%\?gapp = Tan0,,, (16)
ev

which shows that the hard probe production rate must scale with the magnitude of the
nuclear overlap which depends on bi,,. Therefore, in the Pb4+Pb measurement of the
Z production presented in this work, a main observable according to Equation 16 is the
Z boson yield scaled by the number of MB inelastic collisions and the average nuclear
thickness function (Taa), later referred to as the normalized yield.

Equation 16 leads to the experimental observable that is widely used in HI studies
and is called the Nuclear Modification Factor (Raa). The Raa is used to quantify nuclear
effects on particle production and is defined as:

1 1 d&®N¥%,/dydpr

Raa = .
Ad TAA Nevt dQO.pr/dyde

(17)

Here, the R4 is derived for the Z production but is equivalently defined for any hard
probe observable. For colored processes, the Ras is measured to be significantly less
than unity for any color-sensitive probes: charged particles, jets, heavy flavor mesons.
However, the yields of Z bosons measured in electron and muon decay channels are not
affected by the medium. Therefore, up to the isospin effects (cis, discussed above), the
Raa of Z boson should be unity. Other effects that can lead to the departure of the
Z boson Raa from unity are the cold nuclear matter (CNM) effects, such as the nPDF
modification discussed in Section 2.3 and inaccurate measurement of the initial collision
geometry discussed in Section 2.4. These considerations make the Rxs of a Z boson a

very interesting object to study.

4 QOverview of current results

Measurements of Z and W boson production in HI collisions became feasible only in the
last 10 years after the turning on of the LHC machine. For the first time, it was possible to
reach sufficiently high enough center-of-mass energy and the data luminosity for the yields
to be abundant in spite of their low cross section and the low branching ratio in leptonic
decay channels. Run-1 physics results (2010-2013) predominantly came from ATLAS [61-
64] and CMS [65-68] collaborations with an addition of the Z observation from the LHCb

32



experiment [69]. In Run-2 (2015-2018), together with new results reported by ATLAS [70,
71] and CMS [72], the first result also came from the ALICE collaboration [73]. Table 2

summarizes data delivered by the LHC relevant for these studies.

period | year collision system | /5., v/s [TeV] | luminosity Ref.

Run-1 | 2010, 2011 Pb+Pb 2.76 147 pb™? [61, 62, 65, 66]
2011, 2013 p 2.76 4.2pb~* [66]
2013 p+Pb 5.02 28nb~! | [69, 63, 64, 67, 68]

Run-2 | 2015 Pb-+Pb 5.02 0.49nb~" (73, 70, 71]
2015 pp 5.02 25pb~! (74, 70, 71]
2016 p+Pb 8.16 165nb ™" [72]

Table 2: Summary of published EW boson results by the four LHC experiments from
Run-1 and Run-2 data sets.

As explained in the Introduction, there are three main focal points in measuring the
production rates of EW bosons in HI collisions which are: 1) PDF modification, 2) rates
in centrality classes and 3) yields in peripheral events. In this chapter, we overview the
present status of experimental measurements and their agreement with currently available
model predictions. We start with nPDF model comparisons in Section 4.1 and move to
the current results on the EW boson production as a function of centrality in Section 4.2.
Finally, we introduce recent model corrections to Glauber model predictions in peripheral
collisions in Section 4.3 and discuss the contribution from electromagnetic processes in

ultra-peripheral Pb+Pb events in Section 4.4.

4.1 Nuclear parton distribution functions

As it was discussed in Section 2.3, possible nuclear modification of the free proton PDF
can be addressed by measuring the fraction of longitudinal momentum x (or rapidity y)
of the produced bosons. In the following, we review the recent data recorded by the LHC
experiments used to constrain the nPDFs.

While Run-1 results from Pb+Pb measurements were unable to distinguish between
free proton and modified PDF predictions, ATLAS results in the p+Pb system [63, 64]

preferred a model with nPDF modification as seen in the left panel of Figure 10; the free

33



PDF predictions were not excluded, however. A strong confirmation of that indication
came from the CMS Run-2 p+PDb result [72] where the experimental data clearly prefers
the nuclear modification and excludes the free PDF prediction (with the best probability
for the free PDF at the level of 107® [72], therefore below the exclusion limit). The CMS

result on the W differential cross section is shown in the right panel of Figure 10.
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Figure 10: (Left) Differential cross section do/dy} for Z — ¢¢ measured in the p+Pb
system at /5, = 5.02 TeV by ATLAS compared with several model calculations includ-
ing free proton PDF and nPDFs [63]. (Right) The do/dn* distribution for W~ — p*v,
measured in the p+Pb system at /s = 8.16 TeV by CMS compared with the most
recent free PDF and nPDF sets [72].

New results from the Run-2 LHC data have recently been reported concerning PDF
and nPDF predictions in the Pb+Pb system. The measurement by ALICE [73] reported
better agreement with nPDF calculations for Z bosons in forward rapidity, 2.5 < y <
4.0, while the free PDF prediction deviates from the measurement at the level of 2-3
standard deviations. In contrast with this, a most recent ATLAS measurement of W
boson production in Pb+Pb [70] indicates a better agreement with free proton PDF
predictions at midrapidity, |7, < 2.5, while the nPDF calculations tend to underestimate
the yields measured in data. The left panel of Figure 11 shows ALICE results of Z boson
yield normalized by Tha measured in the muon decay channel in two bins of rapidity,
where better agreement is observed with the EPPS16 nPDF as compared to CT14 proton

PDEF. In the right panel the differential yield of W~ bosons is shown as a function of
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lepton 7 measured by ATLAS where the trend is opposite to that from ALICE. These
results point to different conclusions concerning the nPDF agreement with data. This

advocates for more precise measurements in the Pb+Pb system.
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Figure 11: (Left) Normalized production yields of dimuon pairs from Z decays as a
function of rapidity in 2.5 < y < 4.0 for the 0-90% centrality interval measured in
VS = 5.02 TeV Pb+Pb data by ALICE [73]. (Right) Normalized production yields
of W~ as a function of absolute lepton pseudorapidity for combined electron and muon
channels in the 0-80% centrality interval measured by ATLAS in /s, = 5.02 TeV
Pb+Pb collisions [70].

What this shows is that while in the asymmetric system data favors the nPDF scenario
and can distinguish between different distribution functions with the current precision,
more studies are required to reach the same conclusion in the larger nucleus-nucleus

collision system.

4.2 Electroweak boson production rates

The data presented in the previous section is used to measure the production yields in
different centrality classes of HI collisions. As discussed in Section 3.3, the expectation
of the Glauber model is that Z and W production rates scale with the nuclear thickness
function Tha or the amount of the nuclear overlap in a collision. This statement includes
our current understanding of a hard process within pQCD (factorization theorems) as well
as our current understanding of multi-particle scattering and geometry in HI collisions. In

terms of the nuclear modification factor, this predicts that R should be constant across
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centrality intervals for both species. In previous studies, this expectation is confirmed
within the available precision of the data.

To study this prediction, yields have been measured by ATLAS [61, 62] and CMS [65,
66] in Run-1 data as a function of centrality and have been shown to scale with the
nuclear overlap or the number of binary collisions. Results from the two Run-1 ATLAS
measurements are shown in Figure 12 and they demonstrate the scaling as predicted by
models, with statistical precision of the data at the level of ~3% for W result and ~10%
for the Z result per bin (including full data luminosity from 2010 and 2011 runs superior

to CMS results).

@ o L O B B 3 | 2 A0
3908 ATLAS AZ>ee il ]
WEE | PbiPb|s,=276TeV 8z 22 5o ATLAS 3
~ gL Data 2011 L, =0.15nb™  vZ— n o 3 F . - ]
ot . - *n +n I 30 - ————— = —— -
< L g +§+ H 7777777 o
I T* ¥ M 25 s
‘o i 20 E
| bpﬁwaevgt ,,,,,,,,,,,,, +'3* ,,,,,,, +$Y ,,,,,,,,,,, 15 == T e
L A ;'* q E ]
of- A=Y 10<pZ<30GeV iy +._. — [ 1 W Data —-W!POWHEG CT10
,,,,,,,,,,,,,,,,,,, (Y ¢ 5 B (B 10 + — =
. ii Agy +’Y 18 o —w
= = 5; 4
L ,,},E!P;??‘?gfy},.y rrrrrrrrrrrrr AT gy W7 EJLdt=0.14-0.15 b Pb+Pb (S, = 2.76 TeV
L T T A S N SRS s R | RV PP AR NI N W N S N
0 100 200 300 400 O0 50 100 150 200 250 300 350 400

part < N >

part

Figure 12: (Left) Normalized yield for Z bosons, in the dielectron, dimuon, and combined
channels, from Run-1 ATLAS data for /s = 2.76 TeV Pb+PDb collisions, as a function of
the mean number of participants (Npa.), for different pr slices [62]. (Right) Normalized
W boson production yield as a function of (Npu) for WF, W=, and W* bosons for

combined muon and electron channels measured by ATLAS in the same data set [61].

Controversially, a number of measurements done in the p+Pb system have observed
similar effects to the ones measured in the Pb+Pb system that have been traditionally
attributed to QGP-medium interactions: results from long-range azimuthal correlations in
p(d)+A system [75-78], enhancement of particles coming from heavy meson decays [79-
81] and deviations from binary scaling in the high-pr jet and hadron production [82-84],
all point to further investigation of the current understanding of QGP signatures. One
possible way of answering the questions arising from these effects is using the EW bosons to
probe the initial state conditions of the system. From the CMS and ATLAS measurements
of the W [67, 64] and Z [68, 63] boson yields it follows that certain adjustments and

constraints on the PDF sets used in models have to be imposed, and it is still a matter
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of discussion which geometrical model should be applied to p+Pb collisions.

New Run-2 results on EW boson scaling in Pb+Pb system were reported by AL-
ICE [73] for Z bosons and ATLAS [70] for W bosons. ALICE data suffers from large
statistical uncertainties since the Z yield is measured in the forward region but the mea-
surement is consistent with Taa scaling for two reported centrality intervals. In that
respect, the new ATLAS data provides insight on this subject with unprecedented preci-
sion. For the first time, one sees an indication of deviation from the predicted Ty o scaling

in peripheral Pb+Pb collisions at the level of 1-20, as shown in Figure 13. Nevertheless,
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Figure 13: Normalized production yields of W (orange circles) and W~ bosons (blue
squares) as a function of (Np,) shown for the combination of electron and muon decay
channels and compared with CT14 NLO PDF calculations measured by ATLAS in the
V3w = 5.02 TeV Pb+Pb data [70]. The lower panel shows the ratio of the predictions

to the measured yields in data.

the result shows that the T scaling holds for mid-central and central collisions as an-
ticipated. Together with this result, the Z boson measurement presented in Section 6.3
provides a significant contribution to the current understanding of HI collision geometry.

It should be noted that for the first time in Run-2, the reference pp data is available
at the same partonic luminosity as in Pb+Pb to construct EW boson Raa (that was
previously estimated with calculations). This better captures possible PDF and nPDF
effects since data-to-data ratio should to some degree cancel out possible deviations in
valence u and d quark distributions (for free proton PDF) in data compared to simulations
including various PDFs (as it is already known from the pp measurements that free PDFs
exhibit deviations from the data at midrapidity, see for example [85]). The W and Z

boson Raa will be discussed in more detail in Chapter 6.
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4.3 Corrections to the Glauber model in peripheral collisions

All the results presented above inherently depend on the centrality model and the map-
ping procedure employed by the experimental group. Recently, however, corrections to
the Glauber model have been introduced in a model known as HG-PYTHIA which uses
insights from the measured jet production in peripheral Pb+Pb collisions. Suppression
of jets and charged particles in Pb+Pb collisions has been measured in Run-1 and Run-2
Pb+Pb data at the LHC and established as one of the primary signatures of final state
medium effects [86-90, 84]. An interesting feature of these measurements is that the
high-pr jet and charged particle Raa stays below unity for peripheral Pb+Pb collisions
as is shown in the left panel of Figure 14, indicating that significant jet suppression is
still present for a considerably small amount of nuclear overlap. The measurements at
this point extend to 80% for ATLAS and to 90% centrality interval for CMS. As opposed
to that, the data so far points to no suppression in the p+Pb system [91]. Even though
the interpretation of the measured nuclear modification factor in p+Pb data (R,py) for
jets and charged hadrons depends on the employed geometrical model and can contain
strong nPDF effects, overall the data indicates no suppression comparable to the level
measured in peripheral Pb+Pb collisions. Since a common expectation coming from the
consideration of the system size implies a smooth transition between peripheral Pb+Pb
and p+PDb collisions, these results introduce a tension in the current understanding of HI
collision geometry and medium effects on colored probes.

An alternative explanation for the low measured charged-particle Rpa in peripheral
Pb+PDb collisions was recently introduced by Loizides and Morsch [93] by exploring pos-
sible biases in geometry estimation introduced by the Glauber model. In that work, two
sources of biases were studied: 1) geometry bias, which relates to correlations between
Pb+Pb impact parameter and the nucleon—nucleon impact parameter (b,,), and 2) se-
lection bias that takes into account possible correlations between hard and soft particle
production that bias the centrality estimators in forward rapidities.

The reason for the first source of bias is coming from the fact that the displacement of
nucleons in a beam of ions is different compared to the one of the beams of protons. That
implies that peripheral Pb+Pb collisions tend to be more biased towards more peripheral
nn collisions which affects the rate of the multiple parton scatterings. The selection bias

further arises due to the fact that hard and soft production equally reflect the geometry
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Figure 14: (Left) The upper panel shows the nuclear modification factor Ry of high-pr
jets versus jet rapidity measured in three centrality intervals by ATLAS in the /s =
2.76 TeV Pb+Pb data [87]. In the lower panel the jet Raa is shown as a function of
(Npart) for jets with |y| < 2.1 and 80 < pr < 100 GeV. (Right) Nuclear modification
factor R,a as a function of py for jets in the p+Pb system measured by ATLAS (open

squares) [82] and CMS (filled circles) [92] in the /s = 5.02 TeV p+PDb data.

bias and the centrality selection in the data is determined by the soft production. In that
case. more peripheral centrality classes will be biased towards larger values of b,,.

To formally model these biases, the value of the Raa absent of any nuclear effects
was determined using the HG-PYTHIA model, which describes nucleus-nucleus collisions
using the HIJING [94] event generator and superimposes a PYTHIA 6.4 [95] event for
each hard sub-interaction specified by the generator. HIJING was tuned such that no
quenching or shadowing effects were simulated. The centrality association in the model
was done by ordering events according to the charged-particle multiplicity measured in
25 <n<b.

Figure 15 shows the model prediction for the charged hadron Raa compared with CMS
data (left) and ALICE data (right). The model can qualitatively explain the measured
peripheral suppression and it implies that biases in Raa calculation need to be taken into
account before the measurement is interpreted as a charged particle energy loss in the
QGP medium. Within the model, the same is expected to hold for the peripheral Raa
associated with observables produced by any hard scattering process, such as EW bosons.

In this work, we further investigate this prediction by measuring the Z boson yields in
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Figure 15: (Left) Nuclear modification factor Raa for charged particles versus pr in
70-90% central Pb+Pb collisions at /5, = 5.02 TeV for the CMS data [84] compared to
HG-PYTHIA and HIJING calculations. (Right) Average Raa for 8 < pp < 20 GeV as a
function of centrality percentiles in Pb+Pb collisions at /s = 5.02 TeV by ALICE [96]
compared to predictions from HG-PYTHIA.

ultra-peripheral Pb+Pb collisions, extended for the first time beyond 80% centrality. In
this region, it is no longer justifiable to neglect electromagnetic corrections to Z boson

production yield.

4.4 Photon-induced interactions in ultra-peripheral collisions

In peripheral Pb+Pb collisions, the contribution from electromagnetic (EM) processes
becomes significant compared to the rate of hadronic collisions. The reason for this
are the strong EM fields of fully ionized colliding nuclei that in the equivalent photon
approximation correspond to a flux of high-energy photons. These coherent photon fields
from the two nuclei can interact and scatter even when the impact parameter is large
(more than twice the nuclear radius); hence, this class of physics processes is usually
referred to as “ultra-peripheral collisions” (UPC) [97]. Since the photon spectrum is
enhanced by Z2, the rates of EM interactions are comparable to rates of hard processes
that scale with Tx4.

UPC events are used to study exclusive vector-meson production in photon—nucleus
collisions [98-102], lepton-pair production in photon—photon collisions [103] and recently

the light-by-light scattering [104, 105]. In this class of events there are two physical
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processes that contribute to the final Z boson yield: photon—photon scattering, vy —
£7¢~ [106-108] shown in the left panel of Figure 16 and photon-—nucleus scattering v+ A —
Z — (70~ [109] (right panel of Figure 16).
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(0010]0[0)0[0)]
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Figure 16: (Left) An illustration of the Z photoproduction mechanism in an ultra-
peripheral nucleus-nucleus collision. (Right) A diagram for the exclusive dimuon pro-

duction in the photon-photon scattering.

Although measurements of exclusive high-mass dilepton production have been per-
formed in pp and Pb+Pb collisions by ATLAS [110, 111] and in pp collisions by CMS [112],
a photo-nuclear Z boson production has not yet been observed in HI collisions. Both
physics processes are characterized by large rapidity gaps on one or both sides of the
detector (regions with no particle production recorded in the detector). This feature of
the event topology of the UPC production allows identifying and subtracting these events

when treated as a background contribution to the nominal hadronic Z boson production.

5 Measurement methodology

In this chapter, we discuss the exact measurement procedure required to extract the Z
boson yield. In Section 5.1 we introduce all the relevant detector observables used in
the measurement which are: the total number of reconstructed Z boson candidates, the
various background processes that need to be subtracted, the detector efficiency correction
and the overall measured normalization factor. The quantities are presented in greater
detail in subsequent sections. Section 5.2 summarizes conditions for the event selection

and the lepton reconstruction in the ATLAS detector applied for reconstructing Z bosons.
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In Section 5.3 we list all the simulation samples used in the analysis, while in Section 5.4 we
discuss different physics processes contributing to the total number of background events.
Section 5.5 discusses the derivation of the correction factor for the detector efficiency and
resolution while Section 5.6 describes how this correction is measured in different decay
channels and collision systems. Finally, in Section 5.7 we describe different sources of

measurement uncertainties for the final result.

5.1 Definition of observables

The fiducial cross section for Z boson decays is defined for particles in the mass range
of 66 < mz < 116 GeV decaying into leptons in the phase space defined by kinematic
cuts |n'| < 2.5 and p > 20 GeV calculated on the generated level. The methodology of
the measurement consists of counting the number of reconstructed Z boson candidates in
the fiducial space defined by the lepton selection, subtracting the number of background
candidates and finally correcting the data for the detector effects. The same methodology
is employed for both muon and electron decay channels before channels are combined for
the final result. The expression for the fiducial cross section times the branching ratio of

the Z boson is:

NZ, B NZ —N,DZkg

reco

Cy- L Cyp-L

0Z X BR(Z = 1l) = (18)

where

NZ, represents the number of Z bosons in the fiducial acceptance,

NZ_, is the number of Z boson candidates, selected on the reconstructed level,

Nkﬁ{g is the number of background candidates,

Cy is the correction factor accounting for the detector acceptance, efficiency and

resolution,

L is the total integrated luminosity of the analyzed data sample.

In Pb+Pb collisions, an equivalent of the measured cross section is the normalized
yield of Z bosons, i.e. the Z yield per inelastic collision normalized by the amount of the

nuclear overlap. From Equations 16 and 18 it follows:
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where N%, denotes the normalized Z yield in the Pb+Pb system, Tx4 is the nuclear

thickness function and N, is the number of MB events as explained in Section 2.4.

5.2 Event selection

The number of reconstructed Z boson candidates, NZ__, is obtained in both muon and

reco’
electron decay channels after applying the selection at the event level and on the recon-
structed leptons. All events are selected according to detector quality conditions during
the data taking summarized in the “Good Run List” (GRL) to ensure a high quality of
events selected for physics analyses. Events are required to have a reconstructed primary
vertex which is required to have least two tracks associated with and the highest sum of
the associated-track transverse momenta among all vertices.

According to the allocated bandwidth in the trigger menu, the lowest-pr triggers used
to select events with high-energy muons required a muon candidate with at least 14 GeV
(8 GeV) transverse momentum in pp (Pb+Pb) events. In the electron channel, due to a
larger background contribution a trigger algorithm applies selection on the electron shower
in the calorimeter (defined as “loose”) while requiring candidates with pr > 15 GeV.
Further offline kinematic requirements applied to leptons include pp > 20 GeV (in the
plateau of the trigger efficiency) and |n| < 2.4 (2.47) for muons (electrons) that limits the

measurement to the precision region of the EM calorimeter and the muon (RPC trigger)

system.

5.2.1 Muon reconstruction and identification

The combined ID-MS muon reconstruction is performed according to various algorithms
based on the information provided by the ID, MS and calorimeters. Four muon types are

defined depending on which subdetectors are used in reconstruction:

e Combined (CB) muon: track reconstruction is performed independently in the ID
and MS, and a combined track is formed with a global refit that uses the hits from
both the ID and MS subdetectors;
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o Segment-tagged (ST) muons: a track in the ID is classified as a muon if, once
extrapolated to the MS, it is associated with at least one local track segment in the

MDT or CSC chambers;

e Calorimeter-tagged (CT) muons: a track in the ID is identified as a muon if it can
be matched to an energy deposit in the calorimeter compatible with a minimum-

ionizing particle;

e FEaxtrapolated (ME) muons: the muon trajectory is reconstructed based only on the

MS track and a loose requirement on compatibility with originating from the IP.

Offline muons used in pp and Pb+Pb systems are required to be combined muons.
Further muon identification requirements are imposed to suppress background muons,
mainly from pion and kaon decays. Several variables useful for the discrimination of

prompt and background muons are listed below:

e ¢/p significance, defined as the absolute difference between the muon charge-to-
momentum ratios measured in the ID and MS divided by the sum in quadrature of

the respective uncertainties;

e p, defined as the absolute difference between transverse momentum measurements

in the ID and MS divided by the transverse momentum of the combined track;
e normalized x? of the combined track fit;
e specific requirements on the number of hits (precision layers) in the MS.

This analysis uses the medium identification working point which is the default selection
for muons in ATLAS. For the ID tracks, the quality cuts require at least one Pixel hit, at
least five SCT hits and fewer than three Pixel or SCT holes. Medium selection requires
muons to have at least 3 hits in at least two MDT layers, except for tracks in the || < 0.1
region, where tracks with at least one MDT layer but no more than one MDT hole
layer are allowed. A loose selection on the compatibility between ID and MS momentum
measurements is applied, requiring the ¢/p significance to be less than seven. In the
Pb+Pb system, due to the saturation of the TRT detector, no requirements are made on
the TRT signatures while all the order requirements are the same as applied in the pp

system.
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Analysis performed in the pp system uses isolation requirements, imposed on muon
candidates in order to suppress the multi-jet background. Specifically, FizedCutTight

requirement consists of cuts on track-based and calorimeter-based variables:

o pyreones0 [yl < 0.06, where p¥™on®30 is the sum of transverse momenta of tracks

in a cone around a muon, excluding the muon track itself. The cone size dR =

VAn? 4+ A¢? is chosen as Min(10 GeV/pk., 0.3).

o [EloPocone0 /it ().06, where EiP°°*” is the sum of transverse energies of topoclus-
ters in a cone of radius dR = 0.2 around the muon, excluding the muon energy

deposit itself.

The isolation requirement is not used in the analysis of Pb+Pb data due to a much
larger size of the underlying event. That results in a strong dependence of the signal loss on
event centrality, and as a result, a significant additional correction with the corresponding

systematic uncertainty.

5.2.2 Electron reconstruction and identification

Electrons are reconstructed in ATLAS from the combination of a cluster of energy deposits
in the EM calorimeter (EM cluster) and a matching ID track. Electromagnetic-energy
cluster candidates are then seeded from localized energy deposits using a sliding-window
algorithm [113] of size 3x5 towers in 7 X ¢, whose summed transverse energy exceeds
2.5 GeV. The efficiency to detect an energy cluster with the sliding window algorithm
in the EM calorimeter is found to be above 99% for Er > 15 GeV [114]. The track
matching starts with track reconstruction from seeds formed of three space-points in the
silicon detector layers and proceeds with a Gaussian-sum filter [115] fitting procedure that
performs matching to EM clusters. Above Er = 15 GeV, the efficiency to reconstruct an
electron having a track of good quality (at least one pixel hit and at least seven silicon
hits) varies from approximately 97% to 99%. The energy of the final electron candidate
is computed from the calibrated energy of the EM cluster while the ¢ and 7 directions
are taken from the corresponding track parameters.

To further reduce the background coming from hadronic jets or converted photons,
algorithms for electron identification are applied. The identification algorithms use quan-

tities related to the electron cluster and track measurements including calorimeter shower
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shapes, information from the TRT, track-cluster matching related quantities, track prop-
erties, and variables measuring bremsstrahlung effects for distinguishing signal from back-
ground candidates. The baseline identification algorithm used for Run-2 data analyses is
the likelihood (LH) method. It is a multivariate analysis technique that simultaneously
evaluates several properties of the electron candidates when making a selection decision.
In pp data, LH medium working point is selected for the analysis that is optimized for
identification efficiency from 80% at 20 GeV to 95% at 120 GeV, with on average 5%
higher efficiency in the EM barrel compared to the endcaps. Dedicated studies have
been performed in order to optimize the working points of the LH method to conditions
observed in Pb+Pb collisions [116]. Finally, LH loose working point is used for the elec-
tron candidate selection providing the identification efficiency in the range from 80%-90%
that is approximately constant with X EX“8. The same isolation definition as in the muon
channel is further required in the pp data to suppress the multi-jet background. Due to
a large EM calorimeter occupancy in Pb+Pb events, no isolation condition is required in
addition to the Loose LH working point.

Selection criteria applied on reconstructed muons and electrons in pp and Pb+Pb

systems together with the number of identified candidates are given in Table 3.

system  mode trigger Y In* ID Iso  counts
fixed
pp L HLT mul4 > 20 GeV <24 medium 7368
tight
HLT _el5_lhloose ) fixed
pp ee > 20 GeV < 2.47 LH medium 4820
_L1EM13VH tight
medium,
Pb+Pb  pup HLT mu8 > 20 GeV <24 none 95375
no TRT
HLT _e15_loose
Pb+Pb  ee > 20 GeV <247 LHloose mnone 4034
Jdon_L1EM12

Table 3: Summary of the event and object selection requirements used in the analysis.

46



5.3 Monte Carlo simulation samples

To calculate both C'; and NbZkg, several Monte Carlo (MC) samples were used in the pp
and Pb+Pb analyses for simulating signal and background processes. The Z and W boson
production samples were generated with the Powheg Monte Carlo program [117] interfaced
with the Pythia v.8.1 parton shower program [118]. The generators used the CT10 PDF
set [119] and the AZNLO CTEQL1 tune for Powheg+Pythia samples. Background process

samples for tf decays were generated with the Powheg v2 generator and Pythia v.6.4

(Perugia 2012 tune).

Process Generator o-BR [pb] | Events x10°
Z — up Powheg+Pythia8 642.8 1.0

Z — ee Powheg+Pythia8 642.8 1.3

4 =TT Powheg+Pythia8 642.7 0.3

tt Powheg+Pythia6 56.6 0.069
W+ — utv | Powheg+Pythia8 | 4190.1 1.0

W= — u~ v | Powheg+Pythia8 2737.2 0.7

Table 4: List of simulation samples used in the pp analysis denoting the generator used,

cross section for the physics process and the number of simulated events.

The number of simulated events is motivated by the desired percent-level precision
in pr and y kinematic bins of reconstructed Z bosons. Table 4 shows the summary of
simulated signal and background samples for pp analysis together with their corresponding
cross sections and the produced number of events.

In Pb+Pb analysis, a proper isospin combination of the samples needed to be produced
including the pp, pn, np and nn MC events. For lead, A=208 and Z=82; hence all the
samples with two neutrons have the weight of 36.7%, events with two protons 15.5%
and different nucleon combinations have weights of 23.9% (pn,np). Once produced, the
simulated events are overlaid onto minimum bias events taken during the Pb+Pb run
in order to account for detector effects related to the high occupancy and are finally

reconstructed by the usual ATLAS event reconstruction. The minimum bias events used
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for the overlay are taken with different prescales such that the distribution in centrality,
based on the energy deposited in the forward calorimeters £ EEC? roughly approximates
that of Z boson events. To account for the residual effects the MC events were given
weight to match the energy distribution in the forward calorimeter measured in the Z-
boson sample. The EW background samples were simulated only in the pp configuration
since the impact of isospin effects on the background estimation is negligible. Table 5

shows the summary of simulated samples for Pb+Pb analysis.

Process | Generator pr range Events x10°

[GeV] pp  pn np nn

Z — pp | Powheg+Pythia8 | inclusive | 0.2 0.3 0.3 0.45
Z — pp | Powheg+Pythia8 > 25 0.22 0.34 0.34 0.51
Z — ee | Powheg+Pythia8 | inclusive | 0.31 0.47 0.47 0.72
Z — ee | Powheg+Pythia8 > 25 043 0.66 0.66 1.01
Z — 17 | Powheg+Pythia8 | inclusive | 0.2

tt Powheg+Pythia6 | inclusive | 0.07

Table 5: List of simulation samples used in the Pb+Pb analysis denoting the generator

used, pr range and the number of simulated events.

5.4 Background

Several background sources contribute to ]V]DZkg defined in Equation 18. They can be
divided into two categories - background sources that are estimated from MC simulation
and those estimated directly from data. All background sources described below are
considered in both pp and Pb+Pb events, except for the electromagnetic background that
is subtracted only in Pb+Pb events.

5.4.1 Electroweak and top quark decays

Contribution to background events originate from Z decays to 7 lepton that further decays
into an electron or a muon, W boson decays in leptonic channels, diboson production and

finally, top quark (¢f) decays into lepton+jets and dilepton final states. The expected

48



number of background events for these sources has been evaluated from MC samples after
scaling the number of events to the data luminosity. The diboson background is subtracted
only in pp events following the procedure from previous ATLAS publications [85, 120].
The diboson background contributes 0.08% in the muon channel and 0.14% in the electron
channel. The Z — 777~ background is found to be at the level of 0.07% in both decay
channels. The top-quark background is at the level of 0.06% in the electron channel and
0.08% in the muon channel. The W boson background is found to be below 0.01% in

both channels. Figure 17 shows detector-level dilepton rapidity distributions for electron
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Figure 17: Detector-level invariant mass distribution of dimuon (left) and dielectron pairs
(right) from Z boson decays together with EW and top quark background contributions.

Only the statistical uncertainties of the data are shown.

and muon candidates from Z boson decays. Good agreement is found between the data
and the sum of the signal and background contributions.

In the Pb+Pb system, the Z — 717~ background is found to be 0.05% of all sig-
nal candidates in the muon channel and 0.06% in the electron channel. The top-quark
background amounts to 0.08% in the muon channel and 0.05% in the electron channel.
The background contribution from W boson decays and W-+jet production is found to
be negligible.

5.4.2 Multi-jet background

A significant contribution to the background is coming from the QCD multi-jet events

with dileptons in the final state originating from jets, misidentified hadrons and, in the
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electron channel, from converted photons. In the pp measurement, this background contri-
bution is estimated in the muon channel from samples that simulate bb and cé production.
Performed studies yield estimates at the level below 0.01%. A previous ATLAS measure-
ment at /s = 7 TeV [85] estimated the multi-jet contribution at the level of 0.02-0.15%
for the electron channel and 0.09% for the muon channel. This background also includes
jets coming from the pile-up event and therefore is expected to increase with an increasing
pile-up. Since 7 TeV data were taken at higher pile-up conditions compared to 5.02 TeV
data the two independent estimates of the multi-jet background do not contradict each

other. In the pp analysis, this small contribution is neglected.
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Figure 18: Detector-level invariant mass distribution of dimuon (left) and dielectron
(right) pairs together with the Z — 777, top quark, multi-jet and EM background
contributions measured in the 0-100% centrality interval. Only the statistical uncertain-

ties of the data are shown.

In the Pb+Pb system, the multi-jet background contribution is found to be significant.
In the muon channel, its contribution is estimated from the distribution of the same-sign
Z boson candidates in rapidity and centrality. Due to the low charge misidentification
rate in the muon spectrometer, their invariant mass distribution does not exhibit a peak
in the Z boson mass region as is seen in the left panel of Figure 18. In the muon channel,
this background amounts to 0.5% of all signal candidates. In the electron channel, there
is a significant contribution from charge misidentification, fakes and conversions. The
electron same-sign pairs, therefore, cannot be used to estimate the multi-jet background.

Its contribution is estimated using background templates extracted from data in Z boson
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rapidity and event centrality. Templates shown in Figure 19 are derived from events
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Figure 19: Multi-jet background templates in the Pb+Pb electron channel measurement
obtained from data as a function of rapidity (left) and L EX“e (right) shown in green
histograms. Same-sign candidates from data (red markers) and simulation (blue dashed

line) are also shown, together with their difference (open magenta markers).

corresponding to misidentified jets, i.e. electrons with a very poor reconstruction quality.
Both templates are normalized to the same-sign data distribution shown in the right panel
of Figure 18 in the region of 60 < m.. < 70 GeV after subtracting the signal obtained from
the MC simulation. Due to the small number of signal candidates satisfying conditions
for the template selection, same-sign electron pairs with the same kinematic requirements

are also added to this background template.

5.4.3 Photon-induced background

Photon-induced events constitute a background source specific to the Pb+Pb system, as
described in Section 4.4. This background has been studied for the first time in this
work, and therefore it is described in greater detail. EM reactions are enhanced by the
strong fields of colliding heavy nuclei generated by their electric charge. It has recently
been shown that at the LHC energies the EM processes can be detected in all centrality
classes [26], including the most central Pb+Pb collisions. However, the EM dilepton
production in the high-mass range relevant to this study has a low rate and therefore
significantly affects Z boson yields only in peripheral collisions.

For all photon-induced processes, the event topology is expected to contain large

pseudorapidity gaps on one side or on both sides that start at the edge of the detector.
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Generally, the photon-photon scattering interactions would have a two-sided gap topology
and the photonuclear collisions a one-sided. Excluding events with large rapidity gaps
eliminates most of the background, except those events that occur simultaneously with
a hadronic collision, in which the gap is masked by a hadronic interaction. Those events
are treated separately by studying the kinematic of the dilepton pair and introducing
additional requirements on the dilepton acoplanarity for the final background estimate.

The ATLAS detector subsystems that are used to measure the event activity and
calculate gaps are the ID with the coverage extending to 2.5 units, calorimeters extending
to 5 units, and the ZDC covering the rapidity range above 8 units. The physics processes
that produce signals in the ZDC are different from those in the central part of the detector,
however, if the Pb ion undergoes a hadronic collision the probability of it staying intact is
very small and the ZDC would register neutrons emitted from fragmenting ions. In this
regard, the presence of a gap in the central part of ATLAS and an absence of a neutron
in the ZDC indicate that the underlying interaction possesses an EM nature. The yields
of EM events, therefore, can be significantly suppressed by requiring the ZDC coincidence
signal. This corresponds to requiring at least 1 TeV of energy (which is 40% of the single
neutron energy) measured in ZDC on each side of the detector.

Figure 20 shows activity in detector subsystems for four selected events in the pe-
ripheral centrality interval. An event shown in the top left panel is a typical event of
the Z boson produced in a hadronic interaction — the recorded energy in ZDC and FCal
detectors is large and there is a significant activity in EMCal and ID. The top right panel
shows an event with a single-sided ZDC signal. On the same side as the ZDC there is a
number of tracks and clusters of a GeV-energy scale. This event is consistent with the
photonuclear (y+ A) Z-boson event topology. Two lower panels show events with gaps on
both sides of the detector. The lower left panel shows that due to the dissociation of one
of the participating nuclei the UPC-like events can have fragmenting neutrons registered
in one arm of the ZDC detector. All three events shown in the figure where no ZDC
coincidence was recorded are treated as background.

The rapidity gap analysis is implemented using the technique developed in [121].
Events with the gap larger than 2.5 are marked as having a gap on one or two sides.
Table 6 shows all events selected for the analysis with respect to ZDC signal and the

gap measurement. Events with ZDC < 2 as well as the events with gaps are excluded
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Figure 20: Pseudorapidity distributions of the detector activity in four selected peripheral
events showing signals from ZDC (blue), FCal (yellow), EMCal (magenta) and ID tracks
(black). The position of the Z boson is indicated in red. Magnitude of each signal is in

GeV or in counts, depending on the subsystem.

from the analysis leading to the final result. These two conditions exclude mostly the
same events. The total of 27 events with two gaps are candidates for UPC photon-photon
scattering events. The STARLIGHT 1.1 Monte Carlo generator [122] in the Z boson
mass region and the lepton fiducial space defined for this measurement (pp > 20 GeV,
In| < 2.5, 66 < my < 100 GeV) predicts 15.7+1.0 UPC ~ + ~ events. A similar excess in
data compared with simulation has already been seen in the dedicated measurement in
the high-mass region [111]. The ZDC fractions can also be obtained from the generator
and they yield fo = 0.37, fi = 0.41, fo = 0.21 for ZDC=0, ZDC=1 and ZDC=2, respec-
tively. This is consistent with data shown in the table where the measured fractions are
fo=10.6+0.2, f; =0.240.1, fo = 0.2£0.1. The probability of the neutron fragmentation

can also be estimated from the UPC candidates identified in this analysis and it yields
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ZDC=0 ZDC=1 ZDC=2
2 gaps 14 7 6
1 gap 4 3
no gap 1 9483

Table 6: ZDC signals and gaps in all events for both decay channels. Few very central
events having one sided ZDC signal due to no neutrons left after interaction, are still

attributed as ZDC=2 in this table.

about 0.4.

The 34 events with gaps were used to understand the contribution of the photon-
induced collisions in more central interactions in which the topology analysis is not feasible
because gaps are masked by a simultaneous hadronic interaction. It was estimated by
re-weighting the gap distribution measured in pp events with the ratio of multiplicity
distributions in events with Z and in inclusive events that the contribution of hadronic
Z production among those events is approximately 0.05 events.

Instead of the topological analysis, one can use the fact that in the photon-photon
scattering, the final state is produced mostly at rest, i.e. leptons must be back-to-back in
azimuth with nearly identical transverse momenta. One can characterize this by defining
the acoplanarity as:

0" — 7|

Aco=1—- "——7—,
s

where ¢* are the azimuthal angles of two leptons. Data and the STARLIGHT simulation
agree that about 96% of dilepton candidates produced by ~ + 7 scattering have Aco <
0.01 [111]. It is further assumed that the photonuclear reaction would also produce a
final state with low transverse momentum and therefore small acoplanarity. Since photo-
nuclear reaction with the Z boson in the final state was not yet positively identified in
any experiment, this assumption was treated as false when working out the systematic
uncertainties.

Among the 34 events with gaps that are identified as the background, 26 events
also have Aco < 0.01. This demonstrates that the acoplanarity is highly sensitive to
the photon-induced reactions in the Z boson invariant mass region. Using the last two
numbers, the data-driven estimation that the EM background event survives the acopla-

narity cut is e; = 24 4+ 8% based on the available statistics in both decay channels. The

54



acoplanarity selection cut Aco > 0.01 applied to hadronic Z boson candidates selects
€9 = 86.4 £ 0.4% fraction of all event, where the error is calculated from the difference
between the estimators obtained from the data in more central collisions and the MC sim-

ulation shown in Figure 21. The data and the MC simulations agree well for X Ep > 1 TeV
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Figure 21: (Left) Fraction €y of Z boson candidates after applying the acoplanarity se-
lection Aco > 0.01 versus X EXC for data and simulation separately for electron (red
markers) and muon (black markers) decay channels. (Right) The same fraction €y shown
for the combined data. The red line shows the uncertainty on the linear fit of the data in

the region of 0-50% centrality.

but below this value, the fraction of survived events in the data diminishes due to presence
of the EM background. An energy to which the EM background contributes significantly
is hard to asses due to limited statistics, therefore in the analysis we apply the EM back-
ground rejection to the three most peripheral centrality intervals because the points in
them are more than two standard deviations below the MC simulation and below the fit
to the points at higher centrality.

Using values of €5 and ¢ it is estimated that in the 80-100% centrality interval, besides
the events with a large rapidity gap, 7 £ 3 out of 28 remaining candidates originate from
photon-induced reactions. In the 60-80% interval this number is 15+ 5 out of 182, and in
the 50-60% interval it is 18 & 8 out of 258, where the uncertainty includes statistical and
systematic uncertainties in the background, but not in the number of event candidates.
In more-central collisions, the method of estimating the photon-induced background is
limited by the statistical precision of the sample and this contribution is consistent with
zero. These 40 + 10 events are a contribution to Nlﬁ(g in Eq. 18, and shown in Figure 18

using mass distribution of 34 events listed in Table 6.
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5.4.4 Pile-up events

Unrelated collisions or part of those, recorded together with the collision of interest are
referred to as “pile-up”. Pile-up typically does not affect the Z boson reconstruction
directly, but it modifies the underlying event or the event counting. For the measurement
of the cross section done in pp, the pile-up is properly taken into account by the luminosity
determination. In Pb+Pb it alters the FCal energy leading to incorrect determination of
the event centrality.

Pile-up modifies the FCal response in two different ways. Multiple interactions within
the same bunch crossing (in-time pile-up) increase the L EL“8 shifting the Z boson to
a more-central interval. Collision preceding the trigger event (out-of-time pile-up), add
negative values to YELX“¥ due to long temporal response of signal shapers used in the
calorimeters [123] that also flip the sign of the signal. In this case, the Z boson candidate is
shifted to a more-peripheral interval. A transfer of Z boson candidates between centrality
intervals shall be compared to an undisturbed centrality profile. Z-boson production, as
a hard process, is known to rapidly grow from peripheral to central events following the
(Taa) scaling [62].

The probabilities of both pile-up processes depend on the instantaneous luminosity
during data taking. At any time during the HI run, the number of hadronic interactions
per bunch crossing was less than 0.01 (with an average value of 0.002). Due to that
small instantaneous luminosity, the effect of the in-time pile-up that moves events from
less-populated peripheral to more-populated central intervals is found to be negligibly
small. The effect of the out-of-time pile-up transferring in the opposite direction has been
studied using several independent data-driven and simulation-based approaches. The
largest contribution to the most peripheral 80-100% centrality interval due to this type
of the pile-up is less than 2%, i.e. less than one count, and is significantly less in any other

centrality range.
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5.5 Correction factor Cy

The correction factor C'z is evaluated from the MC simulation for each decay channel and
is defined as:
VA Nr%co (p’%a yZ)

Cz(p1,y7) = NZ(p%,47)’ (19)
gen )

where N7, is the number of generated Z bosons in the fiducial acceptance and N7,
is the number of reconstructed Z bosons after the full analysis selection and cuts that
are listed in Table 3. The denominator is computed by applying the fiducial phase-
space requirements to the generator-level leptons originating from Z boson decays. The
measurement is corrected for QED final-state radiation effects by using the generator-
level lepton kinematics before photon radiation. In the case where the MC simulation
perfectly models the detector performance during the run, the correction factor given by
Equation 19 that accounts for the detector efficiency and resolution would unfold the
result to the particle level cross section defined by Equation 18.

In the Pb+Pb system due to the limited size of the MC simulation, the dependence

of C7 on rapidity, momentum and centrality is calculated from the simulation as:

CZ(pTJ Y, ZE'];C&I) - F(pT7 y) ’ G(y, 2E¥0a1)7 (20)

where F'(pr,y) is the centrality-averaged efficiency calculated per y and pr interval of the
dilepton system and G(y, XEXC) is a factor that accounts for the centrality dependence
of the efficiency. In each rapidity bin, the factor G is obtained from a parabolic fit to the
ratio of the efficiency in a particular centrality bin to the value averaged over all centrality
values, i.e. F(pr,y). Figure 22 shows the correction map F(pr,y) in the left panel and
the parametrization G(y, YEXC) in the right panel for the muon decay channel.

Scale Factor Approach. In some analyses, there exists a possibility to derive de-
tector subsystem efficiency based on a data-driven approach. It uses the redundancy
of information provided by several ATLAS detector subsystems, which greatly improves
the accuracy of the measurements. Technically, the approach is based on the so-called
tag-and-probe method, explained in detail in Section 5.6.

Deriving efficiency entirely from simulation or data both have disadvantages. For

example possible inconsistencies in the MC description of the detector or presence of
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Figure 22: (Left) The Z boson reconstruction efficiency F(pr,y) in the muon decay
channel. (Right) The F(y) distribution in different centrality classes (colored histograms)
and averaged in 0-100% centrality (black markers) in the upper panel and G(y, SEECa)

for different centrality classes in the bottom panel fitted to parabolas.

physics biases in the data. To achieve the best of the two measurements, the ATLAS
experiment uses the approach based on so-called scale factors (SF) that are the ratios
of the two efficiencies measured in data and MC using the identical TnP approach. In
the construction of the ratio, physics biases that are present in both samples cancel out,
and inconsistencies of the MC descriptions are corrected for. Scale factors are defined for
particular efficiency measurement as:

Egiata(X)

SF;(X) = gMcw,

7

(21)

where €;(X) denotes the efficiency for a particular quality selection i (isolation, trigger etc.)
calculated as a function of kinematic variables X (pr, n, SEEC). SF can be calculated
for different effects such as detector inactive areas, lepton momentum resolution, efficiency
of lepton identification and alike.

Equation 22 describes the weighting method for calculating the final correction factor

Cz from simulation:
Cz(p%,y7) = Cz(pT,y7) x IL;SF;(X), (22)

where the product is taken by multiplying SF's of all individual efficiencies that are rel-

evant for the analysis in a particular Z boson decay channel, such as reconstruction,
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identification, trigger, isolation, etc. Specifically, one can write:

SFtotal = SFreco X SFid X SFiso X SFtrig' (23)

The factorization holds since the individual SFs are very close to unity (|SF—1| << 1)
and they are subsequently defined with respect to other requirements, e.g. isolation
efficiency is measured for reconstructed and identified leptons, the trigger efficiency is

further measured for identified and isolated leptons, etc.

5.6 Scale factor measurement

Scale factors are measured using the tag-and-probe (TnP) method [124], a well-established
data-driven procedure of evaluating detector performance by using the information redun-
dancy of various subsystems. The method selects a sample of high-purity leptons coming
from a resonance decay (in this case a Z boson) by applying strict selection on one of
the decay products (tag) and on the invariant mass of the pair involving this lepton and
the second particle (probe) traced from only a part of the detector. This ensures that the
probe is also a lepton, even without identifying it as such in the detector. This opens the
possibility of measuring the properties of the selected probe in all subsystems of the de-

tector by changing the definition of the probe particle. An example is shown in Figure 23
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Figure 23: (Left) The invariant mass of the TnP muon pairs used for the reconstruction
efficiency measurement (black markers). The same-sign pairs are shown in red markers
and correspond to the background estimate. (Right) The pr distribution of the probes,
as well as the background estimate composed of probes with the same charge as the tags

and their difference taken as signal probes.
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By applying conservative selection criteria on the quality of the tag and the properties
of the resonance decay, one can reach a high purity of the probe particle sample. Since
the TnP method can be applied independently to data and simulation, the resulting
efficiencies can be used to construct the scale factors already defined in Equation 21.
Uncertainties on the SFs are worked out by varying the selection requirements on the tag
and the pair selection (such as quality requirements on the tag and the invariant mass of
the pair), and by varying the background estimates where their contribution is significant.

A general approach for measuring the efficiency of a particular lepton selection is given

by: ass
Npass _ Ntﬁ)kg

- ass __ pass fail __ fail ?
NP kag + N kag

(24)

€;

where i stands for reco, ID, isolation or trigger requirement, NP®s (Nil) is the number of
probes that pass (fail) a specific requirement and Ny,>” (N{3) is the number of background
probes that pass (fail) the same requirement. This method was used in deriving all the
efficiencies and scale factors relevant to the analyses in both systems and both lepton
decay channels for the Z measurement. The next two sections describe particular cases

of such measurements for muons and electrons in both collision systems.

5.6.1 SF in the muon channel

The muon reconstruction efficiency measurement consists of two stages: first, the efficiency
of medium muon quality is measured with respect to the reconstructed ID tracks (or CT
muons) and then the efficiency of the ID track reconstruction (or CT muons) is measured

with respect to MS tracks. The reconstruction efficiency for medium muons is hence given

by:

¢(medium) = e(medium|ID) - ¢(ID) = e(medium|ID) - ¢(ID|MS),

where one assumes that the ID track reconstruction efficiency is independent of the
MS track reconstruction (¢(ID)=¢(ID|MS)). CT muons are used for the e(medium) mea-
surement instead of ID tracks to reduce the background contribution, while any possible
bias in the efficiency measurement introduced by this choice cancels in the SF ratio. These
assumptions have been tested in previous ATLAS measurements [124]. Subsequently, iso-
lation and trigger efficiencies are defined with respect to the measured reconstructed and

identified medium muons.
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5.6.1.1 SF(u) in the pp system

Reconstruction and identification. The efficiency for different quality selection re-
quirements is measured with the TnP method in Z — pu candidate events in both data
and MC simulation. Kinematics and quality selections imposed on the tag muon ensure
a clean sample for the probe efficiency measurement. Tag is selected with pr > 24 GeV
and |n| < 2.5, required to be of at least medium identification quality and to pass “loose”

isolation requirements. In addition, cuts on transverse and longitudinal impact parame-

do
a(do)

ters of the tag track are imposed, namely |zp| < 10 mm and | | < 3. Finally, matching
to the online trigger element is required to further suppress the background.

For the € (ID|MS) measurement, a ME track is selected that corresponds to a isolated
muon probe and passes pr > 10 GeV and |n| < 2.5. ID tracks are selected to pass the
same kinematic requirements, a set of quality cuts on track impact parameters and on
the number of hits in different ID subsystems, together with isolation requirements. The
invariant mass of the pair is required to be inside the interval 81 < mragiprobe < 101 GeV.
The matching criteria is imposed on the cone distance dR = \/m < 0.05 be-
tween ME and ID tracks for the efficiency measurement. Finally, residual background
contributions in the TnP selection are accounted for by subtracting the contribution from
combinatorial same-sign pairs which pass the TnP selection criteria. Figure 24 presents
the efficiency e (ID|MS) of the ID track reconstruction algorithms measured with respect
to MS track probes. It is measured to be above 99% and constant as a function of both
the probe n and pr. The efficiency does not depend on the charge of the probe track. No
significant difference between the efficiencies measured in data and MC is observed.

CT muon probes are selected for the € (medium|CT) measurement with pp > 10 GeV
and |n| < 2.5. They are required to pass “loose” isolation and ID track quality cuts on
the number of hits. Additional track impact parameter requirements are also imposed.
Matching to the medium muon is performed with the same cone requirement AR < 0.05
for the invariant mass window of 81 < Mragtprobe < 101 GeV. The number of same-sign
pairs observed for this measurement is negligible. Figures 25 shows the invariant mass
distribution of TnP pairs for the medium muon efficiency measurement.

Figure 26 presents the efficiency € (medium|CT) of the medium muon reconstruction
and identification measured with respect to CT probes. The efficiency measured in the

Z — pup MC sample and in data is above 99% and constant as a function of both the
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Figure 24: The efficiency of reconstructing ID tracks given the MS track probes as a
function of the probe n (left) and pr (right) shown for negative charges. The ratio of

efficiencies measured in data and simulation is shown in the lower panels.

probe n and pr. Small differences at the level of 1-2% are observed between the efficiencies
measured in data and MC.

The total efficiency of the medium muon reconstruction and identification algorithms
is obtained as € (medium) = ¢ (medium|CT) - € (ID|MS) and presented in Figure 27. The
differences of efficiencies measured in data and simulation are translated into scale factors
defined as SF (medium) = €gata (medium) /eye (medium).

Systematic uncertainties considered for the medium muon efficiency are estimated by
varying the background contribution (by 0.5 to 2), varying the probe matching cone size
and by taking into account the difference between TnP and truth level efficiency. The

average systematic uncertainty over muon 7 is about 0.1%.

Trigger. For the trigger efficiency measurement, both the tag and the probe muon
are required to pass medium identification and are selected in the kinematic region of

pr > 24 GeV and |n| < 2.4. Track impact parameter variables for TnP candidates are

do

o d0)| < 3. Matching to the trigger element is imposed

required to pass |zp| < 10 mm and |

only on the tag muon.

The measurement of the trigger efficiency is performed using opposite-sign TnP pairs
while same-sign pairs are used for a background estimate. The measurements of the
combined HLT and L1 trigger efficiency as a function of the muon n is presented in

Figure 28 for data and MC simulation. In data, the trigger efficiency is measured to
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Figure 26: The efficiency of reconstructing and identifying medium quality muons with
respect to CT probes as a function of the probe 7 (left) and pr (right) shown for positive
charges. The ratio of efficiencies measured in data and simulation is shown in the lower

panels.

be around 75% in the barrel region (|n| < 1.05) and around 90% in the endcap region
(1.05 < |n| < 2.4) of the detector. This large difference can be attributed to different
acceptance of the L1 trigger systems used in these two regions.

The trigger efficiency measured in simulation agrees with the efficiency measured in

data in the endcap region. However, in the barrel region, it is 5-10% higher in simula-
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Figure 27: The total efficiency of reconstructing and identifying medium muons as a
function of the muon n for positive (left) and negative (right) muons. The ratio of

efficiencies measured in data and simulation is shown in the lower panels.

tion compared to data. This is corrected for by introducing scale factors for the trigger
efficiency calculated as defined by Equation 21 and measured as a function of muon 7.
Figure 28 in the left panel shows the trigger efficiency measured in data and simulation
in the upper panel and SFs in the lower panel as a function of muon 7.

Systematic uncertainties for the trigger efficiency measurement are estimated by vary-
ing the mass range for the invariant mass of the pair, varying the matching cone size and
the background contribution and finally by introducing a cut on the azimuthal correlation
between a tag and a probe muon (Aeag, probe < ¢ — 0.1) to account for any measurement

bias. An average systematic uncertainty yields 1.2% for this measurement.

Isolation. The selection of the TnP event sample for the isolation efficiency measure-
ment is very similar to the one for the muon trigger efficiency measurement. Opposite-sign
dimuon pairs are used to calculate the isolation efficiency, while same-sign pairs are used
to estimate background. This contribution is found to be negligible.

The measurements of the FizedCutTight isolation efficiency as a function of the probe
muon 7 are presented in the right panel of Figure 28 for TnP candidate events selected in
data and simulation. In the simulation, the measured efficiency is constant at 97.5% in
the barrel region (|n| < 1.05) and varies between 96.5% and 98.5% in the endcap region
(1.05 < |n| < 2.4) of the detector. The efficiency measured in data is lower by 2-3%
in |n| < 0.6 and higher by 2-3% in 1.74 < |n| < 2.4. This difference comes from the
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Figure 28: (Left) The efficiency of the single-muon trigger HLT mul4 measured as a
function of muon 7 in data and simulation. (Right) The efficiency of the isolation selection
FizedCutTight measured as a function of muon 7 in data and simulation. The bottom
panels present SF's from this measurement (black markers) and from 13 TeV studies (open

blue markers).

mismodeling of the calorimetric isolation in the simulation. In order to correct for this
discrepancy, scale factors for the isolation selection efficiency are introduced as a function
of muon 7, presented in the right panel of Figure 28. They are compared to 13 TeV scale
factors which are constant as a function of 7, not deviating significantly from unity.
Systematic uncertainties for the isolation efficiency measurement are estimated by
varying the mass range for the invariant mass of the pair, varying the minimal distance
between a tag and a probe candidate, varying the distance between a probe and the
closest jet and finally by varying the background contribution. This yields a contribution

of about 0.3% averaged over muon 7.

5.6.1.2 SF(u) in the Pb+Pb system

TnP measurements in the Pb+Pb system are similar to the ones described for the pp
system above, with the main difference being the abundance of background events due
to a larger UE event and bigger detector occupancy. The tag is selected in the kinematic
region defined with pr > 25 GeV (pr > 30 GeV) and |n| < 2.5 for ID (medium) efficiency
measurement. It is required to be a tight quality muon that matches the online trigger

element. Different requirements are imposed on muon probes in order to measure the
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medium muon reconstruction efficiency and ID reconstruction efficiency, as described

below.

SF(medium|ID). ID probes are used as a baseline to study the efficiency of medium
muon reconstruction efficiency. To select a clean sample of muons reconstructed as ID
tracks, the probes must combine with the tag to have an invariant mass of 81 < m,, <
101 GeV and have opposite charges. The invariant mass distribution of TnP pairs is
shown on the left side of Figure 23. Even with this selection, the ID probes still have
a significant combinatorial background which is estimated by the same sign TnP pairs.
The background rises towards lower muon pr as shown on the right side of Figure 23.

The medium muon reconstruction efficiency is defined as the ratio of the number of ID
probes which are matched to a medium quality muon to the total number of ID probes.
The combinatorial background is subtracted from both the numerator and denomina-
tor in order to calculate the efficiency. A systematic uncertainty estimated by varying
the background by 15% around the number of same charge probes is assigned to this
subtraction procedure. The efficiency is calculated with the background subtraction as a
function of pr and 7, and event X EX“® and is shown in Figure 29 also without background

subtraction for control.
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Figure 29: The efficiency to reconstruct a medium quality muon given an ID track as a
function of ID probe pr (left), ID probe n (middle), and event X EXC (right). A biased
efficiency contaminated by the presence of combinatorial background in the ID probes is

also shown.

The same procedure is applied to the MC simulation sample and the SF are obtained
according to 21. Due to the background subtraction, the efficiency can exceed one, which

occurs in a few points in the analysis of the data. In such case, the SF is taken to be
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unity. The SF for e¢(medium|ID) plotted in Figure 30 do not strongly depend on pr or

the event Y EXC® but they are sensitive to 7.
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Figure 30: The scale factors for e(medium|ID) as a function of ID probe pr (left), ID
probe n (middle), and event L EEC (right).

SF(ID|MS). The ME tracks are used as probes to study the performance of the ID
tracking for muons. The sample of MS probes is much cleaner than ID probes, and the
only requirement on the MS track to be a probe is imposed on the transverse impact
parameter, dy significance < 3. As in the ID probe sample, the MS probe must have the
opposite charge of the tag and pair with it for an invariant mass of 81 < m,, < 101 GeV.

The probes are used to study the efficiency of the ID tracking for muons and so the
efficiency is defined as the number of MS probes that are matched to an ID track divided
by all MS probes. A match to an ID track is defined with dR <0.05. The same subtraction
procedure as used in the ID probe analysis is applied for the MS probe analysis as well.

Figure 31 shows the final scale factor calculated from the efficiencies measured in the data

and the MC.
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Figure 31: The scale factors for the efficiency of the ID measured with MS tracks as a
function of MS probe pr (left), MS probe 1 (middle), and event X EECa (right).
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Combined SF. It follows from equation 5.6.1, that the total scale factor which should
be used to correct the simulation is the product of the scale factors for € (medium/|ID) and
e (ID]MS). For the purpose of calculating the total scale factor, the kinematic quantities
of the muons measured by the ID probes and MS probes are considered to be compatible.

The total scale factor is shown in Figure 32. There is no significant dependence of the
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Figure 32: The product of the scale factors for e(medium|ID) and e(ID|MS) as a function
of the probe pr (left), the probe n (middle), and event L EEC (right).

total scale factor on the muon pr or event L EEC There does appear to be a difference
between forward and midrapidity in the distribution of muon 7. The final scale factor in
the analysis was therefore evaluated in three 7 bins as: 1.04 £+ 0.02 for n < —1.8, 0.97 £+
0.01, and 1.04 £ 0.02 for n > 1.8.

5.6.2 SF in the electron channel

The SF and the efficiency for the electron channel measurement are factorized according
to Equation 23. In the case of the pp measurement, the total efficiency €y is calculated

as:

€total — €EEMclus X €reco X €id X €iso X €trig,

where the first term, egneus, i the efficiency to reconstruct the electromagnetic cluster
candidates and is evaluated entirely from the simulation. Subsequent terms are efficien-
cies for applying tighter requirements on electrons - starting from a reconstructed elec-
tron with the minimum track quality requirements (€c,) to an identified electron with
the likelihood-based quality definitions (€q), to the isolation requirement by restricting
the amount of energy around the electron and therefore suppressing the jet background

contribution (€s,). The last term, (egig), is a requirement on the trigger efficiency after
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all the selections have been made. Similarly, in the Pb+Pb system, the reduced efficiency

has been measured due to specific analysis requirements applied, that is:

€total = €EMclus X €id X €trig,

where the first term, €gnieius, 1S evaluated entirely from the simulation as in the pp case and
subsequent terms are measured in data and simulation. From the calculated efficiencies,
a set of electron SF's is derived according to Equation 21 to improve agreement between

data and simulation.

5.6.2.1 SF(e) in the pp system

Reconstruction efficiency. The electron reconstruction efficiency is defined as a frac-
tion of all electromagnetic clusters (effectively all reconstructed electrons and photons)
that match the inner detector track. The inefficiency of the electron reconstruction is
manifested in reconstructing an electron as a photon which is usually at the level of
~ 1%. The background for this measurement consists of the multi-jet contribution and
the falling photon spectrum (in the denominator). Electrons are considered reconstructed
if they pass a loose track requirement imposed on the number of silicon hits in the detector.

Explicitly,
Npass _ NESSS
g

€reco — pass _ Ngsgs 4 Nfail _ Néal:ié - Nphoton _ Nfit?

where NP25 and N are the numbers of electrons passing or failing the minimal track
requirement (Npi > 1, Nscr > 7 for pixel and SCT hits) respectively. N} and Néj’fé are
the numbers of the passed (failed) electrons in the background template, NP2o" is the
number of photons and the Ny is the number of estimated background photons.

The tag cluster has tighter quality requirements and a transverse momentum cut of
pr > 20 GeV being matched to a trigger element. Probes are required to be classified as
reconstructed electrons or photons, with pr > 15 GeV and finally a veto for the probes
being inside of an energetic 0.4 cone jet with EJ'Tet > 20 GeV isimposed. Converted photons
are also excluded from the measurement. The mass distribution of TnP candidates is
shown in Fig 33 for the denominator (left) and numerator (right).

Background subtraction is performed independently in the numerator and the de-

nominator from the data-driven templates requiring poorly identified and anti-isolated
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Figure 33: TnP invariant mass distributions for all probes (left) and reconstructed electron
probes (right) shown for data (black points), data-driven background template (magenta
markers), template scaled to the high-mass tail (green line), MC prediction scaled to data
luminosity (dashed blue line) and total template+MC prediction (red).
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Figure 34: TnP invariant mass distributions where probes are required to be reconstructed
only as photons. Data points are shown in black markers, signal MC is shown in dashed

blue line and different side-band fits are shown in colors as indicated in the panel.

electrons. The denominator term NPP°" which consists only from photons passing the
probe requirements, is estimated by subtracting the background Nt obtained by a side-
band fit away from the signal region. This fit was obtained after integrating over different
pr and 7 bins as shown in Figure 34. A polynomial of the third order is used as a fit
model and was found to converge well. The number of background photons obtained in
different side-bands is used to obtain measurement systematics. To determine kinematic

distributions of the background-subtracted photons, a data-driven method was used. The
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results of the fit were used to normalize kinematic distributions obtained from the 13 TeV
2015/2016 data.

Systematic variations used for the measurement consist of varying the tag quality
requirement, the pair mass and the background estimates. The example of results for
two pr bins is shown in Figure 35. The upper panel of each figure shows the efficiencies
in the MC and the data versus the electron pseudorapidity for a specific range of the
electron momentum and in the lower panel is the comparison of the scale factors between
13 TeV data set (red markers) and the 5 TeV data set (black markers). The blue bands
are showing the systematic uncertainties on the 5 TeV measurement and the back bars

are just the statistical uncertainty.
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Figure 35: Each figure shows the electron reconstruction efficiency in data (full markers)
and simulation (open markers) in the upper panel and the SFs (black markers) in the
lower panel versus electron 7. The two figures correspond to a specific range of the probe
electron pr as indicated in the upper panel. The statistical uncertainties are shown as
bars and the systematics as blue bands in the lower panel. Red markers in the lower
panel correspond to SF values for the same measurement performed in 13 TeV pp data

for comparison.

Identification. Electron identification (ID) efficiency is defined as the fraction of
reconstructed electrons passing the medium working point. Probes in this measurement
are all reconstructed electrons that pass a minimal track quality requirement explained
above. All tag and probe electron candidates are required to be inside the EMCal precision

region of |n| < 2.47 and to pass additional object quality requirements (“isGoodOQ”).
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The tag electron is required to pass tighter quality requirements, to be match to a trigger
element and has a transverse momentum cut of ppr > 20 GeV. The tag also needs to
satisfy the track isolation requirement of ptcone20/pr < 0.1. Probes are required to pass
the cut of pr > 4.5 GeV and finally a veto for the probes being inside of an energetic 0.4
cone jet with EjTet > 20 GeV is imposed. The results are shown in Fig 36. The upper
panel of each figure shows the efficiencies in the MC and the data versus the electron
pseudorapidity for a specific range of the electron momentum and in the lower panel is
the comparison of the scale factors between 13 TeV data set (blue markers) and the 5 TeV
data set (black markers). The orange bands are showing the systematic uncertainties on

the 5 TeV measurement and the black bars are just the statistical uncertainty.
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Figure 36: Each figure shows the electron ID efficiency in data (full markers) and simula-
tion (open markers) in the upper panel and the SFs in 13 TeV (blue markers) and 5 TeV
data sets (black markers) in the lower panel versus electron 1. Each figure corresponds
to a specific range of the electron pr indicated in the upper panel. The points where the
statistical uncertainty is very large corresponds to points with very low statistics. The
statistical uncertainties are shown as bars and the systematics as orange bands in the

lower panel.

Isolation and trigger. An analogous procedure was applied in measuring the elec-
tron isolation and trigger efficiencies and scale factors. Isolation FixedCutTight effi-
ciency is defined as the fraction of medium LH identified electrons passing the isola-
tion working point requirements. The trigger efficiency is defined as a fraction of all
the LH medium isolated electrons that match the trigger element of the event trigger
“HLT _e15_lhloose_L1IEM13VH”. Results for the isolation measurements are shown in Fig-

ure 37 and for the trigger measurements in Figure 38.
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Figure 37: Each figure shows the electron isolation efficiency in data (full markers) and
simulation (open markers) in the upper panel and the SFs in 13 TeV (red markers) and
5 TeV data sets (black markers) in the lower panel as a function of the probe 1. Each
figure corresponds to a specific range of the electron pr indicated in the upper panel.
The points where the statistical uncertainty is very large corresponds to points with very
low statistics. The statistical uncertainties are shown as bars and the systematics as blue

bands in the lower panel.
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Figure 38: The upper panel in each of the figures shows the trigger efficiency measured in
data (full markers) and simulation (open markers) and the lower panel shows the measured
trigger SF. Each figure corresponds to a specific 1 region indicated on the upper panel.
Uncertainties on the efficiency measurements are statistical only whereas the uncertainties

on the SF are represented separately as statistical (bars) and systematic (blue bands).

5.6.2.2 SF(e) in the Pb+Pb system

Similarly, as in the pp sample, a clean sample of TnP electron pairs from the Z decays

was selected by applying a set of event selection cuts, cuts on the tag and finally on the
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tag-and-probe pair. Tag electron is required to have pt > 25 GeV and |n| < 2.47 and
to satisfy LH loose identification quality. An additional isolation requirement is further
imposed on tags to suppress the background, namely prcone20/2pr < 0.05XEEC34-0.025.

Probes are selected as all reconstructed EM clusters by selecting the clusters with
author=1 (electron), author=16 (ambiguous) from the reconstructed electron container
and only the photon clusters from the container of reconstructed photons. This is to
ensure no double counting of EM clusters since those with author 16 are duplicated both
in the electron and the photon container. Further, they are required to pass the cuts:
pi% > 15 GeV and [n%] < 1.37 or 1.52 < |n"| < 2.47 so to be in the precision
region of the calorimeter. “Loose” electron track requirements are applied for the probes
passing the ID requirement (efficiency numerator) for the number of pixel and silicon hits,

Npix > 2 and Ngcor > 7.
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Figure 39: Number of signal TnP pairs (black markers) for denominator (left) and numer-
ator (right) in the 0-10% centrality bin. Green dashed curve shows the MC prediction
normalized to data and the red line shows the background fit obtained outside of the
signal region in two sidebands (for details see text). The total prediction is shown with

the blue dashed curve.

The signal region for the measurement in different kinematic bins is determined by
the invariant mass range of TnP pairs. The default signal region is taken to be 80 <
Mpair < 100 GeV. The background subtraction is done by fitting an exponential in two
mass sidebands: [50, 75] U [115, 130] GeV, both for the numerator and the denominator.

The efficiency is calculated as:
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bkg

where NP3 is the number of electrons passing the identification requirement, N
is the number of reconstructed EM clusters and Nj =™ s i the number of background
candidates obtained with a fit procedure both in the numerator and the denominator.
Figure 39 shows the denominator (left) and the numerator (right) TnP pairs from data
(black markers) integrated over pr and 7 in one centrality bin 0-10%. The green dashed
line denotes the signal MC simulation which is normalized to the data by the ratio of a
very clean sample of tight electrons. The background estimate is shown as the exponential
fit (red line) which is obtained by fitting the sideband regions. The total prediction of the
MC signal and the background estimate is shown in the blue dashed line and it is found
to agree with the data yields.

Different variations to the tag quality, sideband ranges and the signal pair mass were
applied in order to derive the systematic uncertainty for the efficiency and the scale
factor measurement. The scale factor was calculated as a ratio of the efficiency between
the data and the simulation in each kinematic bin of pr, n and X EXC. After applying
all the variations, the final SF was calculated as the mean value over all the systematic
variations and the systematic uncertainty is obtained by calculating the RMS over all the

variations. Statistical uncertainty on the final SF is calculated as an average over all the

statistical uncertainties in different variations.
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Figure 40: The final electron reconstruction SF as a function of the probe pr (left), n
(middle) and LEEC in the event (right). Black markers with lines represent results
with the corresponding statistical uncertainty and the grey boxes represent systematic

uncertainty.
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The final scale factor and with corresponding statistical and systematic uncertainties
is given in Figure 40 with respect to probe pr, n and the EXC3 Uncorrelated uncertainty
is on the level of 2-5% per bin and the correlated uncertainty obtained with systematic
variations is on the level of 1-2% per bin. The results show no significant dependence of
the SF on the centrality of the event (EL“®) or the probe pr, but there is a significant
shape dependence in n where SF values reach up to 5% away from unity in the barrel.
A better agreement between the channels was observed after applying the SF(n) in the

analysis.

5.7 Systematic uncertainties

Here we discuss the main sources of systematic uncertainties for the measurement of
the Z boson production in pp and Pb+Pb collision systems separately for the muon
and the electron decay channel. The dominant uncertainty sources in both systems are
related to lepton selection efficiency measurements and the corresponding scale factors.
Further sources are coming from the background subtraction procedures employed in each
measurement. Finally, factors such as luminosity in the pp measurement and the (Taa)
arising from the Glauber modeling introduce an overall scaling uncertainty as discussed

below.

5.7.1 Uncertainties in the pp measurement

The main source of the measurement uncertainty in both muon and electron channel
are uncertainties in the determination of lepton trigger, reconstruction, identification and
isolation efficiency scale factors. These enter the measurement through correction factors
Cy.

In the muon channel, the statistical components of the scale factor uncertainties are
propagated to the measurements via MC pseudo-experiments, while systematic compo-
nents are propagated as a single variation fully correlated across all muon |n| intervals.
The largest contribution to systematic uncertainty comes from the muon isolation effi-
ciency measurement and amounts to 0.7%. Uncertainties coming from the muon pr scale
and resolution are below 0.2%.

The uncertainties of the electron efficiency measurements are divided into contribu-

tions correlated across electron 1 and pr intervals and uncorrelated ones and are propa-
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gated to the cross-section measurement accordingly. The final contribution to systematic
uncertainty is 1.3%. Uncertainties in the modeling of the electron charge identification are
at the level of 0.1% and neglected for the cross-section measurement. Systematic effects
related to the electron pr scale and resolution are subdominant, yielding less than 0.2%
uncertainty for the final measurement.

Another uncertainty contribution arises from the background evaluation. Since all
individual background contributions are below 0.2% of the selected data sample, the final
uncertainty on the fiducial cross section is negligible. Finally, the luminosity measurement
uncertainty contributes to the overall scale uncertainty for the final measurement. Lumi-
nosity measurements in ATLAS are calibrated using dedicated van der Meer scans [125].
The analysis of data from the scan performed in pp collisions at /s =5.02 TeV, which
uses the LUCID-2 detector for the baseline luminosity measurements [126], yields a rel-
ative systematic uncertainty of 1.9% in the measured luminosity. The largest sources of
uncertainty are systematic effects related to the van der Meer scan procedure and the
long-term stability of the luminosity calibration.

The full summary of systematic uncertainty sources for the muon and the electron

channel is given in Table 7.

Z —utu Z—ete”
Trigger efficiency 0.4% < 0.1%
Reconstruction efficiency 0.4% 0.4%
Identification efficiency - 1.0%
Isolation efficiency 0.7% 0.6%
Lepton pr resolution < 0.1% 0.1%
Lepton pr scale < 0.1% 0.1%
Multi-jet background < 0.1% <0.1%
Electroweak+top background < 0.1% < 0.1%

Table 7: Relative uncertainties in the measured integrated cross sections for the muon

and the electron channel in the pp measurement integrated over rapidity.
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5.7.2 Uncertainties in the Pb+Pb measurement

Uncertainties in the determination of lepton reconstruction and identification efficiency
scale factors, as well as the parametrization of the centrality dependence of the total
correction, affect the measurements through the correction factors Cy.

In the muon channel, the scale factors in the three n regions are modified by their
errors to derive the corresponding systematic uncertainty of Cz. Also, the impact of
the measured SF dependence of the final C'; value on the event centrality is evaluated.
The total relative uncertainty from these two sources ranges from 3.1% at midrapidity
(ly| < 0.5) to 4.5% at forward Z boson rapidities and gives a contribution, constant as a
function of the event centrality, of ~3.4% for Z boson yields.

The main contribution to the systematic uncertainty in the electron channel comes
from the uncertainties in measuring the reconstruction scale factor. Uncertainties related
to efficiency are classified as either correlated or uncorrelated and are propagated accord-
ingly to the final measurement uncertainty. The correlated uncertainty component of the
SE' is obtained by varying the requirements on the tag electron identification and isola-
tion and the invariant mass of the TnP pair. The uncorrelated statistical components
of the scale factor uncertainties are propagated to the measurements via MC pseudo-
experiments, while the systematic components are propagated as a single variation fully
correlated across all electron 7 intervals. This source gives a 2.5-5% uncertainty as a
function of rapidity and around 3% for all centrality intervals.

In both decay channels, the trigger efficiency is derived from the TnP results in the
data. The statistical limitation of the measured sample determines the uncertainty asso-
ciated with trigger correction. Although the uncertainties in each bin are relatively large
in the muon trigger efficiency, after propagating this uncertainty to the dimuon efficiency,
where only one of the muons is required to fire the trigger, the total uncertainty is quite
small, between 0.2% and 0.5% when derived as a function of centrality and 0.1-0.2%
when derived as a function of Z boson rapidity. The uncertainty is propagated using
MC pseudo-experiments and the uncertainties in the linear fit coefficients of the trigger
efficiency as a function of centrality. In the electron channel, this uncertainty is at most
0.5%.

The NLO cross section of the background samples of Z — 777~ and top-quark pro-

duction is varied by 10% to derive the corresponding uncertainties [74]. However, in both
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decay channels, the multi-jet background dominates the uncertainty contribution. In the
muon channel, the multi-jet background contribution is varied by 10%, which produces a
0.5% uncertainty in the final Z boson yield. In the electron channel, the multi-jet template
normalization is varied by 20%, which corresponds to the level of statistical uncertainty in
the number of same-sign candidates in the low-mass control region. The overall contribu-
tion to the systematic uncertainty is about 0.5% in rapidity bins and 0.5-2% in centrality
bins.

In the 50-100% centrality interval, the uncertainty in subtracting the photon-induced
background is evaluated by considering two sources. The first source is the difference
between the acoplanarity cut efficiencies for hadronic Z boson production evaluated from
data and simulation. An uncertainty of 0.4% accounts for this difference. For the second
source, the uncertainty in the background rejection efficiency of the acoplanarity cut
is evaluated from the candidates with large rapidity gaps. This uncertainty has two
contributions. One is the statistical uncertainty of the event sample with large rapidity
gaps, which amounts to 7%. The other contribution is due to the difference between
the acoplanarity distributions for electrons and muons, which amounts to about 8%.
In the 0-50% centrality interval, where the background subtraction is not performed,
an uncertainty of 0.4%, evaluated from the difference between the data and simulation
acoplanarity distributions, is introduced to account for a possible residual EM background
contribution.

An additional uncertainty of the bin-by-bin correction is due to the correlation parametriza-
tion of the rapidity and centrality dependence of C described in Eq. (20) and it stems
primarily from the statistical uncertainty of the MC data set. To estimate uncertainties
associated with these assumptions the parameters of the function G(y, EE?) are varied
by the errors of the parameters of the parabolic fit. The data are corrected with these
variations, and the difference between these results and the standard correction is taken
as an estimate of the systematic uncertainty. In the muon channel, the uncertainty as-
sociated with this source ranges from 0.4% to 1.4% in rapidity bins and is constant at
~0.5% as a function of centrality, with the exception of the most peripheral bin where the
uncertainty is ~1%. In the electron channel, the uncertainty as a function of the rapidity
ranges from 0.4% to 1.6% and is ~1% in centrality bins, whereas in the most peripheral

bin this contribution rises to ~2%.
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For both channels and the combined result, the uncertainties of the geometric pa-
rameters ((Taa) and (Npat)) listed in Table 1 range from about 1% in central collisions
to about 12% in peripheral collisions. They are treated as fully correlated between the
channels. Finally, the total uncertainty for the pp measurement [74] used for the Raa
calculation is 2.3%. The summary of uncertainty contributions for both decay channels

is shown in Figure 41 versus dilepton rapidity.
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Figure 41: Relative systematic uncertainties in the Pb+Pb measurement for the muon
(left) and the electron decay channel (right) as a function of dilepton rapidity. The total
systematic uncertainty containing all independent sources added in quadrature is shown

in open black circles.

6 Results

In this chapter, we present the final results of the Z boson production yield measurements
in pp and Pb+Pb systems. The measured fiducial Z production cross section in the pp
system is discussed in Section 6.1. In Section 6.2 we present the nuclear modification
factor measurement obtained from the previously published ATLAS data and the pp cross
section measured in this work. Finally, the measured Z boson yield in the Pb+Pb system
is presented in Section 6.3 together with the nuclear modification factor Raa obtained for

the first time for this type of measurement by using the reference pp result.
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6.1 Z-boson cross section in the pp system

Results of the pp measurement in the electron and muon channels are summarized in
Table 8. In the table, the statistical uncertainty is defined from the variance of the
background-subtracted number of observed events, and the systematic uncertainty in-
cludes all of the uncertainty components described above, except for the luminosity un-
certainty, which is given separately. The systematic uncertainties coming from lepton
efficiency corrections are measured as a function of lepton 7 and pr and include a sig-
nificant statistical component due to the number of Z boson events used to derive the
corrections. This relative statistical component is substantially reduced for the integrated
cross sections compared to the differential ones.

The electron and muon channel measurements are combined using the Best Linear Un-
biased Estimate (BLUE) method [127]. Sources of systematic uncertainties corresponding
to lepton reconstruction and identification are naturally uncorrelated between electron and
muon channel and therefore there is a reduction in the systematic uncertainty for the com-
bined result. The luminosity uncertainty is not taken into account when performing the
combination since it is a scaling uncertainty in both channels. The rapidity distributions
for the muon channel, electron channel and combined results are shown in Figure 42 and
the results are listed in Table 8. The combination yields x*/d.o.f= 3.0/5 for the Z boson
result. Using the same data set and the same set of systematic uncertainty sources, the
W boson differential cross sections were also measured in the two lepton decay channels.
A simultaneous combination of all measurements, accounting for the correlation of the
experimental systematic uncertainties between the W and Z measurement results for a
given lepton flavor, gives x?/d.o.f = 37.5/25, corresponding to a probability of 5.2%. Since
the observed trend of the muon channel cross section is that it is systematically higher
than the electron channel cross section, the systematic uncertainties are scaled such that
x%/d.o.f=1; Table 8 reflects this scaling.

After the channel combination, one can construct ratios of fiducial cross sections in
which the luminosity uncertainty as well as other correlated uncertainties are eliminated
or strongly reduced. The measured ratio of fiducial W and W~ production cross sections,
as well as ratios of fiducial W* and Z boson production cross sections, are summarized in
Table 9. The precision of these ratio measurements is very high with a total experimental

uncertainty of 0.8% for the W+ /W~ ratio and 1.3% for the W*/Z ratio.
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Figure 42: Differential Z boson production cross section as a function of absolute lepton-
pair rapidity, for the electron, muon and combined results [74]. Statistical and systematic
errors are shown as corresponding bars and shaded bands. The luminosity uncertainty is
not included. The lower panel shows the ratio of channels to the combined differential
cross section in each bin. In the lower panel, error bars represent statistical uncertainties
in the ratio, while the shaded band represents systematic uncertainties in the combined

differential cross sections.
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Table 8 Measured Z boson differential cross section do/d|ye| in muon and electron
decay channels and the final combined cross section. Values quoted are given in the form:

value =+ stat 4= syst & lumi in pb.

The measured cross sections are compared with theoretical predictions obtained using
a modified version of DYNNLO 1.5 [128, 129] optimized for speed of computation. The
calculation is performed at O(a3) in QCD and at leading order in the EW theory, with

parameters set according to the G, scheme [130]. The input parameters (the Fermi con-
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Ri, ;| 6.06 £ 0.08 (stat) & 0.01 (syst)
Ry, | 3.75 £ 0.05 (stat) + 0.01 (syst)
Ry, | 9.81 £ 0.13 (stat) + 0.01 (syst)

Table 9: Ratios of integrated W and Z production cross sections [74].

stant G, the masses and widths of the W and Z bosons, and the CKM matrix elements)
are taken from Ref. [131]. The DYNNLO predictions are calculated using the NNLO
PDF sets from CT14NNLO [132], NNPDF3.1 [40], MMHT14NNLO68CL [133], HER-
APDF2.0 [134] and ABMP16 [135]. All considered PDF sets except HERAPDF2.0
are evaluated from global fits which include to varying extents the LHC measurements
of W/Z boson, Drell-Yan, top-quark and inclusive jet production. The renormalization
and factorization scales, respectively denoted as pur and up, are set equal to the decay
lepton-pair invariant mass, my, or my.

Uncertainties in these predictions are derived as follows. PDF uncertainties are eval-
uated from the variations of the NNLO PDFs (the PDF uncertainties of CT14nnlo are
rescaled from 90% confidence level to 68% confidence level). Scale uncertainties are de-
fined by the envelope of the variations obtained by changing ur and up by a factor of two
with respect to their nominal values and imposing 0.5 < pg/prp < 2. The uncertainty
induced by the strong coupling constant is estimated by varying ag by 40.001 around
the central value of ag(mz) = 0.118, following the prescription of Ref. [132]; the effect of
these variations is estimated by comparing the CT14nnlo_as 0117 and CT14nnlo_as_ 0119
PDF sets to CT14nnlo. Finally, intrinsic limitations of the NNLO calculations for fiducial
cross-section predictions lead to systematic differences between results from different pro-
grams, as explained in Ref. [136]. Therefore, an additional uncertainty of 0.7%, estimated
from a comparison of predictions calculated with Fewz 3.1 and DYNNLO, is assigned.
Theory uncertainties are dominated by our knowledge of the proton PDFs.

The differential cross section for the Z-boson production is shown in Figure 43

as a function of |ys|. The combined measurement is compared to theoretical calcu-
lations with the CT14NNLO, NNPDF3.1, MMHT14NnNLO68CcL, HERAPDF2.0 and
ABMP16 PDF sets, with uncertainties assigned as described above. A comparison shows
that the predictions obtained with the NNPDF3.1 PDF set are in good agreement with

the measured values, mainly because the NNPDF3.1 global fit includes high precision
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Figure 43: Differential cross section for Z-boson production as a function of absolute
lepton-pair rapidity compared with theoretical predictions [74]. Statistical and system-
atic errors are shown as corresponding bars and shaded bands on the data points. The
luminosity uncertainty is not included. Only the dominant uncertainty (PDF) is displayed
for the theory. The lower panel shows the ratio of predictions to the measured differential
cross section in each bin, and the shaded band shows the sum in quadrature of statistical

and systematic uncertainties of the data.

LHC measurements of W/Z boson production [85, 137]. On the other hand, the pre-
dictions obtained with other recent PDF sets systematically deviate from the measured

values. These deviations are largest at central rapidity for Z boson production.

6.2 Nuclear modification in the p+Pb system

The Z boson measurement in the pp reference system was used to investigate nuclear
modification present in the p+Pb system at the same energy. The nuclear modification
factor was calculated by using the measurement published by the ATLAS Collaboration
in Ref. [63].

The fiducial cross section, in this case, is defined in the full decay lepton kinematic
phase space while limiting the Z boson rapidity to |yz| < 2.5. It was published as a
preliminary pp result in this work [138]. It is measured to be 590 £ 9 (stat.)+ 12 (syst.)+
32 (lumi.) pb. The simulated MC sample which is used for corrections and contains NLO
CT10 PDF has a significantly lower cross section of 537 pb. However, a similar but more

accurate NNLO calculation using the CT14 PDF [139] and calculated using a version of
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DYNNLO 1.5 [140, 141] yields a cross section of 573.771] pb (where the uncertainties are
largely coming from the scale, ag, and PDF), which agrees well with the measurement
within its uncertainties.

The rapidity differential cross section is shown in Figure 44. The data are compared
to the simulated MC generated with the CT10 PDF at NLO, scaled to the integrated
cross section calculated at NNLO using the CT14 PDF. The scaled simulation is in good

agreement with the data.
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Figure 44: Differential cross section for Z-boson production as a function of absolute
lepton-pair rapidity [138]. The data is compared to the simulated MC generated with the
CT10 PDF at NLO, scaled to the integrated cross section calculated with DYNNLO at
NNLO using the CT14 PDF set.

The Z-boson cross section measured in pp collisions is further used as a baseline to
study nuclear modifications which may be present in the previously measured cross section
in p+PDb collisions [63]. In the p+PDb collisions the reference system is defined such that the
proton travels forward in the positive-rapidity direction and the lead ion travels backwards
in the negative-rapidity direction. The nuclear modification factor R,p}, defined by Eq. 17
is shown in Figure 45 as a function of rapidity. It is compared to the R,pi, obtained from
the MC simulations that include different nucleon combinations, which deviates from
unity due to the isospin effects discussed in Section 3.3. The nuclear modification seen in
the data demonstrates an enhancement in the lead-going direction and suppression in the

proton-going direction. The magnitudes of these effects are larger than expected from one
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Figure 45: The nuclear modification factor as a function of Z boson rapidity [138]. The
uncertainties on each point include statistical and systematic uncertainties from p+Pb and
pp measurements. The band around unity represents the uncertainty of the luminosities.

The blue line shows an expected R,p1, based on simulation (see text).

the isospin effects and can be due to the modified nuclear PDF inside the lead nucleus as
discussed in [63].

For a better physical understanding of the nuclear modification, one may study its
effects as a function of the p+Pb centrality [63]. Using the rapidity differential yield of
Z boson candidates in different centrality classes measured in p+Pb collisions [63], the
centrality dependent nuclear modification factor is plotted in Figure 46. The p+Pb data
are rebinned compared to Figure 45, because of the limited statistical precision in each

centrality class. To quantify the change in asymmetry in different centrality classes, the
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Figure 46: The nuclear modification factor for 40-90% (left), 10-40% (middle) and 0—
10% (right) centrality bins [138]. The uncertainties on each point include statistical
and systematic uncertainties from p+Pb and pp measurements. The band around unity

represents the uncertainty of (7,p,) and luminosity.
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R,py, rapidity distributions are fit to a linear function. The slopes for 40-90%, 10-40%
and 0-10% centrality bins are measured to be: 0.02+0.04, —0.05+0.03, and —0.1440.04,
respectively. The uncertainties come from the fitting and are dominated by the limited
statistics of the p+Pb data. Results suggest that the asymmetry seen in Figure 45 is more

pronounced in more central collisions.

6.3 Z-boson production in the Pb+Pb system

The measured cross section in pp data discussed above is used for measuring the nuclear
effects in the Pb+Pb system. Z boson production yields per inelastic Pb+Pb collision
normalized by the thickness function Tya (normalized yield introduced in Equation 16)
are measured deferentially in Z boson rapidity and collision centrality (as a function of the
number of participants, Npat). The data points are compared with simulation including

Z boson signal and background components.
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Figure 47: Normalized Z boson yields as a function of lepton-pair rapidity (left) and as a
function of the number of participants Nyt (7ight), for the electron, muon and combined
results [71]. Lower panels show the ratio of individual channels to the combined result.
The error bars in the upper panels show the total uncertainty for muons and electrons
and the statistical uncertainty for the combined data. In the lower panel, the error bar
shows the statistical uncertainty. The shaded area show the systematic uncertainty of the
combined result in both panels. The width of the error band in the right panel corresponds

to the systematic uncertainty on (Npu), scaled by a factor three for clarity.

The procedure to combine the measurement in Pb+Pb is the same as used in pp. A
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good agreement between the channels was obtained in different rapidity and centrality
bins and the combination yields overall x?/d.o.f=1.7/5 for the rapidity differential result
and x?/d.o.f= 21.6/14 for the centrality differential measurement. Therefore, electron and
muon channels are found to be in agreement. The rapidity distributions for the electron
and the muon channel, as well as the combined results, are shown in the left panel of
Figure 47. The right panel shows the yields measured versus Npa.

The measured cross sections are compared with theoretical predictions obtained using
a modified version of DYNNLO 1.5 [128, 129]. The calculation is performed analogously
to predictions derived for the pp measurement, except for the fact that it is calculated at
the NLO order. This is consistent with the order of the calculation for the input nPDFs.
The predictions are calculated using the free proton PDF set CT14 NLO [132] typically
used to compare with the pp data and the nuclear PDF sets nCTEQ15 NLO [142] and
EPPS16 NLO [143] which are averaged over the whole Pb nucleus. In addition, the
parton-level NLO prediction from the MCFM code [144], interfaced with the CT14 NLO
PDF set, is calculated. This takes into account the isospin effect, arising from differ-
ent partonic compositions of protons and neutrons in Pb nuclei, which is neglected in
DYNNLO calculations. The uncertainties on the theory predictions are derived follow-

ing the same procedure as described for the pp system above. In Figure 48 the normalized
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Figure 48: Normalized Z boson yields as a function of rapidity (left) and the Raa (right)
compared to theoretical predictions [71]. The lower panels show the ratio of predictions

to the data. The band is the total uncertainties of the data less the luminosity.

yields are compared for the combined measurement and theoretical predictions calculated
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with the CT14nlo, nCTEQ15 and EPPS16 PDF sets. All the calculations lie 1-3 com-
bined standard deviations below the measured result. In modeling the Raa, only the
nPDF uncertainties play a role since the CT14nlo uncertainties cancel out. Calculations
are consistent with the data within one standard deviation for PDF and 1-2 standard
deviations for nPDF. The trend observed in data can be entirely explained by the isospin

effect as shown in the upper right panel of Figure 48 by the dashed line.

E T T T T
=3 r ATLAS Preliminary
- r Pb+Pb, 0.49 nb *
S B 25pb * ]
3 100 © nt ogm PP, D —
> B ¢ o Vo V5=5.02Tev |
B - ¢ B
im| - z 1 4
< I 5= Pb+Pb 0-10% o gt B
H 50— & Pb+Pb 10-30% —
s [~ B Pb+Pb 30-100% b
Zw -e-da,, /dy R

by W e

09 —

08 C L L L L B
0 05 1 15 2 25
Iyl

Figure 49: Normalized Z boson yield versus rapidity measured in three centrality intervals:
peripheral 30-100% (blue circles), mid-central 10-30% (green squares) and central 0-10%
(red diamonds) [71]. The differential Z boson cross sections measured in pp collisions are
shown by open circles [74]. The lower panel shows the Raa and the contribution from
the isospin effect calculated with CT14 NLO PDF (dashed line). The shaded boxes at
unity indicate the combined uncertainty from the pp data added in quadrature to the Taa
uncertainty. The points in each centrality interval are shifted horizontally relative to the

bin centre for clarity.

Figure 49 shows in the upper panel the rapidity distributions of the Z boson normal-
ized yields compared to afp in three centrality intervals. The Pb+Pb and pp production
yields are used to construct the Raa shown in the lower panels. The results are con-
sistent with each other within the statistical uncertainties. The current data statistics
precludes making a more definitive statement about any possible modification of the Z
boson rapidity distribution with centrality.

Figure 50 shows the centrality dependence of the normalized Z boson yield and of

the Raa. The point corresponding to the pp cross section [74] is added to the plot at
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Figure 50: The upper panel shows the normalized Z boson yield as a function of
(Npart) [71]. The integrated fiducial cross section measured in the pp system is shown
at Npart = 2 (open circle) [74]. The lower panel shows the nuclear modification factor.
The band indicates the uncertainty of the pp data. The figure shows the results calculated
with the Glauber MC v2.4 [4] and v3.2 [145]. The dashed and the full line indicate CT14
NLO PDF calculations that account for isospin effects for the two Glauber MC versions.
The width of the error band in each centrality interval corresponds to the systematic

uncertainty in (Npa), scaled by a factor of three for clarity.

Npart = 2. The results are derived based on the Glauber MC v2.4 and a newer version
v3.2 following the same procedure as described in Ref. [70]. The results are found to
be consistent with each other within measurement uncertainties. The new Glauber MC
calculation [145] implements a more advanced treatment of the nuclear density profile and
the updated experimental value of the nucleon—nucleon inelastic cross section, where the
former directly affects the normalized Z boson yield derived in this analysis. The new
model also leads to a set of reduced systematic uncertainties compared with the previous
version.

In the estimation of the isospin effect contribution shown with dashed lines, the
Glauber MC v3.2 model accounts for different distributions of protons and neutrons in
Pb nuclei known as the neutron skin effect. Due to the weak dependence of Z boson
production on isospin, the prediction is essentially constant.

The normalized yields are consistent with the pp cross section at all measured cen-
tralities and show only a weak dependence on Npu. The values of Raa, shown in the

lower panel, are consistent with unity within the total systematic uncertainty. When the
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Figure 51: Ratio of W+ (circles) and W~ (squares) yields measured in the same data
set [70] to the yields of Z bosons [71] versus (Npa), compared with the ratios measured
in pp data [74] (shaded line) scaled by the isospin factor obtained from the CT14 NLO
PDF calculation.

isospin effect is taken into account as shown with the dashed line, the model tends to
better agree with the data at low N, values rather than at high values.

For both Glauber model versions, an apparent decrease is observed in the Raa with
the event centrality. To quantify this dependence, a linear fit was performed taking
into account statistical and systematic uncertainties coming from the measurement and
the inherent model systematic uncertainties related to the Glauber modeling (such as
the inelastic nucleon-nucleon cross section, nucleon hard core radius and Woods-Saxon
parameters). In addition to these variations, another uncertainty in the Glauber model
is related to a working point chosen for the fit to the data. Details on the extraction of
the geometrical parameters in the Glauber MC modeling can be found in Ref. [52]. The
decrease in the Ras between the most-peripheral (80-100%) and most-central (0-2%)
centrality intervals is found to be (10 & 7)% and (6 = 6)% for the Glauber MC v2.4 and
v3.2, respectively.

The Z boson measurement is used to compare the Ny, dependence of the W [70] and
Z bosons by calculating their yield ratios as shown in Figure 51, where the uncertainties
of the two measurements are treated as uncorrelated. The data points are compared with
the ratio measured in pp collisions [74], which is scaled by the isospin factors calculated

based on the CT14 NLO PDF set. The measurements for both channels are found to be
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Figure 52: Nuclear modification factor Raa in centrality intervals compared with the
HG-PyTHIA model [93] scaled by the isospin factor obtained from the CT14 NLO PDF
calculation [71]. The model accounts for a biased classification of the event geometry
for events containing a hard process. The bins are ordered in the centrality percentile,
starting from central events on the left and going towards more peripheral on the right.
The comparison is shown in the 0-80% centrality interval where the different smearing of

the ATLAS centrality estimator (X EEC?) is found to have a negligible effect.

consistent with the scaled pp measurement and show constant behavior as a function of
centrality.

The trend of the points shown in Figure 50 for Z bosons is different from the trend
observed by the ALICE Collaboration in the measurements with charged hadrons with
high transverse momentum [96] and the one predicted by the HG-PYTHIA model [93]
discussed in Section 4.3. Figure 52 shows the Rxa for W# [70] and Z bosons compared
with the HG-PYTHIA model [93].

To compare the model with the measurements done with massive electroweak bosons
the results are corrected for the isospin effects using the CT14 NLO PDF. All three data
sets show consistent trends between the species but are different from their corresponding
model predictions. This suggests that the apparent suppression mechanism [93] that
explains the ALICE data [96] for the yields of high-pr charged particles does not have the

same effect on the yields of massive electroweak bosons.
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7 Discussion

This thesis presented the results on the Z boson cross-section measurement in the pp data
at 5.02 TeV center-of-mass energy and the measurement of the Z boson normalized yield
in the Pb+Pb system at the same collision energy. The rapidity differential cross section
was compared with the NNLO pQCD calculations including the latest proton PDFs as
shown in Figure 43. The same was done in the Pb+Pb data for the normalized Z boson
yield and the nuclear modification factor R where the comparisons are done with NLO
pQCD calculations with the latest PDF and nPDF sets, shown in Figure 48. In the same
data set the Z yield and the Rxa were measured as a function of the event centrality and
compared with the GMC calculation (Figure 50) and the HG-PYTHIA model (Figure 52).

The Z boson result in the pp system is a new contribution to the set of Standard
Model heavy EW boson measurements and forms the baseline for comparisons to HI re-
sults. The fiducial Z cross section is measured with a high precision of 2.3% (1.3% without
the luminosity uncertainty) with the ATLAS detector. The result is in agreement with
the pQCD NNLO calculations [74]. Figure 53 shows the ratio of cross sections measured
in electron and muon decay channels for W and Z boson from previous ATLAS measure-
ments including the results of this thesis compared to the Standard Model prediction of
lepton universality [146]. Theoretical calculations of the rapidity differential cross section
based on different PDF sets are consistent with the measurements at the level of 1-2
standard deviations with the largest discrepancy measured at mid-rapidity. This trend
in rapidity was already measured with ATLAS at the higher center-of-mass energy of
Vs =7 TeV [85, 147]. A follow-up ATLAS measurement using the 2017 pp data sample
with approximately 10 times larger statistics compared to the result presented in this
work and at the same energy of 5.02 TeV will provide more precise input to the future
PDF fits.

By using the pp measurement as a baseline, the nuclear modification factor is measured
in the p+Pb and Pb+Pb systems. A significant suppression is observed in the p+Pb
system in the forward rapidity region on the proton going side which reveals the presence of
the nuclear modification to the free proton PDF (Figure 46). This result has the final word
since the previous results [63] were compared to NLO predictions which underestimated

the cross section. Furthermore, the nPDF modification shows indications of centrality
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of this quantity by ATLAS [146].

dependence, where the largest effect, on the level of 3 standard deviations, is observed
in most central collisions. The centrality dependence of the nPDF modification has yet
to be described by the theoretical models. This result is in agreement with the ATLAS
preliminary result for the W boson production at the same energy [64].

The normalized Z boson yield measured as a function of rapidity in Pb+Pb collisions
was compared to current NLO pQCD predictions with free and nuclear PDF sets. It was
found to lie 1-3 standard deviations above the calculations, where the difference increases
towards forward Z rapidity (y > 2). A better description of the data concerning the
overall normalization was measured for the free proton PDF set. This is consistent with
the W boson measurement performed by ATLAS in the same data set [70] but it stands in
tension with the recent Z boson result from the ALICE collaboration performed at large
rapidities that reports a better agreement with nPDF calculations [73]. More precise
data available in the 2018 Pb+Pb data set is expected to address this discrepancy in
more detail while a partial overlap in the rapidity coverage between the experiments can

be accomplished by employing ATLAS capabilities for reconstructing forward electrons.
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Furthermore, the Z production yield measured in the Pb+Pb system is the first mea-
surement of the Z boson Raa and provides a test of the centrality association made by
all HI experiments with unprecedented precision. Even though the Raa decreases from
peripheral to central events, it is found to be consistent with a constant behavior in cen-
trality and to agree with the prediction based on the CT14 PDF set that takes isospin
into account. A difference between the slopes evaluated for Raa in centrality for two
Glauber MC calculations might indicate an improvement in the modeling. Similar be-
havior in centrality that was studied for the Z boson Raa was also reported for W boson
Raa in the same data set [70], where the peripheral excess in measured yields is 1-2
standard deviations above the Glauber model prediction. This might point to a need of
introducing additional corrections in the fitting procedure of the GMC model that would
account for the behavior measured in data and reproduce a globally flat fit for the yields
of EW bosons. Furthermore, we suggest constructing double ratios of yields of colored
hard probes (such as jets or quarkonia) to the yields of EW bosons in centrality classes as
a better and more robust measure of QGP medium effects. Finally, no apparent suppres-
sion in the peripheral collisions reported by the ALICE experiment in the measurement of
high-pr charged hadrons [148, 96] is detected in the Z boson ATLAS measurement. This
could shed more light on the nature of the effect measured by ALICE, which may be dif-
ferent from the interpretation given in the original paper [93]. The centrality dependence
needs further study, which may be possible with a higher statistics 2018 data sample.

As discussed in Section 5.4.3 the background contribution coming from photon-induced
processes consists of two components. One is the photon-photon scattering that was
previously measured [111] while the second component comes from the photonuclear Z
boson production that has not been observed so far. One can try to distinguish between
the two contributions based on the event topology, namely by measuring rapidity gaps
in the detector that are predominantly both-sided for photon-photon scattering events
and single-sided for photonuclear events. The breakdown of all events with and without
large gaps found in data is given in Table 6 together with the response registered in ZDC
detectors. There are in total 34 events with large rapidity gaps in both decay channels,
from which 27 have gaps on both sides of the detector and 7 have one-sided gaps. Here
we examine whether these 7 events can be considered as photonuclear event candidates.

From 7 events with one-sided gaps, 4 have one-sided ZDC signal and 3 two-sided.
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This is consistent with a probability of ZDC measuring neutrons fragmented from nuclei
undergoing EM interactions. The evidence for this comes from studying 27 events with
two-sided gaps. The analysis of these events reveals that in about 40% of interactions
at least one neutron reaches the ZDC. This fraction is consistent with predictions from
the STARLIGHT 1.1 generator and therefore explains 3 two-sided events observed in this
analysis. We examine three other potential sources for events with one-sided gaps: 1)
7 + 7 processes with in-time pileup, 2) hadronic collisions that contain gaps and finally,
3) v + v events with additional particle production masking the gap on one side. It is
easy to show that the first contribution is negligible. Assuming all 27 events with two
gaps are 7y + 7y events a probability that there is such an event with pile-up is given by
instantaneous luminosity during the data taking (discussed in Section 5.4.4) which yields
0.05 events. This estimate neglects the fact that such an event should have no gaps due to
a large hadronic activity of Pb+PDb inelastic events and the same is true for the interaction
of the Pb ion with residual gas in the collider. The second contribution is a probability
for a hadronic event with a Z boson to have gaps which in Section 5.4.3 was estimated
to about 0.05 events. Finally, one can assume that v + v events can produce high-mass
dilepton states with an additional particle production. This process has not yet been
studied in detail and no quantitative analysis exists. At this point, we cannot estimate
this background source.

Making an explicit assumption that the last background source is small we consider 7
events with large one-sided gaps as candidates for yet unmeasured v+ A process suggested
in Ref. [109]. This would result in a cross section of about 20 nb assuming that the detector
efficiencies for this process are similar to the ones of the hadronic Z production. That
cross section is two orders of magnitude larger compared to the calculation reported in
the literature (0.2 nb as quoted in Ref. [109] after accounting for the leptonic branching
ratio). This apparent discrepancy is very intriguing and should further be studied in larger
Pb+Pb data sets at the LHC. Finally, this demonstrates the capability of the ATLAS
detector to for the first time detect the photonuclear Z production.

In conclusion, this work is an important, incremental step in our understanding of
QCD and the quark-gluon plasma via analyzing the Z boson production. High precision
estimates of the Z boson yields were performed in 2015 pp and Pb+Pb data sets. This

improves the fitting of theoretical models and highlights the need to take into account
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centrality dependence. It also brings to attention the importance of understanding the
contribution of ultra-peripheral hard processes. Finally, this work assists in the analysis
of future measurements and paves the way for discovering new phenomena in high-energy

nuclear physics.
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