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Abstract

Current experimental measurements of the W boson mass are in significant tension to
theoretical predictions. A precise measurement of the mass can test the Standard Model
and provide insights into deviations from current theoretical models of the electroweak
sector. The W boson mass cannot be measured directly but must be inferred from re-
constructed decay products. Therefore, it is essential to have a detailed description of
the decay kinematics. In this thesis, studies based on Z — ¢/~ events are presented to
validate the calibration applied to Monte Carlo simulations used in the reconstruction of
leptonic W boson decays. The studies are performed using data sets recorded during a
dedicated low pile-up run of Run 2, corresponding to integrated luminosities of 257 pb~!
at 5TeV and 335pb ™! at 13 TeV.

The studies demonstrate that the simulation accurately models the boson decay with re-
spect to various boson and lepton kinematic properties. In addition, effects from electron
charge misidentification were studied. Scale factors were derived to correct discrepancies
between data and simulation, ensuring a consistent modeling of the charge reconstruction.
These results confirm the validity of the current simulation and provide important input

for the precise determination of the W boson mass in the current ATLAS analysis.

Zusammenfassung

Derzeitige experimentelle Messungen der W-Bosonmasse stehen in erheblichem Wider-
spruch zu theoretischen Vorhersagen. Eine genaue Messung der Masse kann das Standard-
modell tberpriifen und Einblicke in Abweichungen von aktuellen theoretischen Modellen
des elektroschwachen Sektors geben. Die Masse des W-Bosons kann nicht direkt gemessen
werden, sondern muss aus rekonstruierten Zerfallsprodukten abgeleitet werden. Daher ist
eine detaillierte Beschreibung der Zerfallskinematik unerldsslich. In dieser Arbeit wer-
den Studien von Z — (¢~ Ereignissen vorgestellt, um die Kalibrierungsalgorithmen zu
priifen, die bei Monte-Carlo-Simulationen zur Rekonstruktion von leptonischen W-Boson-
Zerfillen verwendet werden. Die Untersuchungen basieren auf Datensétzen, die wihrend
eines speziellen Low-Pile-up-Laufs von Run 2 aufgezeichnet wurden und integrierten Lu-
minositéten von 257 pb~! bei 5 TeV sowie 335pb~! bei 13 TeV entsprechen.

Die Studien zeigen, dass die Simulation den Zerfall des Bosons beziiglich verschiede-
nen kinematischen Eigenschaften des Bosons und der Leptonen genau modelliert. Die
Auswirkungen der falschen Identifizierung der Elektronenladung wurden untersucht und
Skalierungsfaktoren abgeleitet, um Diskrepanzen zwischen Daten und Simulation zu ko-
rrigieren und eine konsistente Modellierung der Ladungsrekonstruktion zu gewahrleisten.
Diese Ergebnisse bestétigen die Giiltigkeit der Simulation und liefern einen wichtigen

Beitrag zur genauen Bestimmung der WW-Boson Masse in der aktuellen ATLAS-Analyse.
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1 Introduction

The Standard Model (SM) of particle physics has proven to be remarkably successful
in describing the fundamental forces and particles of nature. It is regarded a triumph
of modern physics. Recent advances in particle physics have led to an overconstrained
electroweak sector, enabling internal consistency tests of the theory. This is particularly
important, as the SM is widely considered to be incomplete. So far, it does not account
for phenomena such as dark matter, neutrino masses or the matter—-antimatter asymme-
try in the universe. One possibility for testing the validity of the SM, and for potentially
finding signs of new physics, is the precision measurement of the W boson mass. This
observable can be predicted from global fits to electroweak parameters within the SM
framework. Comparing the theoretically derived mass with high-precision experimental
measurements provides a meaningful test of the SM and may reveal deviations that indi-
cate inadequacies in the theory [1].

The interest in independent and precise measurements of the W boson mass has signifi-
cantly increased, after the CDF collaboration at Tevatron reported a measurement result
with a deviation of 7o from the predicted SM value in 2022 [2]. Now, the ATLAS experi-
ment at the European Organization for Nuclear Research (CERN) aims to provide a new,
highly precise result for the W boson mass and thus make a key contribution to probing
the SM. For this purpose, dedicated data-taking runs were conducted at the Large Hadron
Collider (LHC) in 2017 and 2018, providing high-resolution data under ideal conditions
for precision analyses.

A fundamental challenge in the determination of the W boson mass is the reconstruction
of the neutrino kinematics in the leptonic decay of the boson. Since neutrinos escape
detection and leave no direct signal in the detector, their transverse momentum must be
inferred indirectly. This is achieved by estimating the hadronic recoil, which takes into
account the momentum balance in the transverse plane of the event. A well-calibrated
hadronic recoil is hence essential for a precise reconstruction of the W boson kinematics.
The calibration is performed using Z boson events from the leptonic decay where both
leptons are fully reconstructible in the final state. This provides a reliable benchmark for
validating and tuning the recoil model [3].

This bachelor thesis presents dedicated calibration studies of the hadronic recoil using
Z boson events. In particular, it investigates effects that have not yet been explicitly
included in the current recoil calibration procedure, such as a potential dependence of the
recoil on the rapidity of the Z boson. Additionally, the kinematics of the decay leptons
are taken into account to verify agreement between measured data and predictions from
the Monte Carlo (MC) simulation. Such validations are essential to guarantee that the
recoil calibration can be reliably applied to W boson events and thus enabling a precise

mass determination.



Beyond the hadronic recoil, other effects that influence the reconstruction of the W boson
must also be taken into account. In a subsequent part of this thesis, the incorrect charge
reconstruction of electrons ! in the ATLAS detector is investigated using Z — e*e™ events
and correction factors for the simulation are determined. A detailed investigation of these
effects and their inclusion in the calibration is crucial to reduce systematic errors for the
measurement of the W boson mass.

In the following, Section 2 provides an overview of the ATLAS detector at CERN, with
a focus on the subdetectors relevant for particle reconstruction and charge identification.
Section 3 outlines the properties of the W boson and provides the theoretical background
relevant to this study. The hadronic recoil and the general analysis strategy are explained
in Section 4. The recoil calibration is validated in Section 5, followed by calibration checks

of the electron charge misidentification in Section 6.

!Charge conjugation is implied throughout this thesis.



2 The ATLAS Experiment at the Large Hadron Col-
lider

The LHC is the world’s largest and most powerful particle accelerator performing high-
energy proton-proton (pp) and heavy-ion collisions. It is located at CERN and has been
in operation since 2008. After pre-acceleration, two beams consisting of particle bunches
are circulated in opposite directions through separate beam pipes, reaching energies of up
to 6.8 TeV per beam. These bunches cross at four interaction points distributed around
the accelerator ring, where the particle detectors ALICE, ATLAS, CMS and LHCb are
located to observe the resulting collisions [4].

The analysis presented in this thesis is based on pp collision data recorded by the AT-
LAS detector at center-of-mass energies of /s = 5TeV and /s = 13TeV. These data
were collected during dedicated low pile-up runs in 2017 and 2018, in which the number
of simultaneous collisions per bunch crossing was reduced to improve the resolution of
specific measurements. This data set has previously been used in the measurement of
the transverse momentum spectra of W and Z bosons [5]. A detailed description of the

ATLAS experiment at the LHC is given in [6] and summarized in the following.

The ATLAS Experiment

The ATLAS detector is a general-purpose detector with forward-backward symmetry and
a cylindrical geometry. It reaches approximately 25m in height, 44 m in length and has
an overall weight of about 7000 t.

The interaction point is defined as the origin of the coordinate system, with the beam
line oriented along the z-axis. The transverse plane, perpendicular to the beam direction,
corresponds to the z-y plane and is often described using cylindrical coordinates (r, ¢).

The polar angle 6 is measured with respect to the beam axis and is used to define the

2= -tosn (1)) 0

For massive particles, the rapidity y = 1/2In[(F + p.)/(E — p.)] is used instead.

pseudorapidity

The detector is composed of several subdetectors surrounding the collision point. These
record the trajectories, momenta and energies of produced particles, enabling their iden-
tification and precise measurement [7]. A cutaway view of the ATLAS detector is shown

in Figure 1.

Closest to the collision point, the Inner Detector (ID) is situated inside a thin solenoid
magnet that provides a 2T axial magnetic field. Due to the magnetic field, electrically

charged particles are forced on curved trajectories. This curvature allows the measurement
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Figure 1: Schematic overview of the ATLAS detector [6].

of the particles’ direction, momentum and electric charge. High-precision measurements
require fine detector granularity, which is achieved by several layers of tracking detectors.
The innermost components consist of pixel detectors and silicon microstrip trackers with
tracking capabilities up to |n| < 2.5. These are followed by the gas-filled straw tubes of
the Transition Radiation Tracker (TRT), covering the pseudorapidity range |n| < 2. The
TRT contributes significantly to the momentum measurement due to the large number
of tracking points and the long track length. In particular, it provides good electron
identification by detecting transition radiation photons emitted in the gas mixture of the
straw tubes, which helps distinguish electrons from hadrons.

At higher absolute pseudorapidity values |n|, the number of detector hits per track de-
creases, reducing the precision of trajectory reconstruction. This effect results from the
geometry of the ID, where particles at shallow angles cross fewer active layers of the sub-
detectors. A quarter section of the ID together with the electromagnetic calorimeter is

illustrated in Figure 2 with various values of |n| highlighted.

The subsequent liquid-argon (LAr) electromagnetic sampling calorimeters provide high-
resolution energy and position measurements in the barrel region |n| < 1.475 and extend
into the end-cap regions 1.375 < |n| < 3.2. Within the pseudorapidity range matched to
the ID coverage, the calorimeter has a particularly fine granularity. In this region, it is
segmented into three layers in depth, making it especially well suited for precision mea-
surements of electrons and photons. However, in the transition region between the barrel
and end-cap calorimeters 1.375 < |n| < 1.52, the electromagnetic calorimeter performance
is reduced, as illustrated in Figure 2.

The following hadronic sampling calorimetry system consists of a scintillating tile calorime-



ter in the central region |n| < 1.7 using steel as the absorber and LAr end-cap calorime-
ter for ranges 1.5 < |n| < 3.2. At especially high absolute pseudorapidity regions,
3.1 < |n| < 4.9, the forward calorimeter consisting of three layers collects energy de-

positions close to the beam line.
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Figure 2: Longitudinal cutaway view of one quarter of the ATLAS detector cross section
up to the electromagnetic calorimeter, as recorded during Run 1 [8].

Lastly, the muon spectrometer precisely determines the momentum of muons by measur-
ing their deflection in a magnetic field generated by large superconducting air-core toroid
magnets. Muon tracks are bent by the barrel toroid in the region up to |n| < 1.4 and by
the end-cap toroids in the range 1.6 < |n| < 2.7. In the transition region between, both
magnetic field systems contribute to the deflection. The muon system is instrumented
with separate trigger and high-precision tracking chambers. In the barrel region, the
chambers are arranged in three cylindrical layers around the beam axis to measure the
muon tracks, whereas in the transition and end cap area, the chambers are installed as
planes in three layers perpendicular to the beam axis. The track coordinates are measured
across most of the pseudorapidity range using Monitored Drift Tubes. In the forward re-

gion 2 < |n| < 2.7 Cathode Strip Chambers are used instead.

The pp interaction rate at the collision point can reach up to 40 MHz, however the event
data recording rate is limited to 1kHz. The event rejection is achieved by a trigger
system consisting of a Level-1 trigger reducing data to 100 kHz only using a subset of de-

tector information, followed by the High Level Trigger reaching a reduction to the desired
1kHz [9].



3 The IV Boson

The known elementary particles and their interactions are described with remarkable
precision in the SM. However, it is considered to be incomplete, as it cannot explain fun-
damental observations such as the matter-antimatter asymmetry in the university or the
existence of dark matter yet. Therefore, precise measurements of fundamental parameters
of the SM are essential for testing and eventually expanding the model [2].

The research conducted at CERN, including experiments at the ATLAS detector, ad-
dresses these open questions in fundamental physics. Among the many research topics at
ATLAS, the properties of the W boson play a key role in testing the internal consistency
of the SM and in the search for potential signs of new physics.

A comprehensive introduction to the fundamental principles of particle physics can be
found in [10], which serves as the main source for the following summary of key concepts

relevant to this thesis.

3.1 Production Asymmetry of W' and W~ bosons

According to the SM, the electroweak interaction is mediated by the W and Z boson as
well as the photon, where the W boson is a massive particle that can either carry a posi-
tive charge, W™, or a negative charge W~. The analysis is based on studying the decay
of the W boson into a charged lepton ¢* and a neutrino v, i.e. W* — (*v, as illustrated
in Figure 3. The reconstructed charge of the lepton identifies whether the decaying boson

was a W or a W~ as a consequence of charge conservation.

o+ U Vy

SH

w+ w-

u Vy d 0~

Figure 3: Production of a W boson through quark-antiquark annihilation and subsequent
decay into a lepton-neutrino pair.

However, at the LHC, W™ bosons are produced more frequently than W~ bosons. This
asymmetry arises from the internal structure of the colliding protons.

Besides three valence quarks, (u,u,d), the proton contains a sea of virtual gluons g which
can produce quark-antiquark pairs through pair production ¢ — ggq. The dynamic inter-
actions between all quarks and gluons lead to a probabilistic distribution of their momenta
within the proton. These momentum distributions are described by the Parton Distribu-
tion Functions (PDFs).



The PDF of the up quark, u(z), can be decomposed into contributions from valence

quarks, uy (x), and sea quarks, ug(x). The same applies for the down quark PDF
u(z) = uy(x) +ug(z) and d(z)=dy(x)+ds(x) . (2)

Because a proton contains two valence up quarks and one valence down quark, the valence

PDFs are normalized accordingly

/01 w(@)dz =2 and /01 dy(z)dz = 1. (3)

In contrast, the PDFs for the antiup and antidown quarks receive contributions only from

sea quarks and are therefore given by
u(z) = tig(r) and d(x)=dg(z) . (4)

Furthermore, two assumptions can be made for the sea quark PDFs. First, since sea
quark and sea antiquark are produced in pairs, their PDFs are equal within the same
flavor. Second, due to the small mass difference between up and down quarks, the sea
quark PDFs of both flavors can be assumed to be approximately equal. These assumptions
lead to

us(z) = ug(x) = dg(r) = dg(x) . (5)

While W bosons are produced by up and antidown quarks (u, d), W~ bosons result from
interactions between down and antiup quarks (d, @). As a consequence, the unequal PDFs
for up and down quark lead to a production asymmetry of W+ and W~ bosons in pp
collisions at the LHC.

3.2 The W Boson Mass

The gauge theory describing the electroweak interactions incorporates the masses of the
W and Z bosons, my and myz, and implies the existence of the Higgs boson. In 1983
the W and Z bosons were discovered at CERN SPS [11, 12] and in 2012 the LHC col-
laborations ATLAS and CMS reported the existence of the Higgs boson and its mass [13,
14]. Since the observation of the Higgs boson, the electroweak sector of the SM is fully
constrained by experimental measurements. The Z boson mass has been measured with
remarkable precision to my = 91 188.0 + 2.0 MeV by experiments at the CERN LEP
collider. In contrast, the uncertainty in the my, measurement at LEP was an order of
magnitude larger than that of my. This is mainly due to the lower production rate of W
boson pairs in electron-positron collisions, which is several orders of magnitude smaller
than that of Z bosons [2].



At lowest order the WW boson mass my, can be expressed in terms of the Z boson mass
mz, the fine-structure constant o and the Fermi constant G,,. Higher order corrections
Ar are sensitive to the gauge couplings and masses of heavy particles within the SM,
particularly the top quark and the Higgs boson. In relation to these parameters the W

boson mass can be expressed with

m2, (1 - ”WZ%ZV) - \/go(;uu A . (6)

This equation demonstrates that the SM is overconstrained. The W boson mass can
either be measured directly or determined indirectly through measurements of of mz, «,
G, and Ar. Thus, a precise my measurement tests the SM’s internal consistency [1].
Extended theories that can modify Ar include contributions from additional particles
and interactions, such as potential new heavy particles that cannot be probed directly
by accelerators yet [2]. A significant discrepancy between measured and predicted values
can therefore be an indicator for Physics beyond the Standard model (BSM). Currently
the precision of the W boson mass measurement sets limitations on constraints for BSM

scenarios [1].

The W boson mass determined from electroweak parameters, the so-called global elec-
troweak fit, yields a precise value of my = 80 353 £ 6 MeV [15]. However, current
experimental results show a certain tension. On the one hand four independent mea-
surements performed by the LEP, Tevatron and LHC experiments gained the average
experimental value of my, = 80 369.2 + 13.3 MeV. In contrast, a single measurement by
the CDF Collaboration at the Fermilab Tevatron reported a value of my, = 80433.5+9.4
MeV, which stands in strong disagreement with previous measurements and deviates by
7o from the global electroweak fit prediction, thereby challenging the SM. Most recently,
in 2024 the CMS experiment published a new measurement result of my, = 80 360.2+9.9
MeV, which is consistent with SM predictions. All current experimental results of W

boson mass measurements can be compared in Figure 4, including the latest result from
CMS [2].

The CMS result from 2024 is remarkable due to its precision of 0.12 permil. Their research
was based on a data set with more than twice the pile-up than any other my measure-
ment before and only reconstructed events from the muon channel of the leptonic decay
were used [2]. The current ATLAS research aims to achieve a similar level of precision,
working with low pile-up data and including both the muon and electron channel in the

analysis.
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Figure 4: Comparison between measurement results by the LEP, Tevatron and LHC
experiments and the electroweak fit prediction, which is represented by the gray vertical
band showing its uncertainty [2].



4 Hadronic Recoil and Analysis Strategy

In the leptonic decay, the W boson cannot be fully reconstructed, since neutrinos are not
directly detectable in collider experiments. Nevertheless, the kinematic properties of the
charged lepton and the neutrino are essential for determining my,. The standard approach
to reconstruct the neutrino kinematics in high-precision ATLAS analyses involving W
bosons relies on the so-called hadronic recoil. Its reconstruction and calibration leading

to the determination of my, are described below, following the approach outlined in [3].

4.1 Hadronic Recoil Definition

The hadronic recoil is defined as the vectorial sum of all transverse momenta of particles
from initial-state radiation (ISR) of gluons and quarks. Since the initial pp collision
occurs along the beamline and has no net transverse momentum, the hadronic recoil
directly reflects the transverse momentum of the W boson. Additionally, the transverse
momentum of the neutrino can be inferred from momentum conservation. The quantities

are related as

[ R (7)
i=ISRq,g

Here, p’ denotes the transverse momentum of the W boson, while p and j% represent
the transverse momenta of the charged lepton ¢ and the neutrino v, respectively. The

hadronic recoil is denoted by 7.

The calculation of the hadronic recoil is performed by the Particle Flow algorithm, which
selects reconstructed particles, the Particle Flow Objects (PFOs), detected in the ID and
Calorimeters of the ATLAS detector. In the transverse plane, the hadronic recoil is then
obtained as the vectorial sum of all electrically charged and neutral PFOs. For a more
detailed description, see [3, Section 2].
The corresponding data for this analysis were collected under low pile-up conditions with
an average number of interaction per crossing of () ~ 2, facilitating particle identifi-
cation [5]. With @y given, the neutrino transverse momentum py can be determined
via

Py = —(ir + pr) - (8)
Together with the azimuthal angle ¢” of p7, the transverse mass of the W boson can then

be calculated as

mr =\ 25451 — cos(! — ¢)) . (9)
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Another important property to quantify are contributions from the underlying event,
pile-up and emissions beyond first hard emission. These effects can be characterized by
first considering the total transverse event activity, Y Er, defined as the scalar sum of
the transverse momenta pr of all PFOs. This quantity is directly correlated with the
resolution of the hadronic recoil measurement and strongly depends on the vector boson
kinematics. The value of Y Er increases for higher values of py. and consequently ur. A
description of the underlying event, is now achieved by defining a recoil-corrected event
activity, 3° Er = > Ep — ug, effectively subtracting recoil contributions from the total

transverse event activity.

The kinematic relations above are also applicable to Z — ¢*¢~ decays where the un-
detected p¥ is replaced by the transverse momentum of the second lepton f%. In these
events the kinematics of the two leptons can be reconstructed with a resolution that is
approximately one order of magnitude better than that of the hadronic recoil measure-

ment.

Hadronic Recoil in 7 Events

In the analysis, Z boson events are used to calibrate the hadronic recoil comparing mea-
sured data with predictions from the MC simulation. In this decay, the recoil can be
compared to the directly measured transverse momenta of the two decay leptons, which
corresponds to the transverse momentum of the Z boson pr = pZ. The comparison
between @y and pi probes the detector’s response to hadronic activities. In Figure 5 a Z
boson event is illustrated in the transverse plane. The direction of p¥ is used as reference

to define scalar quantities from projections of .

Figure 5: Production of a Z boson in the transverse plane and visualization of the hadronic
recoil components perpendicular and parallel to the boson axis [16].
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The perpendicular component of the hadronic recoil is given by

_ Pz X tr]

(10
P )

This quantity is Gaussian-like distributed around zero, (u ) = 0, since measurement
inaccuracies are randomly distributed around p&. The distribution’s width o (u_)

reflects the resolution of the hadronic recoil perpendicular to pr'.

The parallel component of the hadronic recoil is given by

br - ur

U = —— . (11)
g

Ideally u) ~ —p4 should apply, which would be valid in case of a perfect detector

response and no scalar error while estimating u;. In order to test this estimation

the bias is defined.

The Bias is suitable to test the over- or underestimation of u by its definition
b= uj + pTM . (12)

In case of u) = —p4 the bias is zero. However, usually it is Gaussian-like distributed
around (b) > 0 due to insufficient particle detection which leads to an underestima-
tion of wj. The width of this distribution, o(b), reflects the hadronic recoil resolution

parallel to pi’.

As an example, the distribution of those three quantities in the muon decay channel for

Z boson events at 5 TeV can bee seen in Figure 6.
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Figure 6: Distributions of (a) the perpendicular recoil component u,, (b) the parallel
recoil component u and (c) the bias b in the Z — p*p~ decay channel at 5 TeV with a
data-to-MC comparison. These distributions are shown after calibration, where data and
MC predictions align well.
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Hadronic Recoil in W Events

In Figure 7 the decay of a W boson in the transverse plane is illustrated. In those events
the boson axis cannot be determined by data due to the missing neutrino p7. Therefore,

the hadronic recoil is projected on the charged lepton axis by defining;:

—f —
X
’U/ﬁ_ = |pT gUJT| ) (13)
Pr
and Y -
UZ = pT “ur (].4:)
I ?
Pr

Electron

/ \\{j -.._Neutrino
/ \ N Sse
\

\ AN
Underlying event

Figure 7: Visualization of the decay components of a W boson into an electron and a
neutrino in the transverse plane. The hadronic recoil is shown in green, resulting in a
Gaussian-like detector response profile. Similarly, the detector response for the electron is
illustrated in red. The neutrino, depicted in blue, can be indirectly inferred from the miss-
ing transverse energy. The underlying event is approximately symmetrically distributed
in the transverse plane as indicated in grey [17].

For both Z and W events, these scalar quantities describe the two-vector @y based on the

boson kinematics. This is more useful than relying on the z- and y-axes.
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4.2 Hadronic Recoil Calibration

The calibration of the hadronic recoil is performed using Z boson events, where correction
factors are derived and subsequently applied to W boson events. The following calibra-
tion steps are performed consecutively and corrections are retrieved separately for data
at 5TeV and 13TeV. A detailed description of the calibration procedure is given in [3,

Section 6]. This section summarizes the key steps.

Overall a calibration transfer from Z boson to W boson events can be applied with
high accuracy since both events show similar behavior. However, slight differences occur
in the energy scale and the PDFs, affecting the underlying event activity Y. Er and the
transverse momentum spectra of the vector boson pY.. Therefore, the calibration must be
a function of " Er and p¥., to transfer the corrections from Z to W events. The steps

performed to correctly model the correlation between > Ep and pY¥. in MC are:

o A 2D reweighting is obtained from the ratio of normalized 2D distributions as
functions of (3 Er, p%) comparing data to MC for Z events in the electron and
muon channel. For the application to the W boson simulation p% is replaced by

ptTme’W using the reweighting coefficients determined from Z boson events.

o Whereas the first reweighting applies well to Z events, for W events it is insufficient
and a correction procedure based on data from W boson decays is needed. An
improved modeling of Y Er for W events is achieved by a reweighting of Y_ Er in

bins of ur.

e The application of both reweightings modifies the spectrum of ptTme’V, but for W
events a modeling of this quantity is crucial. Thus, to recover the initial spectrum,

an additional reweighting in p5 " is applied.

In addition to a correct modelling of Y Er and pY., the modeling of the azimuthal direc-
tion of the recoil in the simulation needs to be corrected. This is done empirically by an
additive offset. For x and y components each, the differences of the mean values of the
recoil from data in Z boson events and in the simulation is taken. These offsets are fitted

with a first-order polynomial depending on >~ Er.
Furthermore, the resolution and response of the recoil components u; and w,; in the

MC simulation are reweighted to match those observed in data, resulting in a corrected

recoil observable.
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4.3 Mass Determination

With the hadronic recoil calibrated and the kinematic distributions of the lepton and
neutrino reconstructed, an optimal estimate of my, is obtained through a global profile
likelihood fit. This fit evaluates the compatibility between the data and the calibrated
MC predictions. It is performed using the distributions of the lepton transverse momen-
tum p% and the transverse mass of the W boson, my. In Figure 8 simulated distributions
are illustrated for different variations of the values for the W boson mass my, and its
distribution width I'y,. By varying these values in relation to a reference value the ex-
pected signal and background distribution change. Therefore, several simulations can be
compared to the measured data in the kinematic distributions in order to find an optimal

agreement for a value of my, [18].
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Figure 8: Simulations of the kinematic distributions of (a) the lepton transverse mo-
mentum p% and (b) the transverse mass mp, for W boson mass and width values of
my = 80399 MeV and I'yy = 2085 MeV. The lower ratio panels illustrate the effects of
varying these parameters by £60 MeV and 4200 MeV, respectively [18].
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5 Validation of the Hadronic Recoil Calibration

An accurate calibration of the MC simulation to data from Z boson decays is essential
for a reliable application to subsequent W boson analyses. In particular, the scale and
resolution of the hadronic recoil components, both parallel and perpendicular to the bo-
son axis, must show good agreement between simulation and data. Therefore, calibration
checks are performed for the perpendicular component of the hadronic recoil, v, , and the
parallel component, represented by the bias b. Additionally, the modeling of the underly-
ing event activity > Er is tested.

This chapter provides an overview of the calibration tests performed between MC simula-
tion and data for the Z — ptp~ decay at 5 TeV with an integrated luminosity of 257 pb™!.
Further validations for the Z — ete™ decay at 5TeV are presented in Appendix A. The

results of all comparisons show excellent agreement between data and simulation.

5.1 Event Selection

The final Z boson events used for the calibration are selected with various criteria to
optimize the data base. A detailed description is provided in [3, Section 4]. Considered
events are required to have at least one primary vertex with a minimum of two tracks.
The subsequent identification of muons and electrons is achieved by demanding isolation
from other tracks in the ID, respectively using the Medium or MediumLH working point.
Additionally, both reconstructed leptons must be exactly two of the same flavor, but with
opposite charge and a transverse momentum of p% > 25 GeV. This dilepton system must
satisfy an invariant mass of 66 < my, < 116 GeV. Besides, the effect of an another event

selection was studied requiring furthermore ur < 25 GeV.

5.2 Calibration Checks on Z Boson Quantities

First, a validation of the recoil calibration is performed on variables describing the prop-
erties of the decaying Z boson. Since the Z boson is a massive particle, the rapidity y

must be used when describing the decay direction relative to the beam axis.

Rapidity of the Z Boson

The hadronic recoil calibration procedure, described in Subsection 4.2, applies corrections
to achieve better agreement between data and simulation. However, no reweighting is
applied with respect to the rapidity y of the Z boson. The control plots in Figure 9
demonstrate that the recoil components are not dependent on the Z boson rapidity and
that data and MC simulation are in good agreement. As an example, a data-to-MC

comparison for the mean value (u, ) and the resolution o(u, ) is presented here.
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perpendicular hadronic recoil component as a function of the Z boson rapidity .

Similar calibration checks of the underlying event activity, > Er, are shown in Figure 10.

Good agreement between data and MC is observed and variations in the Z boson rapidity

y have no significant impact on the underlying event.
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Figure 10: Data-to-MC comparison of (a) mean value (}_ Er) and (b) resolution o(3 Er)
of the underlying event activity as a function of the Z boson rapidity .
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Transverse Momentum of the 7 Boson

Besides the rapidity, the transverse momentum of the Z boson, pZ, is a sensitive ob-
servable to validate the calibration. As illustrated in Figure 11 the bias b shows a clear
dependence on pZ that is well calibrated in the MC simulation and in good agreement
with the data.

It can be seen in Figure 11a that (b) increases with pZ. This is due to the fact that b is
by definition directly related to pZ via b = u) + pZ. Moreover, a higher transverse mo-
mentum of the Z boson corresponds to increased ISR from quarks and gluons, as shown
in Equation 7. Stronger ISR in turn leads to more complex event topologies and greater
hadronic activity, which challenges the detector’s reconstruction performance. As a result,
the parallel recoil component ) tends to be underestimated with respect to pZ, hence
explaining (b) increasing with pZ. This trend is also reflected in the increasing o(b) as a
function of p%, indicating reduced precision in the estimation of u) at higher transverse
momenta. Nevertheless, the relative resolution o(b)/p% improves with increasing p#, since

pZ rises more rapidly than the corresponding resolution.

Additionally, an increase of the underlying event activity > Er with rising p% is pre-
sented in Figure 12. This can be explained by looking at the components of Y Er. While
> Er is defined as the scalar sum of the transverse momenta of all PFOs, ur denotes
the absolute value of the vector sum of transverse momenta from ISR. When deriving the
underlying event activity via Er = > Ep — up, transverse momentum components of
ISR that are perpendicular to p% remain in 3 Er, since they are not subtracted by the
vector sum ur. As a result, Y. Er increases with p%, reflecting the enhanced ISR and

broader hadronic activity at higher boson transverse momentum.

The calibration checks presented here demonstrate a good agreement of recoil compo-
nents and underlying event activity as functions of either the rapidity y or the transverse
momentum pZ of the Z boson, each integrated over the full range of the respectively
other variable. In addition, further two-dimensional calibration checks in y and pZ have
been performed, confirming the consistency of the simulation with the data across both

variables simultaneously.
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5.3 Calibration Checks on Lepton Quantities

The Z boson decays into two oppositely charged leptons. The correlation between the
kinematic distributions of the leptons and the hadronic recoil components can be studied
to validate the MC simulation further and, if necessary, refine its calibration. Since the
reconstruction of the kinematic properties of the leptons is independent of their electric
charge, only positively charged leptons are shown in the following calibration checks. Due
to their low mass, the pseudorapidity approximation 7 is valid for the decay leptons. In
each event, the lepton with the highest transverse momentum is referred to as the leading
lepton, followed by subleading leptons with lower pp. In this analysis, the leading lepton
is labeled with index 1 and the first subleading lepton with index 2. Quantities involving

contributions from both leptons carry the combined index 1,2.

Direction of the Leptons

Figure 13 illustrates the recoil component resolutions as a function of ¢ and 7 as repre-
sentative examples. The calibration of the hadronic recoil components with respect to the
azimuthal angle ¢ and the pseudorapidity n of the decay leptons shows good agreement
between data and MC. Moreover, no significant dependence of the recoil components on

either ¢ or 7 is observed.
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Figure 13: Data-to-MC comparison of (a) the resolution o(u ) as a function of n and (b)
the resolution o(b) as a function of ¢ for the positive leading and subleading leptons.

Transverse Momentum of Leptons

The Z boson events used in this analysis are chosen based on distinct selection criteria.

One of the requirements is that exactly two leptons with p?’Q > 25 GeV are reconstructed.

Figure 14 shows that the MC simulation reproduces the data very well. A minimum
of (b), and thus the best estimation of v, is observed at peTl’2 = 45 GeV. The best resolu-
tion o (b) is also achieved at this value. This can be explained by comparing the kinematic
correlation between the Z boson transverse momentum pZ and the transverse momenta

of the leading QUET1 and subleading pﬁ% leptons, as shown in Figure 15.

For pZ ~ 0GeV, both the leading and subleading leptons have transverse momenta of
about pZTl‘2 = 45 GeV. This case corresponds to the decay of a Z boson at rest in the
transverse plane, where its rest energy of my ~ 91 GeV is equally distributed between
the two leptons decaying fully transversely. Yet, a low pZ implies little hadronic activity,
resulting in simpler event reconstruction compared to events with significant hadronic
recoil caused by higher pZ.

As the Z boson’s transverse momentum increases, the transverse momenta of the de-
cay leptons adjust accordingly. The leading lepton may exceed ple > 45 GeV, while the
subleading lepton may fall below peT2 < 45 GeV. Thus, events within p?’Q < 45 GeV can
be primarily associated with subleading leptons, while those within pfiﬁ’z > 45 GeV are
dominated by the leading lepton.
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subleading positive lepton ju; .

This becomes even clearer when comparing Figure 14b with Figure 16. In Figure 16a,
which shows the o(b) dependence on the leading lepton transverse momentum pgl, the
resolution remains minimal and constant for pET1 < 45 GeV. In this range, the sum péT1 + p§3
is below 91 GeV, because the decay plane is tilted with respect to the transverse plane.
As shown in Figure 15a, QDZT1 < 45 GeV occurs rarely and only for low pZ, which explains
the good resolution due to the reduced hadronic activity in these events. Furthermore,

for pfi,l > 45 GeV, most events coincide with a subleading lepton with pfiﬁ < 45 GeV.
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In this case, as illustrated in Figure 15, the Z boson has a higher pZ, resulting in in-
creased hadronic activity and consequently higher values of (b) and o(b). This explains
the similarities between the curves in Figure 16 and Figure 14b in the respective peTl’2
range. Leading leptons are more likely to have pﬁT1 > 45 GeV, while subleading leptons
tend to have pfﬁ < 45GeV. Due to this statistical imbalance, each lepton type domi-
nates its respective transverse momentum region in Figure 14b. The high deviations for
pf}z > 45 GeV in Figure 16b are due to limited statistics. Since for the subleading lepton
p‘gﬁ < p? applies, such events require very high pZ and are accompanied by significant

hadronic activity.
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Figure 16: Data-to-MC comparison of the resolution o(b) of the bias as a function of the
transverse momentum pr of (a) the leading positive lepton u; and (b) the subleading
positive lepton 3.

Besides, an optional event selection requiring uyr < 25GeV can be applied. The impact
of this selection on the calibration checks is discussed in Appendix B. Overall, applying

this additional cut still yields good agreement between data and MC simulation.
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6 Electron Charge Misidentification

In addition to the calibration of the hadronic recoil, other effects must be considered.
One important aspect is the misidentification of a lepton’s electric charge, in which the
reconstructed charge of a lepton is opposite to its true charge, known as a charge flip.
Understanding the conditions under which charge flips occur is essential for correcting
them in the simulation. Due to the production asymmetry between W+ and W~ bosons
in pp collisions at the LHC, see Subsection 3.1, charge flip effects do not cancel out and

can introduce a bias if not properly accounted for.

In order to calibrate the MC simulation for lepton charge misidentification, Z boson
events are analyzed. The same event selection criteria as in the recoil calibration are
applied, including the additional cut ur < 25GeV, which is discussed in Appendix B.
The only modification to the event selection is the requirement that both leptons have
the same electric charge, i.e. Z — ¢*¢*. Physically, this violates charge conservation, as
the Z boson is electrically neutral. However, incorrectly reconstructed decays may appear

as such in the detector.

The analysis is performed with data at center-of-mass energies of 5 TeV and 13 TeV, cor-
responding to integrated luminosities of 257 pb™* and 335 pb ', respectively. Using the
integrated fiducial cross sections from [19], the production ratio of W* and W~ bosons is
or(W*)/os(W~) =1.61 £0.03 at 5TeV and op(W*)/op(W~) = 1.31 £0.02 at 13 TeV.
This analysis is only performed for the electron channel, since the muon charge can be
measured with high accuracy in the ATLAS muon spectrometer. The plots presented
below correspond to data at 5TeV. The respective plots for 13 TeV are provided in Ap-
pendix C.

6.1 Comparison of Same-Sign and Opposite-Sign Events

The first step in the charge flip analysis is a data-to-MC comparison of events that pass
either the opposite-sign event selection, indicating correctly reconstructed charges, or the
same-sign selection, where a charge flip has occurred. An example of the invariant mass
distributions at 5 TeV for both selections is shown in Figure 17. While the MC simulation
aligns well with the data for opposite-sign events, a disagreement can be seen for same-sign
events. For a detailed comparison, a bin-wise event ratio is constructed by dividing the
number of same-sign events Ny by the number of opposite-sign events N,;. The resulting
data-to-MC comparison of this ratio also shows significant deviations. A comparable

disagreement can be noticed for the corresponding analysis at 13 TeV.
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Figure 17: A data-to-MC comparison of the invariant mass distribution for (a) opposite-
sign and (b) same-sign events. Accordingly, the bin-wise ratio of same-sign events N
divided by opposite-sign events N, for data and MC can be seen in (c).

To gain a better understanding of the origin of charge misidentification, the |n| and
pr distributions of the leading and subleading leptons are analyzed following the same
procedure as for the invariant mass distribution. A representation of this analysis is
shown in Figure 18 for the leading lepton at 5 TeV. Similar behavior is observed for the
subleading lepton, as well as for both leptons at 13 TeV.

The results show a systematic overestimation of the MC simulation signal in same-sign
events. In particular, the ratio of same-sign to opposite-sign events for high |n| regions is

larger than for low || regions. In contrast, the same ratio appears to be independent as
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a function of pr, despite the constant overestimation.
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Figure 18: The bin-wise ratio of same-sign events Ny, divided by opposite-sign events N,
(a) as a function of |n| and (b) as function of py for the leading lepton at 5 TeV.

6.2 Single Electron Charge Identification

The comparison of opposite-sign and same-sign events imply that charge misidentification
occurs at both 5TeV and 13 TeV in regions with high |n|. This requires the derivation
of a correction factor for the simulation. To achieve this, the single electron charge

cheMisID 135t be determined. The method used

misidentification probability, denoted as e
to obtain this probability is described in detail in [20]. A brief overview is given below.

The derivation relies on the following assumptions:

chgMisID

e ¢ is independent of the electron’s true charge,

chgMisID

o & can be described as a function of reconstructed electron variables such as

pseudorapidity 7 or transverse momentum pr,

o the charge misidentification of one decay electron does not correlate to the other in

Z —ete,

 the probability that both electrons from the same decay are misidentified is negli-

gible.

For the derivation of e®#M5IP “the event number of same-sign electron pairs, N;;"**, and
the total event number of electron pairs, Niaj“, are needed. The index i (j) denotes the bin
in which the leading electron e; (or subleading electron ey) was reconstructed, respectively.

Assuming for now that the misidentification probability depends only on ||, then, for n
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bins with corresponding eMiID (|5} there exist n(n + 1)/2 equations of the type

Nwrong Nall( cthisID(|7h_|) + gcthisID(|,'7j|)>7 1<i,j<n. (]_5)

An illustration of the distributions N;;"**® and N binned in |5| for data at 5TeV is

shown in Figure 19, indicating a dependence of the charge misidentification probability

on |n|.
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Figure 19: Correlation of absolute pseudorapidities || from leading electron e; and sub-
leading electron ey requiring (a) opposite-sign pairs and (b) same-sign pairs with bins
representing N;;"*"®. Adding both histograms yields bins representing N

Next, a Maximum Likelihood Fit is performed to determine eMsIP(|n.|) . The Log

Likelihood function is constructed by summing over all combinations of |n| bins (4, j):

I — Zlog P( Nyons NZH, gcheMisID (1, 1y 8cthisID(|nj|)) ' (16)

Here, P denotes the Poisson probability distribution based on two summed up Poisson-
distributed parameters, A;j = N2'e8MSIP(|n;|) and py; = NileeMSIP (|, ]), hence

e G (TR () B (7)

Therefore, the Poisson distribution is given by

wrong

P(Nwrong Nl cthisID(|ni|),8cthisID(|?7j|)) _ (Aij + prig) e~ Nijthiz) (18)

ij Ny\./rong ]
ij :

The results of the Maximum Likelihood Fit yield the single electron charge misidenti-

chgMisID

fication probability e as a function of |n| for both data and MC, as shown in
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Figure 20a. 2 At low ||, the MC simulation agrees well with the data points, indicating
that the charge misidentification probability is well modeled in this region. However, at
higher values of ||, the MC significantly overestimates the probability, confirming that a

correction factor for the simulation is needed.

A Maximum Log Likelihood Fit performed under the assumption that e*&MIP depends
on pr yields the results shown in Figure 20b. Although the MC simulation consistently
overestimates the charge misidentification probability, no significant dependence on pr is
observed. A similar behavior in both 7 and pr dependence is observed in the 13 TeV data.
This indicates that the scale factor required to correct the MC simulation can indeed be
treated as a function of |n| only. Applying this scale factor is expected to correct the

overestimation of the MC prediction with respect to both |n| and pr.

5TeV, 257pb‘ - MC Vs =5TeV, 257 pb”' — MC

a1 ]
1

2 F 3 a F 3
s - — s ; —]
3 0.03 " e 3 003 e
0.025F 3 0.025F -
0.02; /////‘//4% 0.02; é
0.015F ,T + 3 0.015F =
0.01 t = 0.01F )r =
s . LT .
0.005F- g 3 0.005F- 1 ATy g G
e 0. ' 3 c 3
[ Taaei 4 | |
5 g
e e
o * E o
s ‘ } ER-
a t t a
0 02040608 1 120141618 2 20 24
Inl [ [GeV]
(a) (b)

Figure 20: Results for the single electron charge misidentification probability e"&MisIP for

data and MC as a function of (a) the absolute pseudorapidity |n| and (b) the transverse
momentum pr, shown for data at 5TeV.

chgMisID chgMisID chgMisID
& ( , the

Since € In|) is now determined for both data, €.t ", and simulation, &},

scale factor correcting for charge misidentification in the MC can be computed separately

for 5TeV and 13TeV as
chgMisID

Furons[1]) = M—EH; (19)

As both misidentification probabilities depend on ||, the scale factor fyrong is also a func-

2In principle, e2eMisID ¢ould be determined simultaneously as a function of both || and pr. However,

as Figure 19b indicates, the number of same-sign events is limited, making a multi-dimensional analysis
of geheMisID (1) 1) statistically unreliable. Therefore, the eh8MisID iy first evaluated as a function of
only |n| and subsequently as a function of only pr.
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tion of |n| [21].

These derived scale factors can now be compared to the standard ATLAS Run 2 charge
misidentification scale factors, which were obtained from long-duration, high pile-up runs
and are therefore based on higher statistics, for details see [22, Section 9]. Figure 21a
shows the comparison of scale factors as a function of |n|. The derived scale factors at
low pile-up are integrated over all py values, while the standard scale factors from high
pile-up events are provided in bins of pr. In addition, Figure 21b compares the scale
factors as a function of pr, where the derived scale factors are integrated over |n| and
the standard factors are given in separate |n| bins, excluding the tile gap region. Despite
the different pile-up conditions, the derived and standard scale factors show an overall

agreement within uncertainties.
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Figure 21: Comparison of derived scale factors at 5 TeV and 13 TeV with standard ATLAS
scale factors (a) as a function of || and (b) as a function of pr.

This observation implies that in this analysis, electron charge misidentification does not
primarily occur due to reduced curvature at high lepton transverse momentum, but rather
due to effects related to the detector geometry and construction. One major reason for
the increased misidentification probability in high |n| regions is the limited coverage of
the TRT, which only extends up to |n| < 2, thus restricting extended track reconstruction
in the ID for larger pseudorapidities [23].

Furthermore, physics processes such as electron bremsstrahlung must be taken into ac-
count. Two possible scenarios are illustrated in Figure 22. In the first case, the emitted
bremsstrahlung photon can produce an electron—positron pair and the track reconstruc-
tion algorithm might mistakenly associate the original electron track with that of the
oppositely charged electron resulting from the photon conversion [21]. Similarly, if the
electron resulting from the conversion carries the same charge as the original one but both

escape detection due to |n| > 2.5, the reconstructed track may incorrectly correspond to
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the oppositely charged electron.
Electron efficiencies in the ATLAS experiment during Run 2 have been studied in detail,
confirming that the reconstruction performance decreases in the calorimeter transition

region and at higher |n| values. For further details, see [23, Section 6].

Figure 22: Two scenarios in which bremsstrahlung can lead to electron charge misiden-
tification: (a) Incorrect association of the particles track after after bremsstrahlung or
(b) initial electron escaping detection beyond |n| > 2.5 while the bremsstrahlung electron
with opposite charge is misidentified as the primary particle.

In summary, for this analysis, the simulation can be corrected using the standard scale
factors for Run 2 provided by the ATLAS Collaboration. By applying these corrections,
the analysis benefits from the larger statistics on which the standard scale factors are

based.
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7 Conclusion

A precise measurement of the W boson mass is a profound test of the Standard Model
and may reveal signs of new physics. The ATLAS Collaboration contributes to this re-
search using Run 2 data taken under low pile-up conditions and including multiple decay
channels.

For an accurate mass determination, the hadronic recoil must be modeled precisely, which
is achieved through a calibration based on Z — ¢T¢~ events, where the lepton kinematics
are fully reconstructible. In this thesis, the calibration of the simulation was examined.
First, recoil calibration checks were performed as a function of both Z boson properties
and lepton kinematics, focusing on aspects not explicitly covered in the standard cali-
bration. No significant dependence of the hadronic recoil on the Z boson rapidity was
observed, confirming the validity of the existing calibration procedure. A dependence
on the Z boson transverse momentum was identified and the MC simulation accurately
reproduced the measured distributions. In addition, the recoil response was studied with
respect to the kinematics of the decay leptons. The recoil was found to be independent
of the lepton decay direction. The calibration as a function of the lepton transverse mo-
mentum was also validated. A dependence related to the distinction between leading
and subleading leptons was observed across different pf. regions, but this effect was well
understood and consistent with expectations.

Besides recoil calibration, other effects affecting the W boson decay reconstruction have
also been studied. One such effect is the charge misidentification of electrons and positrons,
which is particularly relevant due to the asymmetric production of W+ and W~ bosons
at the LHC.

An initial data-to-MC comparison, using Z — ete®

events with same-sign lepton pairs,
revealed significant discrepancies, requiring further investigation. Therefore, the charge
misidentification probability was extracted as a function of |n| and pr using a Maximum
Likelihood Fit based on Poisson statistics. It was shown that the misidentification prob-
ability increases with the electron’s absolute pseudorapidity, while no strong dependence
on the transverse momentum was observed.

Finally, the correction scale factors derived from this analysis were compared to standard
Run 2 ATLAS scale factors obtained from high pile-up data with greater statistical preci-
sion. The comparison showed good agreement as a function of both |n| and pr. Based on
this consistency, it was concluded that the standard ATLAS scale factors can be reliably
applied to correct the simulation.

The studies presented in this thesis have either confirmed the validity of the current mod-
eling or enabled the extraction of correction factors where discrepancies were identified.
These contributions improve the accuracy of the analysis and represent an important step

toward the final W boson mass measurement.
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Appendix

A Validation of the Hadronic Recoil Calibration for
the Electron Channel

The recoil calibration was also validated in the electron decay channel Z — etTe™ at 5 TeV
with an integrated luminosity of 257 pb™*. A selection of corresponding validation plots,
analogous to those presented for muons in Section 5, is shown here for the electron decay

channel.

Calibration Checks on Z Boson Quantities

Rapidity of the Z Boson
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Figure 23: Data-to-MC comparison of (a) mean value (u,) and (b) resolution o(u, ) of
the perpendicular hadronic recoil component as a function of the Z boson rapidity .
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Transverse Momentum of the 7 Boson
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Figure 24: Data-to-MC comparison of (a) mean value (b), (b) absolute resolution ¢ (b) of
the bias as a function of the Z boson transverse momentum pZ.

Calibration Checks on Lepton Quantities

Direction of the Leptons
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Figure 25: Data-to-MC comparison of (a) the resolution o(u ) as a function of n and (b)
the resolution o(b) as a function of ¢ for the positive leading and subleading leptons.

33



Transverse Momentum of Leptons
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Figure 26: Data-to-MC comparison of (a) mean value (b) and (b) the resolution o(b)
of the bias as a function of the transverse momentum pr of the leading and subleading

positive lepton e7,.
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Figure 27: Two-dimensional Histograms of the Z boson transverse momentum p% as a
function of the transverse momentum pz of (a) the leading positive lepton e and (b) the

subleading positive lepton e .
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B Validation of the Hadronic Recoil Calibration with
an Additional Selection Cut

Additionally, applying ur < 25 GeV as an event selection criterion mainly reduces hadronic
activities. This improves both the estimation and resolution of the recoil components,
since up is directly related to the transverse momentum of the Z boson, pZ.

Measured events with pZ > 25 GeV despite the up < 25 GeV requirement can be explained
by particles of ISR escaping detection due to an insufficient 47 coverage of the detector

or from asymmetries in the underlying event that reduce the observed recoil.

As an example, the same calibration checks shown in Figure 11 for the muon decay
channel Z — p*p~ at 5TeV were repeated with this additional cut applied. The corre-
sponding results can be seen in Figure 29.

Analyzing the dependence of the mean bias (b) on pZ, it can be observed that for
pZ < 25GeV, the mean remains similar to the case without the uz requirement. This
indicates a good estimation of u|. However, for pZ > 25GeV, (b) increases rapidly. This
is due to the fact, that requiring ur < 25 GeV cuts the Gaussian-like distribution of b in
the lower tail, thereby shifting the mean (b) toward higher values. The relation between

ur and b can be inferred from the following equations

uy| < |ur| = \Jud +uf <25GeV = fuy| = [b—pF| < 25GeV . (20)

For a given value of pZ, applying the ur < 25GeV cut restricts the possible values of the
bias b to a limited range. A demonstration of the cut performed on the b distribution
leading to an increasing shift of (b) can be seen in Figure 30 for the bin 30 GeV < pZ <
35 GeV.

In addition, the calibration checks of o(b) and the relative resolution o(b)/pZ indicate an

improved bias resolution for pZ < 25 GeV due to reduced hadronic activity in the detector.
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C Electron Charge Misidentification at 13 TeV

The analysis of electron charge misidentification was simultaneously performed for data

at 13 TeV with an integrated luminosity of 335, pb~'. The corresponding validation plots,

analogous to those presented for 5 TeV in Section 6, are shown here for 13 TeV.

Comparison of Same-Sign and Opposite-Sign Events
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Figure 31: A data-to-MC comparison of the invariant mass distribution for (a) opposite-
sign and (b) same-sign events. Accordingly, the bin-wise ratio of same-sign events N
divided by opposite-sign events N, for data and MC can be seen in (c).
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List of Abbreviations

BSM Physics beyond the Standard Model
CERN European Organization for Nuclear Research
CMS Compact Muon Solenoid

ID Inner Detector

ISR Initial-state radiation

LAr Liquid argon

LEP Large Electron—Positron Collider
LHC Large Hadron Collider

MC Monte Carlo

PDF Parton Distribution Function

PFO Particle Flow Object

PP Proton-proton

SM Standard Model of particle physics
TRT Transition Radiation Tracker
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