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ABSTRACT

Electron charge misidentification constitutes a significant background in analyses involving same-
sign electron pairs, such as searches for electroweak production of same-sign WEW™ bosons. An es-
timation of this background is essential for improving signal sensitivity in such processes. This thesis
presents the derivation of charge misidentification scale factors using a Deep Neural Network (DNN)
based electron identification (ID) in the ATLAS experiment, utilizing proton—proton collision data pro-
duced at \/s = 13TeV and /s = 13.6 TeV. A data-driven method based on the Z — ¢ e process is
employed to estimate charge flip probabilities in data and Monte Carlo simulation, across different
kinematic bins of transverse momentum and pseudorapidity. The DNN-based ID algorithm offers im-
proved discrimination power compared to traditional likelihood-based methods, particularly in com-
plex detector regions. The derived scale factors correct for mismodelling of charge flip rates in Monte
Carlo simulations and are parametrized in both one-dimensional and two-dimensional schemes. Clo-
sure tests are performed to validate the robustness of the scale factors and their applicability across

various physics analyses.
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CHAPTER 1

Introduction

The primary goal of elementary particle physics is to understand the fundamental building blocks of
matter and the forces governing their interactions. This understanding is encapsulated in the Stan-
dard Model (SM), a theoretical framework that has achieved remarkable success in explaining a wide
range of experimental results. However, the SM remains incomplete, as it fails to account for key phe-
nomena such as the existence of dark matter and the unification of the fundamental forces. Therefore,
any viable extension must reproduce the SM as its low-energy limit, while providing explanations for
phenomena such as dark matter and dark energy. Among the proposed extensions, Supersymmetry
(SUSY) stands out as a promising candidate. It introduces a symmetry between bosons and fermions,
predicting the existence of a superpartner for each SM particle. Since none of these superpartners
have yet been observed, SUSY must be broken in nature, implying that superpartners are significantly
heavier than their SM counterparts. One of the main goals of the ATLAS detector at the CERN Large
Hadron Collider (LHC) is to search for evidence of supersymmetric particles in accordance with pre-
dictions of supersymmetric models.

Another important process to study in ATLAS is the mechanism of electroweak symmetry break-
ing, through which three of the four electroweak force carriers (W* and Z bosons) acquire mass via
their interaction with the Higgs field. Vector boson scattering (VBS) is a key process within the Stan-
dard Model for probing the electroweak symmetry breaking mechanism. It involves the scattering of
two gauge bosons and provides direct sensitivity to the dynamics that give mass to the W* and Z
bosons via the Higgs field. At the LHC, final states with two vector bosons and two associated jets can
arise from both strong and electroweak interactions. Among these, the electroweak production mode
is particularly significant, as it includes contributions from VBS processes.

In some physics processes, the precise determination of the lepton charge is not critical; simply
identifying the presence of a lepton is sufficient to characterize the decay. However, for other pro-
cesses, accurate charge identification becomes a powerful tool for distinguishing signal from back-
ground. A notable example is in searches for supersymmetric particles that decay into final states
containing two same-sign leptons. Another example is a VBS process such as the production of two W
bosons with identical electric charge in association with two jets. Due to the presence of same-sign lep-
tons originating from leptonic W-decays, it is possible to misreconstruct one of these leptons with the
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wrong charge, which leads to charge misidentification and contaminating the same-sign signal region.
However, the reverse situation is not a concern in opposite-sign analyses. True same-sign events are
already rare in the SM, and even if a charge misidentification occurs, it would convert a same-sign pair
into an opposite-sign one, effectively blending it into a large opposite-sign background. Since the rate
of real same-sign events is negligible compared to opposite-sign production, and the charge misiden-
tification probability is itself small, the resulting contamination in opposite-sign regions is statistically
insignificant.

Because muons have two independent charge measurements due to the inner detector and the
muon spectrometer, charge misidentification is negligible for muons and this thesis focuses exclu-
sively on the study of charge misidentification in electrons. Therefore, electron charge misidentifica-
tion refers to the incorrect reconstruction of an electron’s electric charge during the detector’s track
reconstruction process. Electrons reconstructed with the wrong charge are referred to as charge-flip
electrons. This typically occurs when the electron undergoes bremsstrahlung in the detector material,
causing the original track to be poorly measured or replaced with a track from a secondary particle.

The main sources of charge-flip electrons are Z — e

+

e+ jets and tf processes. However, in this
thesis, only Z — e"e  events are used for the study of electron charge misidentification providing
a clean signal with a well-defined invariant mass peak of Z boson at around 91 GeV. This allows for
very efficient background suppression, making it easy to isolate true opposite-sign pairs. On the other
hand, tf — (W'b)(W™b) — e vb+ e vb includes final state with two electrons, two b-jets and two
neutrinos which makes it harder to isolate the clean opposite-sign electron pair. Also, without the
known invariant mass like Z boson, it is hard to tell if the electron pair was really opposite-sign at
truth level. Charge flip electron is the most prominent background for many physics analyses such
as in searches of same-sign WW production but this background cannot be removed through event
selection alone, and its accurate modeling is essential. While Monte Carlo (MC) simulations provide
estimates of the charge flip probability, they often suffer from mismodeling of material interactions, de-
tector resolution, and tracking performance. Therefore, data-driven corrections in the form of charge
flip scale factors, which are defined as the ratio of charge flip rates in data to those in simulation, must
be applied to simulated events to improve the background estimation.

The primary objective of this thesis is to derive electron charge misidentification scale factors using
Z — e"e” eventsin the A Toroidal LHC ApparatuS (ATLAS) detector with Run 2 and Run 3 data. The
analysis is performed for three electron identification working points: Loose, Medium, and Tight. This
provides a comprehensive understanding of charge flip behavior across different selection criteria. In
addition to the scale factors, the charge flip rates themselves are also extracted directly from data and
simulation. To improve the rejection of charge flip electrons in analyses sensitive to same-sign final
states, two complementary methods are employed: a traditional likelihood-based identification com-
bined with the Electron Charge ID Selector (ECIDS) tool, and a newer approach using Deep Neural
Network (DNN) identification with additional charge flip rejection. The resulting scale factors are
derived using both one-dimensional (1D) and two-dimensional (2D) parameterizations to capture po-
tential correlations between kinematic variables and misidentification rates. Chapter 2 provides an

overview of the SM and its theoretical foundation, along with the phenomenology of production of
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Z — e"e” in proton—proton collisions. Chapter 3 describes the ATLAS detector setup at the LHC.
Chapter 4 describes the datasets used in the analysis, along with the MC simulated event samples
employed for comparison with data. Chapter 5 details the reconstruction, identification, isolation, and
selection criteria for electron objects, along with other relevant physics objects and trigger require-
ments used in the analysis. Chapter 6 introduces the concept of electron charge misidentification,
outlines its primary sources, and describes the relevant truth-level classification used to study charge
flip electrons. Chapter 7 presents the methodology for measuring electron charge misidentification
rates and deriving corresponding scale factors, including sideband subtraction, final-state radiation
correction, and different parameterizations of the charge flip probability. Chapter 8 presents the re-
sults of the charge flip scale factor measurements using various identification and rejection methods,
discusses the non-stability of 2D parameterizations, and includes closure tests to validate the method-
ology. Chapter 9 discusses the suppression of electron charge misidentification and the implications
of electron selection criteria in physics analyses. Chapter 10 concludes the thesis by summarizing the
results of charge flip scale factors.



CHAPTER 2

Theoretical Background

This chapter provides an overview of the theoretical framework underlying the analysis presented in
this thesis. It begins with a summary of the Standard Model (SM) of particle physics, outlining the
fundamental interactions and the gauge theories that describe them, including Quantum Electrody-
namics (QED), Quantum Chromodynamics (QCD), and the electroweak theory. The mechanism of
electroweak symmetry breaking and the role of the Higgs boson are also discussed. Finally, the pro-
duction of Z — e"e” in proton—proton collisions is reviewed, as it forms the primary process used in
the derivation of charge misidentification scale factors.

2.1 The Standard Model

The SM of particle physics is a well-established theoretical framework that describes the fundamental
particles and their interactions, excluding gravity. It is a quantum field theory built on the principles
of special relativity, gauge invariance, and renormalizability. In the SM, interactions are governed by

local gauge invariance and the symmetries of gauge invariance are organized using group theory [1]:
SUB)c®SU2), @ U(1)y, (2.1)

where each of the three groups roughly correspond to the three fundamental interactions described
by the SM: strong, weak, and electromagnetic interactions, respectively. However, gravity remains
outside the scope of the SM. Each gauge symmetry is associated with a conserved charge and quantum
fields carrying these charges interact accordingly. These fields are categorized by their spin: fermionic
fields have half-integer spins (e.g., 1/2,3/2, ..), while bosonic fields have integer spins (e.g., 0, 1,..). The
SM includes three generations of fermions, each consisting of six quarks and six leptons (along with
their antiparticles), distinguished by whether or not they are charged under the strong interaction’s
SU(3), symmetry. While all generations share the same quantum numbers, they differ in mass. An
overview of these fundamental particles and the force-mediating bosons is shown in Figure 2.1

The strong interaction, described in the SM by QCD, is governed by the non-Abelian gauge group
SU(3)c. It is mediated by eight gluons, which interact with particles carrying colour charge, namely
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Figure 2.1: Standard Model of Particle Physics. Figure is taken from Ref. [2].

quarks and gluons. Colour charge exists in three types, denoted as red, green, blue, and their corre-
sponding anticolours. Due to the phenomenon of colour confinement, only colour neutral combina-
tions of quarks have been observed experimentally. These manifest as mesons (quark-antiquark pairs)
and baryons (three-quark or three-antiquark states), where the net colour is zero. A distinctive feature
of the strong interaction is asymptotic freedom, wherein the interaction strength decreases at high en-
ergies, allowing quarks and gluons to behave nearly freely. This property enables accurate predictions
via perturbative QCD in high-energy regimes.

The SM is formulated using the framework of Quantum Field Theory (QFT), where particles are
not seen as point-like objects but rather as excitations of underlying quantum fields that exist at every
point in spacetime. Mathematically, the full structure of the SM is encoded in the Lagrangian in the
equation 2.2 as a gauge-invariant quantum field theory [3, 4]:

L= —}IPWF”V +i¢Dy + h.c. + Piy;jp;p + hee. + |Dy<p|2 - V(¢), (2.2)

where the first term, —}LFWF” Y, represents the dynamics of the gauge fields and encapsulates the
interactions of electromagnetic, weak and strong fundamental forces. The second term, iy Dy + h.c.,
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describes fermions and their coupling to the Higgs field, enabling matter—force interactions. The third
term, ;;;9;¢ + h.c,, is known as the Yukawa interaction [5], couples fermions to the Higgs field,
and is responsible for generating fermion masses. The last term, |Dy(]>|2 — V(¢), governs the Higgs
field itself, whose self-interactions and spontaneous symmetry breaking mechanism are necessarily
associated with the mass generation of W and Z bosons.

2.1.1 Owerview of Fundamental Interactions

Nature is governed by four fundamental interactions: gravitational, electromagnetic, weak, and strong
forces. Of these, the Standard Model of particle physics incorporates the electromagnetic, weak, and
strong interactions, while gravity is not included due to the lack of an experimentally-tested quantum
theory of gravitation.

The electromagnetic force acts between electrically-charged particles and is mediated by the pho-
ton. It has an infinite range and is well-described by QED, a gauge theory based on the U(1)y sym-
metry group. The weak interaction is responsible for processes such as beta decay and neutrino in-
teractions. It is mediated by the massive W* and Z° bosons, and is short-ranged due to the non-zero
masses of these mediators. Together with electromagnetism, it is unified in the electroweak theory,
governed by the SU(2); ® U(1)y gauge group. The strong interaction binds quarks together inside
hadrons and is mediated by gluons. It is described by QCD, a gauge theory with an SU(3)c sym-
metry. Unlike other forces, the strong interaction exhibits asymptotic freedom at short distances and

confinement at long ranges, preventing the isolation of individual quarks.

2.1.2  Gauge Theory and Quantum Electrodynamics

Quantum Electrodynamics is the QFT that describes electromagnetic interactions among fundamental
particles in the SM. It successfully combines quantum mechanics with special relativity to provide
extremely accurate predictions of electromagnetic processes across a wide range of energy scales. In
QFT, particles are represented as quantum fields extending throughout spacetime. Their dynamics
and interactions are governed by a Lagrangian density, which encodes the full behavior of a system.
This approach, which forms the theoretical foundation of all interactions in the SM, is applied here to
the electromagnetic case. To describe a freely propagating spin-% fermion (such as an electron), we
start with the Dirac Lagrangian [3]:

Lpirac = lp(iq’yay —m)y, (2.3)

where ¢ is the fermion field, ¢ = 1p+'yo is its Dirac adjoint, 4" are the Dirac matrices, and m is the
fermion mass. This Lagrangian is invariant under global U(1) transformations, i.e., transformations

where the fermion field is multiplied by a constant phase factor:

P — ", (2.4)
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with « € R. However, to incorporate the principles of gauge symmetry and to match classical electro-
dynamics, we extend this symmetry to a local U(1) gauge invariance, where the phase factor becomes

a function of spacetime:

P(x) — *Fyp(x). (2.5)

This transformation introduces additional terms in the derivative operator when applied to the fermion
field, breaking the invariance of the original Lagrangian. To restore local gauge invariance, we in-
troduce a gauge field A, interpreted as the electromagnetic four-potential. We define a covariant
derivative:

D, =9, +iQA

v (2.6)

where Q is the electric charge of the fermion. For the theory to remain invariant under the local
transformation, the gauge field must also transform as:

A, = A=A, +0,a(x). (2.7)

This procedure introduces a new interaction term between the fermion and the gauge field: Q " A u-
This term describes the electromagnetic coupling of the fermion to the photon field. The gauge field
itself must also have dynamics, which are encoded in the kinetic term built from the electromagnetic
field strength tensor:

F,, =0,A, —9,A,. (2.8)
The kinetic term for the photon field is:
1 uv
‘C’kin = *EF}“/F . (29)

Putting all components together, the full QED Lagrangian becomes:

_ - 1
‘CQED = 110(17#8;1 - m)l/’ + Qiab’yyAyw - EF;WFW/' (2~10)

This Lagrangian describes a massive spin-% fermion interacting with a massless spin-1 gauge boson
(the photon). The equations of motion derived from this Lagrangian reproduce the Dirac equation
for fermions and the Maxwell equations for electromagnetic fields, thus providing a quantum field
theoretical formulation of classical electrodynamics. In particular, the equation:

9, F" =, .11)

is the Maxwell’s equations, describing how the electromagnetic field responds to the presence of a cur-
rent j”, which arises from the motion of charged fermions and is defined as j* = Q ¢7"¢. Meanwhile,
the modified Dirac equation:

(i'y}lay - m)#’ = Q’YVAylpr (2‘12)
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includes the coupling between the fermion and the electromagnetic potential. This shows how the
Dirac spinor field interacts with the electromagnetic gauge field, allowing the exchange of a photon.
This photon exchange is what mediates the electromagnetic force between charged particles in QED.

2.1.3 Quantum Chromodynamics

The strong interaction, which binds quarks together inside hadrons, is described in the SM by QCD—a
QFT founded on the principle of local gauge invariance under the non-Abelian gauge group SU(3)c
[6], where "" denotes colour charge. Quarks, which carry colour charge, come in three types of colour:
red, green, and blue. The dynamics of non-interacting (free) quark colour fields are described by a
Lagrangian analogous to the Dirac Lagrangian:

EDlracC ZQJ iy a q]/ (2.13)

where gq; denotes the quark field of colour j, and the sum runs over the three colour states. To in-
corporate interactions, QCD requires local gauge invariance under SU(3) ., implemented through the
transformation:

q; — )T qir, (2.14)

where «(x) is a set of eight real-valued functions of spacetime, and T = T* (with a = 1,2,...8) are the
generators of the SU(3) group. SU(3) group is non-abelian because the generators do not commute
(1", Tb] # 0). To maintain gauge invariance, eight massless gluon fields GZ are introduced, and the

partial derivative is promoted to a covariant derivative:
A
=0, +ig— 5 Gy, (2.15)
where g is the strong coupling constant, and A” are the Gell-Mann matrices, serving as the SU(3)

generators in the fundamental representation. The gluon fields themselves must also transform under
SU(3) as

1 b
G, — G, =G, — gayoc“(x) — fobeab(x x)Gy, (2.16)
where f“hcare the structure constants of SU(3). These terms give rise to self-interactions between

gluons, a feature unique to non-Abelian gauge theories. The complete QCD Lagrangian combines the

kinetic, interaction, and gluon field terms:

)\ﬂ
Locp = Zq] (i9"'9,, — m)q; — g (rm 5 q]) Gy — 4waG’“ (2.17)
j=1

where the gluon field strength tensor is given by:

Gy, = 9,Gi —9,Gy — 8. f" GG, (2.18)
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This non-Abelian structure allows gluons to interact with each other, unlike photons in QED, leading
to phenomena such as colour confinement and asymptotic freedom, which are key characteristics of
the strong force.

2.1.4  Unification of Electromagnetic and Weak Forces

In the SM, the electromagnetic and weak forces are unified under a single theoretical framework
known as the Electroweak (EWK) theory, which is based on a gauge symmetry described by the group:

SU(2); @ U(1)y. (2.19)

Here, SU(2); corresponds to weak isospin and acts on left-handed fermions, while U(1)y represents
weak hypercharge [7, 8] and acts on both left- and right-handed fermions. The theory introduces four
gauge bosons associated with these symmetries. Fermions are described according to their chirality:
left-handed components are projected using P; = %(1 - '75) and right-handed components use P =
3049,

The SU(2); gauge bosons W;, W’f , Wﬁ couple only to left-handed doublets with weak isospin I =
1/2, while the U(1)y boson B, couples to all fermions based on their hypercharge Y. The electric
charge Q is related to weak isospin I3 and hypercharge Y by:

Y

The hypercharge involves right- and left-handed particles, therefore the Lagrangian density is invari-
ant under U(1). In this case the field transforms as:

Yrr > UML) Y= eia(x)wzl/’L,K (2.21)

On the other hand, isospin symmetry only applies to left-handed particles, therefore the Lagrangian is
invariant under SU(2) transformations. The field transforms as:

P — SU(2)yy = F T2y (2.22)

with 7%/2 being the SU(2) generators, witha = 1,2,3.

To obtain the physical gauge bosons, the four original fields associated with the electroweak sym-
metry group are combined into specific linear combinations. These combinations result in the emer-
gence of:

(a) The photon field A, which mediates the electromagnetic interaction:

A, = sinQWWE,—i-cosGWB

iz (2.23)

e
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(b) The neutral Z boson field Z,,, responsible for neutral weak interactions:

Z, = cos Oy W, —sinfyy B,,. (2.24)
(c) The charged W boson fields Wliz, mediating charged current weak interactions:
+ 1 12
Wa= s (wy ¥ ZW”) . (2.25)

Here, 0}y is known as the Weinberg angle or weak mixing angle.

The dynamics of the electroweak interaction are described by the electroweak Lagrangian, which
governs the behavior of the gauge and fermion fields. For a fermionic field 1, the Lagrangian density
takes the form:

1 1 -
‘CEWK = _ZWZUWu,HV _ ZBw/B]"l/ +i #JIYHD]JIP’ (226)

where the index a = 1,2, 3 corresponds to the three gauge fields of SU(2);. W;fv and B, are the field
strength tensors, encapsulating the dynamics of the non-Abelian and Abelian gauge fields, respec-
tively. These are defined as:

B, =9,B,—9,B (2.27)

uv ulv vPur
Wi, =0, Wy — 0, Wy —igy e {W,, WS}, (2.28)

The covariant derivative D,,, which ensures gauge invariance under both SU(2); and U(1)y transfor-

mations, is given by:
/

o . a1a g
D, =3, +igWil* +i%B,Y, (2.29)
where g and ¢ are the coupling constants for the SU(2); and U(1)y groups, respectively. The weak
mixing angle 6y is related to the coupling constants by:

sin(6yy) = %, (2.30)
g +g
cos(Oy) = & (2.31)

Despite the success of the EWK theory in unifying the electromagnetic and weak forces, the gauge
symmetry SU(2); ® U(1)y prohibits the inclusion of explicit mass terms for the gauge bosons W™
and Z. However, these particles are experimentally observed to be massive, indicating that the gauge
symmetry must be broken in a controlled way. The resolution to this inconsistency lies in the mecha-
nism of electroweak spontaneous symmetry breaking [9], achieved via the introduction of the Higgs
field, which allows the W* and Z bosons to acquire mass while preserving the overall gauge invari-
ance of the theory. This mechanism and its implications will be discussed in the next section.
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2.1.5 Electroweak Symmetry Breaking and the Higgs Mechanism

The Brout-Englert-Higgs mechanism [10] provides the theoretical foundation for mass generation in
the Standard Model by introducing a complex scalar field ¢, which transforms as a doublet under
SU(2);. This field interacts with the gauge bosons and allows for the acquisition of mass by particles
carrying non-zero weak hypercharge, all while maintaining gauge invariance. It causes the sponta-
neous symmetry breaking of the electroweak symmetry:

SU(2); @ U(1)y — U(1)py. (2.32)

This mechanism ensures that the electromagnetic gauge symmetry remains unbroken, preserving the
massless nature of the photon which means the photon remains massless, while the W= and Z bosons
gain mass. The Higgs field is introduced as a doublet with isospin I = 1/2, third component [; =
—1/2, and hypercharge Y = 1:

9" (x)
P(x) = ( . (2.33)
¢ (x)
Both ¢ and gbo are complex scalar fields.
The Lagrangian for the Higgs field is:
Ly = (Dy¢) (D"$) + V(¢). (234)

The scalar potential is shown in Figure 2.2 and takes the form:

Re(¢)

Figure 2.2: A Mexican hat potential that leads to spontaneous symmetry breaking. Figure is taken from
Ref. [11].
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V(g) = —12(¢7¢) + ApT ). (2.35)

The condition A > 0 ensures the potential is bounded from below. For ;42 < 0, the potential develops
a degenerate minimum at a non-zero value of ¢, resulting in spontaneous symmetry breaking. The

minimum of the potential defines the Vacuum Expectation Value (VEV):

2
(¢) = Jlﬁ (S) o=/ (2.36)

The VEV v can be evaluated using the relation:

GF gz me _1/2
br_ & o LW _ (/g . 237
NS ¢ = (vacr) 237

After gauge fixing, three of the four degrees of freedom in ¢ are absorbed as the longitudinal compo-
nents of the W™ and Z bosons. The remaining degree of freedom corresponds to the physical Higgs
boson k(x), and the field can be written as:

1 0
$(x) = 7 (v Tk (x)> : (2.38)

Substituting this into the Lagrangian yields the mass terms for the electroweak gauge bosons:

My = %, (2.39)

4 2 ”
mZ:E $+g°, (2.40)
m, = 0. (2.41)

This framework not only provides a mechanism for gauge boson mass generation but also ensures the
preservation of gauge invariance, unitarity, and renormalizability of the electroweak theory. The Higgs
boson, which was theoretically predicted long before its experimental discovery [12, 13], is central to
this mechanism [14] and constitutes a cornerstone of the SM.

22 7" s ete” production in proton—proton collisions

In proton—proton collisions at high energies, such as those occurring at the LHC, the production of Z
bosons followed by their decay into lepton-antilepton pairs (Z — 1717) provides a clean and well-
understood signature. This is commonly known as Drell-Yan process. The name comes from Sid-
ney Drell and Tung-Mow Yan who first introduced the process in 1970 [15]. The annihilation of a
quark-antiquark pair leads to a production of the Z boson, which decays into a lepton pair of opposite
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charges:
qqg— /2 =00 (2.42)

The process is shown in Figure 2.3. In the Drell-Yan process, lepton pair production at LHC is me-

q a

q ¢+

Figure 2.3: A diagram describing a SM Drell-Yan process.

diated by either a virtual photon (7") or a neutral weak boson (Z). When the invariant mass of the
lepton pair M;; is significantly lower than the mass of the Z boson (My), the production is predom-
inantly governed by the virtual photon channel. However, as M;; approaches My, the contribution
from the Z boson becomes resonantly enhanced, and its interference with the photon-mediated chan-
nel becomes significant. In this mass range, the process is dominated by Z boson production, making
the Drell-Yan mechanism the primary mode of Z boson generation at the LHC [16].

The production of dileptons via y*/Z exchange is referred to as Neutral Current (NC) Drell-Yan
[17], due to the electrically neutral nature of the mediating bosons. In parallel, the Charged Current
(CC) Drell-Yan process [18] involves the annihilation of a quark-antiquark pair into a charged weak
boson (W), which subsequently decays into a lepton and its associated neutrino:

W =07, WH—ity (2.43)

As mentioned earlier, the Drell-Yan process involves the annihilation of a quark and an antiquark into
a neutral boson, which then decays into a lepton pair. In proton—proton collisions, these quarks and
antiquarks are not the whole proton, rather originate from the internal structure of the protons — a

structure described by the so-called parton sea. This sea consists of dynamically generated quarks,
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antiquarks, and gluons, each carrying a small fraction of the proton’s total momentum. These momen-
tum fractions are denoted as x, and x; for the quark and antiquark, respectively.
The effective center-of-mass energy available for the partonic interaction is significantly less than

the total energy of the colliding protons and is given by:
§= Xy X5, (2.44)

where s is the total proton—proton center-of-mass energy, and $ is the center-of-mass energy of the
partonic subprocess. At leading order (LO), neglecting additional QCD corrections [19], the cross

section for the partonic process g7 — 7% is given by:

87TG1:
V2

Here, G is the Fermi constant, and g, g4 are the vector and axial-vector couplings of the quark to the

o(qq — 2°) = M3 (gy +8%) 6(5 — M3). (2.45)

Z boson. The delta function enforces that the Z boson is produced on-shell, i.e., at its physical mass.
To compute the total cross section for Z boson production in proton—proton collisions, one must
incorporate the Parton Distribution Functions (PDFs). These functions, denoted fq(x), describe the
probability density of finding a parton (quark, antiquark, or gluon) with a given momentum fraction
x inside the proton. The total hadronic cross section for Z production is obtained by integrating over

all possible parton momentum fractions and summing over all quark flavors:

2 0 A a
Ger($)(pp =+ 2°) = [y dxy0(8) T [fy(v1)fy() + e fy ()| (2.46)
q
This formulation reflects the probabilistic nature of the parton model and ensures that all relevant
contributions to the Z boson production are properly accounted for. From Particle Data group (PDG)
[20], the mass of Z boson is m; = 91.1880 £ 0.0020 GeV and total decay width is ', = 2.4955 +
0.0023 GeV. The branching ratio of Z boson in different decay modes are given in Table 2.1:

Decay Mode % (%)
ete 3.3632 & 0.0042
TanT 3.3662 + 0.0066
Tt 3.396 + 0.0083

invisible 20.00 + 0.055
hadrons 69.911 £ 0.056

Table 2.1: Branching fractions of various 7% boson decay modes.

The decay channel 7% = ete s particularly advantageous due to the clear identification of high-
energy electrons in the detector and the excellent resolution of the dielectron invariant mass, which
peaks sharply at the Z boson mass. This channel is extensively used for electron reconstruction and
identification efficiency studies, as well as for deriving scale factors and validating detector perfor-
mance. Moreover, since the two final-state electrons are expected to have opposite charges, this pro-
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cess serves as a powerful tool in studying charge misidentification (or “charge flip”) probabilities. Any
observed same-sign ee pairs can be attributed to detector effects, enabling data-driven estimations of
charge flip rates.



CHAPTER 3

The LHC and the ATLAS Detector

The ATLAS Collaboration is a global scientific effort dedicated to advancing our understanding of
particle physics through experimental investigations of proton—proton collisions at the Large Hadron
Collider (LHC), situated at CERN (Conseil Européen pour la Recherche Nucléaire) in Geneva, Switzer-
land. This collaboration brings together approximately 6000 members and 3000 scientific authors from
more than 170 institutions across 40 countries worldwide [21]. This chapter provides an overview of
the LHC, including its operational infrastructure and key performance specifications. It also offers a
detailed description of the ATLAS detector, highlighting its components and their roles in high-energy

particle measurements.

3.1 The Large Hadron Collider

CERN was established in 1954 in Geneva, Switzerland, and is home to the world’s most powerful
particle accelerator—the LHC. Following the decommissioning of the Large Electron-Positron (LEP)
collider [22] in 2001, construction of the LHC commenced using the same underground tunnel, which
was reconfigured to accommodate its new design consisting of eight arcs and eight straight sections
[23]. Located approximately 100 meters underground, the LHC is a 26.7 kilometer long circular ac-
celerator designed to collide hadrons, such as protons or heavy ions, at unprecedented center-of-mass
energies and collision rates. The LHC began operations in 2008, with the first proton—proton collisions
recorded shortly thereafter. By 2010, the collider had ramped up to a collision energy of 7 TeV, marking
the beginning of its main physics program. A moderate energy increase to 8 TeV occurred by 2012. In
2015, the LHC entered a new era of high-energy physics with collisions at 13 TeV, and most recently, in
2022, the collision energy was further raised to 13.6 TeV, expanding the potential for new discoveries
beyond the Standard Model.

In high-energy collider experiments such as those conducted at the LHC, a primary objective is to
quantify the frequency at which specific physical processes occur. The event production rate, denoted
as

. dN

16
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gives the number of events happening per unit time. This rate depends on two key quantities: o,
the cross section of the process, quantifies the probability of the process occurring in a single collision
and L, the instantaneous luminosity, which characterizes how many particles are colliding per unit
area per unit time. Certain physical processes occur with extremely low probability, corresponding to
very small production cross sections. In order to collect a statistically meaningful sample of such rare
events, an enormous number of proton—proton collisions must be produced. Since the cross section o is
determined by the underlying physics and cannot be altered experimentally, the only viable approach
to increasing the event rate N is by enhancing the instantaneous luminosity L. Thus, by integrating the
rate over time, we get the total no. of events over a period of time:

N:a-/L(t)dt;c-a, (3.2)

where £ is the integrated luminosity measured in units of inverse barn and is often measured in

inverse femtobarn.
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Figure 3.1: Cumulative luminosity versus day delivered to ATLAS during stable beams and for high energy
proton—proton collisions. Plot is taken from Ref. [24].

The operational periods between major upgrades to the accelerator and detectors are referred to as
Runs. Originally designed to achieve particle collisions at center-of-mass energies up to /s = 14 TeV
with an instantaneous luminosity of L = 10**m™2s™!, the LHC has gradually increased both its
energy and luminosity capabilities over time [25]. The progression of the cumulative integrated lumi-
nosity delivered by the LHC during Run 1 and Run 2 is illustrated in Figure 3.1. Notably, during Run
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2, the LHC demonstrated outstanding performance, with a significant enhancement in instantaneous
luminosity observed from 2016 to 2018, as indicated by the blue curves in Figure 3.1. Figure 3.2 shows
the all data recorded by ATLAS during stable beams, the integrated luminosity and the mean yu value.
The mean number of interactions per crossing corresponds to the mean of the poisson distribution of
the number of interactions per crossing calculated for each bunch. It is calculated from the instan-
taneous per bunch luminosity as y = Ly ncn X Cinel/ fr Where Ly, is the per bunch instantaneous
luminosity, ;) is the inelastic cross section which we take to be 80 mb for 13 TeV collisions, and f, is
the LHC revolution frequency [24].
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Figure 3.2: Luminosity summary plot. Luminosity-weighted distribution of the mean number of interactions
per crossing for the 2015 — 2018 pp collision data at 13 TeV centre-of-mass energy. Plot is taken from Ref. [24]

The LHC achieves proton—proton collisions at center-of-mass energies up to 13.6 TeV, facilitated by
a series of pre-accelerators that incrementally increase proton energies. A significant enhancement to
this injector chain was the commissioning of Linear Accelerator 4 (Linac4) [26] in 2020, replacing the
older Linac2 [27]. Unlike its predecessor, Linac4 accelerates negatively charged hydrogen ions (H )
[28] to 160 MeV. These ions are then injected into the Proton Synchrotron Booster (PSB) [29], where they
pass through a thin carbon foil that strips away the electrons, resulting in bare protons. Following the
PSB, protons are accelerated to 2 GeV and transferred to the Proton Synchrotron (PS), which boosts
their energy to 26 GeV. Subsequently, the Super Proton Synchrotron (SPS) increases the proton energy
to 450 GeV before injection into the LHC ring. The pre-acceleration facilities of the LHC are presented
in Figure 3.3.

The LHC employs 16 superconducting Radio Frequency (RF) cavities, organized into four cry-
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omodules, to accelerate protons from an injection energy of 450 GeV to a collision energy of 6.5 TeV.
Each cavity operates at 400 MHz and provides an accelerating voltage of 2 MV, resulting in a total of 16
MYV per beam per revolution. The cavities are maintained at a superconducting state by cooling them
to 4.5 K using cryogenic systems. The field in an RF cavity is made to oscillate (switch direction) at a
given frequency, so timing the arrival of particles is important. In the LHC, each RF cavity is tuned to
oscillate at 400 MHz. When the beam has reached the required energy, an ideally timed proton with
exactly the right energy will not be accelerated. By contrast, protons with slightly different energies
arriving earlier or later will be accelerated or decelerated so that they stay close to the desired energy.
In this way, the particle beam is sorted into packs of protons called "bunches". Thousands of magnets
of different varieties and sizes are used to direct the beams around the accelerator. These include 1232
dipole magnets, 15 meters in length, which bend the beams, and 392 quadrupole magnets, each 5-7
meters long, which focus the beams [30]. The LHC have four detectors at four primary interaction
points, each designed to explore different aspects of particle physics. ATLAS and CMS are general-
purpose detectors located at opposite sides of the LHC ring. They investigate a wide range of physics
phenomena, including the search for the Higgs boson and potential new particles. ALICE is special-
ized in studying heavy-ion collisions. LHCb is focused on the study of b-hadrons. In the following
section, we will describe the various components of the ATLAS detector.

The CERN accelerator complex
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Figure 3.3: The CERN accelerator complex. Figure is taken from Ref. [31].
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3.2 The ATLAS Detector

The ATLAS (A Toroidal LHC ApparatuS) experiment [32] at LHC is a general-purpose particle de-
tector designed for high-precision measurements and the exploration of new physics phenomena in
high-luminosity environments. A labelled cut-away view is presented in the Figure 3.4. The main
components of the detector are the inner detector (ID), electromagnetic and hadronic calorimeters
and muon spectrometer, which are explained in the following sections.

barrel New Small Wheel (NSW)

barrel toroid magnet
muon chambers muon chambers 8!

endcap

muon chambers inner detectors

endcap toroid
magnet

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet
barrel hadronic calorimeter

Figure 3.4: Cut-away view of the ATLAS detector indicating the locations of the larger detector sub-systems.
Plot is taken from Ref. [33].

3.2.1 Geometry and Coordinate System

The ATLAS detector employs a right-handed coordinate system to accurately describe particle trajec-
tories resulting from proton—proton collisions. In this system x-axis points from the interaction point
toward the center of the LHC ring, y-axis is directed vertically upward and z-axis is aligned along the
beam pipe, following the direction of the proton beams. The origin of this coordinate system is defined
at the nominal interaction point, which is determined for each event. Considering standard cylindrical
coordinate system, polar angle 0 is the angle between a particle’s trajectory and the beam axis (z-axis)
and azimuthal angle ¢ is measured around the beam axis in the transverse (x-y) plane, starting from the
X-axis.

To effectively describe particle kinematics, especially in the context of hadron colliders, two related
quantities are commonly used: pseudorapidity and transverse momentum. Transverse momentum (pr)
refers to the component of a particle’s momentum that is perpendicular to the beam axis. Pseudora-
pidity (1) describes the angle of a particle relative to the beam axis. It can be written in terms of the
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polar angle 6 as:
n = —Intan (g) . (3.3)

Particles with |57| < 2.5 are considered to be in the central region of the detector. These particles are
emitted at larger angles relative to the beam axis and are typically detected in the barrel section of the
detector whereas, particles with |y| > 2.5 are emitted at smaller angles, closer to the beam axis, and
are detected in the endcap or forward sections of the detector.

The separation between two objects in the detector is commonly expressed in terms of their angular
distance in the (7-¢) plane, defined by

AR =/ (Ay)* + (89)?, (3.4)

and transverse energy (E7) quantifies the energy of a particle relative to its motion in the plane per-
pendicular to the beam direction.

3.2.2  The Inner Detector

The Inner Detector (ID) [34] is a crucial component of the ATLAS experiment, designed to precisely
track charged particles produced in high-energy proton—proton collisions. Situated closest to the
beam axis, the ID operates within a 2 Tesla magnetic field generated by a central solenoid, enabling
the measurement of particle trajectories, momenta, and charges. The ID comprises three primary
sub-detectors, each contributing to the overall tracking performance: pixel detector, semi-conductor
tracker and Transition Radiation Tracker (TRT). The three sub-detectors of the ID are presented in
3.5.

The ATLAS pixel detector is the innermost component of the ATLAS ID, designed to provide high-
resolution tracking of charged particles. The pixel detector comprises four concentric barrel layers and
two end-cap disks on each side, covering a radial distance from approximately 45.5 mm to 242 mm
[35]. Each barrel layer is populated with silicon pixel modules, with the innermost layer, known as
the Insertable B-Layer (IBL), installed at a radius of 33 mm during the first long shutdown before Run
2 [36]. The addition of the IBL improved the detector’s resolution, particularly for low p particles,
which are more susceptible to multiple scattering effects. This enhancement is crucial for applications
such as jet tagging and b-quark identification. The pixel detector operates by applying a reverse-
biased voltage across a silicon sensor, creating a depletion region. When a charged particle traverses
this region, it generates electron-hole pairs. These charge carriers are collected by the pixel electrodes,
producing a measurable signal. The amount of charge collected correlates with the energy deposited
by the particle, while the specific pixel that registers the signal indicates the particle’s position. Each
pixel module consists of a silicon sensor segmented into pixels measuring 50 x 400 ;mz2 in the outer
layers and 50 x 250 ymz in the IBL.

The Semi-Conductor Tracker (SCT), is the middle layer of the ID, covers the radial region from
255 mm to 549 mm [37] and comprises of four and two layers of silicon microstrip sensors in the
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Figure 3.5: Cut-away view of the ATLAS ID. It is designed to enable precise reconstruction of charged-particle
trajectories. It provides full azimuthal coverage (¢) and operates within a pseudorapidity range of || < 2.5. The
ID is composed of three subsystems: the innermost layer is a silicon pixel detector, which is surrounded by a
silicon microstrip tracker. Enclosing these is the Transition Radiation Tracker (TRT), a straw-tube detector that
offers continuous tracking while also enabling particle identification through the detection of transition radiation.
Figure is taken from Ref. [33].

barrel and end-cap regions respectively. Further, these sensors are organized in modules where each
module is made up of two planes of silicon sensors glued back to back with a baseboard material
in the middle. In total, the SCT contains approximately 6.3 million readout channels and usually
provides eight measurements per track. The spatial resolution achieved by the SCT is about 17 ym in
the transverse (r—¢) direction and 580 um along the z-axis.

The TRT is the outermost component of the ATLAS ID, designed to provide both precise tracking of
charged particles and effective electron identification. It covers the radial distance from 554 mm to 1082
mm [38] and composed of several layers of gaseous straw tubes. The TRT enables radially extended
track reconstruction up to |57| = 2.0. The TRT also provides electron identification information based
on the fraction of hits above a higher energy-deposit threshold corresponding to transition radiation.

3.2.3 Calorimeters

The ATLAS calorimeter system is designed to measure the energies and positions of charged and
neutral particles that undergo electromagnetic or strong interactions. They are designed to absorb
most of the particles coming from a collision, forcing them to deposit all of their energy and stop
within the detector [39]. It employs a sampling calorimeter approach, wherein layers of dense absorber
materials are interleaved with active media that detect and measure the energy deposited by incoming
particles [33]. ATLAS has two types of calorimeters: Electromagnetic Calorimeters (ECAL) which
measure the energy of particles such as electrons and photons and Hadronic Calorimeters (HCAL)
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which measure the energy of strongly-interacting particles, primarily hadrons. The calorimeters are
highlighted in Figure 3.6.

The ECAL employs a sampling calorimeter design, utilizing layers of lead as the passive absorber
material and Liquid Argon (LAr) as the active medium. It is divided into three main sections: the bar-
rel and two endcaps. The barrel covers the central region up to |77| < 1.475, while the endcaps extend
the coverage to |17| < 3.2 [40]. This extensive coverage ensures the detection of particles emitted at
various angles relative to the beam axis. The calorimeter’s structure features an accordion-shaped ge-
ometry, which ensures full azimuthal coverage without gaps, enhancing the uniformity of the detector
response. When a high-energy electron or photon enters the calorimeter, it initiates an electromagnetic
shower, producing secondary particles that ionize the LAr. The resulting ionization electrons drift
under an applied electric field towards the readout electrodes, generating signals proportional to the
energy of the incident particle.

The HCAL is structured into three main sections: the tile calorimeter, the hadronic endcap calorime-
ters, and the forward calorimeters. The tile calorimeter covers the central region (|| < 1.7) using steel
absorbers and plastic scintillators. When hadrons pass through they interact with the steel, producing
secondary particles that excite the scintillators. The resulting light is captured by wavelength-shifting
fibers and directed to photomultiplier tubes (PMTs) for signal processing. Hadronic endcap calorime-
ters extend coverage to 1.5 < |77| < 3.2, utilizing liquid argon as the active medium and copper plates as
absorbers. The forward calorimeters cover the high pseudorapidity range of 3.1 < || < 4.9. They con-
sist of three modules: the first is optimized for electromagnetic interactions using copper absorbers,
while the subsequent two are tailored for hadronic interactions with tungsten absorbers. All mod-
ules employ liquid argon as the active medium, ensuring resilience in the high-radiation environment
characteristic of the forward regions.

Tile Calorimeter
hadronic extended barrel

LAr Calorimeter
electromagnetic forward
(FCal)

Tile Calorimeter

LAr Calorimeter
hadronic barrel Calorimete

hadronic forward
(FCal)

LAr Calorimeter
electromagnetic barrel
(EMB)

LAr Calorimeter

hadronic endcap

LAr Calorimeter (HEO)

electromagnetic endcap
(EMEQ)

Figure 3.6: Cut-away view of the ATLAS calorimeter system. It measures the energies and positions of charged
and neutral particles. Figure is taken from Ref. [33].
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3.2.4 Muon Spectrometer

The Muon Spectrometer (MS) [41] is the outermost layer of the ATLAS detector. Its purpose is to detect
muons, which are more massive than electrons, typically penetrate deeper into the detector with min-
imal energy loss. It is designed specifically to reconstruct muon trajectories over long distances after
they pass through the inner detectors and the calorimeters. The system covers a wide pseudorapidity
range, up to || < 2.7. The main working principle is the magnetic deflection of muons using large
superconducting air-core toroid magnets. Over the range |7|<1.4, magnetic bending is provided by
the large barrel toroid. For 1.6 < |17|<2.7, muon tracks are bent by two smaller endcap toroid magnets
inserted into both ends of the barrel toroid. In between these two regions, 1.4 < |17|<1.6, magnetic de-
flection is provided by a combination of barrel and endcap fields [33]. The MS comprises a set of three
sub-detectors: Monitored Drift Tubes (MDT) [42], Resistive Plate Chambers (RPC) [43] and Thin Gap
Chambers (TGC) shown in Figure 3.7.

MDT
MDT monitored drift tubes
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barrel - middle layer

barrel toroid magnet

MDT

monitored drift tubes
endcap

endcap toroid
magnets

MDT
monitored drift tubes
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New Small Wheel
TGC

thin gap chambers
endcap

RPC
resistive plate chambers

Figure 3.7: Cut-away view of the ATLAS muon system. It detects charged particles exiting the barrel and
endcap calorimeters. Figure is taken from Ref. [33].

To cope with the high particle flux, the spectrometer was designed with detectors that offer high
rate capability, fine spatial granularity, strong radiation resistance, and long-term stability. The barrel
detectors have multilayer MDT chambers across all three stations for precise tracking in the bending
plane. Additionally, the middle and outer barrel stations include RPCs for triggering and for determin-
ing the azimuthal coordinate. The middle and outer endcap wheels also provide continued coverage.
The extended endcap rings add a third measurement station for the range 1.05 < |77| < 1.3, which the
outer wheels do not cover. While the outer wheels use MDTs exclusively, the middle wheels combine
MDTs with TGCs for both precision and trigger measurements. The inner endcap wheels, or “small
wheels,” have been completely replaced in the Phase-I upgrade by the New Small Wheels (NSWs) [44],
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located between the calorimeters and the endcap toroids. Covering the range 1.3 < |17| < 2.7, the NSWs
employ small-strip TGCs and micromegas detectors, both fast enough for Level-1 triggers and precise
in both bending and azimuthal measurements. This upgrade enhances the low p; muon resolution at
trigger level and improves background rejection, enabling lower p thresholds and preserving physics
acceptance while controlling the trigger rate.

3.2.5 Trigger and Data Acquisition

In ATLAS experiment, billions of proton—proton collisions occur every second. However, only a tiny
fraction of these collisions are potentially interesting for physics analysis such as Higgs production.
The rest are either uninteresting or contain common physics processes. Since it is impossible to record
every collision due to limitations in data storage and processing power, a trigger system is used to filter
and select only the relevant events. It is based on two-level trigger system: Level-1 (L1) trigger which
is a hardware-based system built from custom-designed electronics that operate extremely fast and
High-Level Trigger (HLT) is a software-based system, runs on a farm of commercial computers [45].
Data Acquisition System (DAQ), works together with the trigger system, responsible for moving data
from detector electronics to the computing/storage systems and transfers data only for those events
that the trigger accepts. A complete diagram of the Trigger and Data Acquisition (TDAQ) System [46]
is shown in Figure 3.8.
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Figure 3.8: Schematic overview of the trigger and DAQ system in ATLAS for Run 2. Figure is taken from
Ref. [45].
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The L1 trigger processes detector data at the full 40 MHz collision rate, to quickly identify physics
objects like high-pr muons, electrons, photons, jets, and hadronic tau decays. It also estimates missing
transverse energy (Er%ﬁss) from invisible particles like neutrinos. These objects are compared against
predefined conditions in the L1 trigger menu. Events passing the L1 criteria are reduced to a rate of
100 kHz. Events accepted by the L1 trigger are passed to the HLT, which applies advanced software-
based selection algorithms [47]. These are focused on specific regions of interest (Rols) in the detector,
reducing computational load by ignoring irrelevant areas. Within the Rols, the HLT uses full detector
granularity to make refined decisions, ultimately reducing the event rate from 100 kHz to 1 kHz on
average within a processing time of about 200 ms during Run 2. Selected events are then saved for
offline analysis [48]. The event processing time in Run 3 is larger due to widespread use of full-detector
HLT track reconstruction for hadronic signatures. The HLT reduces the event rate from 100 kHz after
the L1 selection to approximately 3 kHz [49].

When an event passes the ATLAS trigger system (including both L1 and HLT), it is recorded in a
format called RAW data. These RAW events are not all written to the same output, rather they are
organized into inclusive "streams" to manage data handling, storage, and downstream processing.
Inclusive means that an event can be assigned to more than one stream. Each trigger chain is assigned
to a single stream which ensures that the stream includes all events relevant to a given trigger. In
Run 2, there is one primary physics stream physics_main, which includes the majority of physics
triggered events, spanning all major object categories. There are also other special purpose streams
like Minbias and physics_Late; however, only physics_main is used in this thesis. The next step is
the reconstruction of the data and the standard output format of the reconstruction is called Analysis
Object Data (AOD) containing physics objects and some lower-level information, such as particle flow
objects and a limited amount of calorimeter cell information. For the purposes of physics analysis,
the AOD is further reduced to a more compact format known as the Derived Analysis Object Data
(DAQOD). For this thesis, the DAOD_PHYS format is used, which is a new common format for physics

analysis.



CHAPTER 4

Datasets and Simulated-Event Samples

4.1 Datasets

This thesis use the full pp collision dataset recorded by ATLAS between 2015 and 2018 with the LHC
operating at a center-of-mass energy of \/s = 13 TeV. In this period, the LHC delivered colliding
beams with a peak instantaneous luminosity up to L = 2.1 x 10**em 257!, and an average number
of pp interactions per bunch crossing (u) of 13, 25, 38, and 34 for 2015, 2016, 2017, and 2018 data,
respectively. After applying beam, detector, and data-quality criteria the total integrated luminosity of
the data is 140 f b~ [25]. Data recorded in 2022 and 2023 at a center-of-mass energy of \/s = 13.6 TeV
with bunch spacing of 25 ns is also used. The recorded integrated luminosity in 2022 was 35.7 f bt

and in 2023 was 29.9 f b1 [24]. The list of datasets used in this thesis are presented in Table 4.1.

Table 4.1: Integrated luminosity and dataset list for each data-taking year during Run 2 and Run 3.

Year Int. Lumi. (fb~ 1) Dataset

2015 3.9 datal5_13TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grp15_v01_p6479
2016 35.6 datal6_13TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grp16_v01_p6479
2017 46.9 datal7_13TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grpl7_v01_p6479
2018 60.6 datal8_13TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grp18_v01_p6479
2022 35.7 data22_13p6TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grp22_v02_p6479
2023 29.9 data23_13p6TeV.periodAllYear.physics_Main.PhysCont.DAOD_PHYS.grp23_v02_p6479

The naming of the datasets follows the convention as:

datal5_13TeV-periodAllYear - physics_Main - PhysCont.DAOD_PHYS - grpl15_v01_6479,

Project tag Data period Stream type Data format type Production tags

where project tag represents that data is taken in 2015 with p—p collision at /s = 13 TeV, data period
(AllYear) covers the data in whole year 2015, and PhysCont .DAOD_PHYS represents the collection of
data in a container in DAOD_PHYS format. Each processing step changes the data type and adds the
ATLAS Metadata Interface (AMI) production tag used which describes the configuration of each step.

27
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4.2 Monte Carlo Simulation

Monte Carlo (MC) simulations are computational tools that play a central role in high energy physics
experiments. They are used to emulate the outcomes of particle collisions as they would be observed
by a detector, based on underlying theoretical models. These simulations incorporate both the funda-
mental physics processes governing particle interactions and the detailed response of the experimental
apparatus. This includes modeling aspects such as parton-level interactions, hadronization, and decay
chains, as well as the geometry, material composition, and signal readout mechanisms of the detector.

There are several steps involved in the MC production. The process starts with event generation,
followed by the simulation of the detector response. This is succeeded by the digitization phase,
which mimics the detector’s electronic readout, and concludes with the reconstruction of the simulated
signals into high-level physics objects.

Event generation, which creates the sets of particle four-momenta, is the first step in MC produc-
tion chain. A crucial function of the event generator is the modeling of prompt decays of intermediate
particles, such as the Z and W bosons. Furthermore, the generator determines which particles are
considered “stable” for the purposes of detector simulation. In this context, stability refers to particles
with lifetimes long enough to traverse part or all of the detector volume before decaying. These sta-
ble particles are essential for experimental observations, as they deposit measurable energy or leave
detectable tracks in the various sub detectors. Pythia [50] and Herwig [51] are the examples of gen-
eral purpose MC event generators capable of simulating high-energy collisions involving protons,
electrons, photons, or heavy ions. Other event generators include Sherpa [52, 53], MadGraph [54],
MC@NLO [55], POWHEG [56]. For this thesis, Sherpa is used to integrate matrix element calculations
with parton showers, hadronization, and decays, making it suitable for both inclusive and exclusive
final state modeling.

The subsequent phase in the MC simulation workflow is the detector simulation, which models
how the generated particles interact with the physical components of the detector. This simulation
can be carried out in two ways. In a fast simulation, a simplified parametric approach is adopted to
model the calorimeter shower, where the detector response to particles is approximated using smear-
ing functions based on expected resolutions. In contrast, full simulation employs a detailed particle
transport algorithm, in which the trajectory and interactions of each particle with the detector materi-
als are modeled with high precision, including electromagnetic and hadronic processes. Interactions
that occur within active components of the detector result in the production of hits, which correspond
to localized energy deposits or ionization signals.

After the detector simulation has generated hits resulting from particle interactions with the detec-
tor elements, these hits must be further processed to emulate the output that would be produced by
the real detector’s readout electronics. This stage is referred to as digitization. Digitization mimics the
electronic response of the detector. It includes effects like signal collection, pulse shaping, and elec-
tronic readout. Each sub-detector has its own specific digitization model. Regardless of sub-detector
type, digitization must also account for electronic noise, channel masking and event pileup. The out-
put of this step is Raw Data Object (RDO) files, which look like raw data from the real detector.
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The reconstruction phase transforms the digitized output into physics objects suitable for analysis.
This stage involves algorithms for local pattern recognition, track and vertex reconstruction, calorime-
ter clustering, and the identification of composite objects such as jets, electrons, and muons. The
reconstruction procedure is largely identical for both real and simulated data, ensuring consistency
in the analysis. The primary distinction is the availability of truth information in simulated samples.
During event generation, this includes the complete interaction history and the list of generated par-
ticles. During detector simulation, it extends to include truth-level trajectories and decay information
for select particles. As part of the digitization step, Simulated Data Objects (SDOs) are generated to
link detector hits to the corresponding truth-level particles. This allows a detailed understanding of
the energy deposition by individual simulated particles in calorimeters.

MC simulations in Drell-Yan — e* e~ 4 jets are used for the derivation of electron charge misiden-
tified probabilities and scale factors in this thesis. The generated signal and background events were
processed through the full ATLAS detector simulation based on GEANT4 [57]. The list of MC samples
used in the thesis is given in the Table 4.2. Dedicated MC campaigns are developed to accurately emu-
late the detector conditions corresponding to different periods of data collection. These campaigns are
labeled as mc20a, mc20d, mc20e, mc23a, and mc23d, corresponding to the 2015-2016, 2017, 2018, 2022,
and 2023 data-taking periods, respectively.

Table 4.2: List of MC samples used in the analysis.

MC campaign MC sample
mc20_13TeV.700320.5h_2211_Zee_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8351_s3681_r13167_p6490
mc20a mc20_13TeV.700321.5h_2211_Zee_maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8351_s3681_r13167_p6490

mc20_13TeV.700322.8h_2211_Zee_maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8351_s3681_r13167_p6490
mc20_13TeV.700320.5h_2211_Zee_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8351_s3681_r13144_p6490
mc20d mc20_13TeV.700321.5h_2211_Zee_maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8351_s3681_r13144_p6490
mc20_13TeV.700322.8h_2211_Zee_maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8351_s3681_r13144_p6490
mc20_13TeV.700320.5h_2211_Zee_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8351_s3681_r13145_p6490
mc20e mc20_13TeV.700321.5h_2211_Zee_maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8351_s3681_r13145_p6490
mc20_13TeV.700322.5h_2211_Zee_maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8351_s3681_r13145_p6490
mc23_13p6TeV.700786.Sh_2214_Zee_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8514_s4162_r14622_p6491
mc23a mc23_13p6TeV.700787.5h_2214_Zee_maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8514_s4162_r14622_p6491
mc23_13p6TeV.700788.Sh_2214_Zee_maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8514_s4162_r14622_p6491
mc23_13p6TeV.700786.Sh_2214_Zee_maxHTpTV2_BFilter.deriv.DAOD_PHYS.e8514_s4159_r15224_p6491
mc23d mc23_13p6TeV.700787.Sh_2214_Zee_maxHTpTV2_CFilterBVeto.deriv.DAOD_PHYS.e8514_s4159_r15224_p6491
mc23_13p6TeV.700788.Sh_2214_Zee_maxHTpTV2_CVetoBVeto.deriv.DAOD_PHYS.e8514_s4159_r15224_p6491

The file naming convention of a MC sample is as follows:

mc20_13TeV - 700320 - Sh_2211 + Zee_maxHTpTV2_BFilter * deriv + DAOD_PHYS - e8351_s3681_r13167_p6490 .
N———— N—— N—_—— N~ N——

Campaign Dataset ID Sherpa 2.2.11 Physics process Production step Data format Production tags



CHAPTER 5

Electron Object Definition and Selection

Electrons are essential objects in ATLAS physics analyses, including standard model measurements
and new physics searches. Their accurate reconstruction and selection are crucial for ensuring reliable
results. This chapter describes the methods used to reconstruct electrons from calorimeter and tracking
information, the criteria applied for their identification using likelihood based or DNN algorithms, and
isolation techniques. Additionally, it outlines the event level selection strategy, including kinematic
thresholds and trigger matching.

5.1 Reconstruction

The reconstruction of electron objects in ATLAS begins with the identification of topological clusters
(commonly called topo-clusters) formed from energy deposits in both the electromagnetic (EM) and
hadronic calorimeters. These clusters are built using a dynamic-size algorithm that combines adjacent
calorimeter cells based on topological energy patterns. To identify EM topo-clusters, the EM energy
of each cluster is first calculated using only the energy from the cells in the EM calorimeter. A clus-
ter is retained for further consideration if its EM energy exceeds 400 MeV and the ratio of its EM
energy to the total energy (the sum of EM and hadronic components) is greater than 0.5 [58]. These
EM topo-clusters serve as the basis for subsequent electron reconstruction. Simultaneously, tracks are
reconstructed within the ID using the standard tracking algorithm [58], or, in some cases, an alterna-
tive tracking method that specifically accounts for energy losses from bremsstrahlung during track
pattern recognition [59]. A sliding window algorithm is then applied to the EM calorimeter cells to
loosely match the reconstructed tracks to the fixed-size calorimeter clusters. Once this initial match is
made, the tracks are refitted using a gaussian sum filter algorithm, which enhances the precision of the
reconstructed track parameters by accounting for non-Gaussian effects like bremsstrahlung.

To identify an electron, the reconstruction algorithm requires that at least one track from the inner
detector is matched to EM topo-clusters. The specific details of this track-cluster matching algorithm
and selection criteria can be found in Ref. [59]. These requirements may be satisfied by multiple tracks.
The system selects the "best-matching" track based on detector conditions, such as the number of hits
in the various inner detector layers. The track that shows the best geometric match (i.e., the smallest
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angular distance AR) to the energy cluster in the second ECAL layer is selected as the best-matching
track. The four-momentum of the reconstructed electron is calculated using both the topo-cluster and
the matched track. The energy of the electron is taken from the cluster, while the angular coordinates
(¢ and 77) are determined using the best-matched track at the interaction vertex. The electric charge of
the electron is inferred from the curvature of this track. Following the identification of initial electron
candidates, final EM clusters are formed by merging all nearby clusters associated with those candi-
dates. When an electron undergoes bremsstrahlung radiation, it may appear as two distinct energy
clusters in the calorimeter. This phenomenon affects roughly 10% of clusters, particularly in the for-
ward and transition regions of the detector. To account for this, the reconstruction algorithm merges
nearby EM topo-clusters into a single, final cluster, which is often referred to as a supercluster. After
applying position corrections and calibrating the energy of these final clusters, the track matching is
repeated to complete the electron reconstruction, using the calibration procedures described in the Ref.
[60]. The energy calibration scheme for electrons is based on a simulation-driven optimization of the
energy resolution, ensuring precise reconstruction performance. Corrections are applied to account
for discrepancies between real data and simulation. The absolute energy scale is then calibrated using
Z — e"e” events and finally, the universality of the calibrated energy scale across different kinematic

regions and energy ranges is validated using ] /1 events.
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Figure 5.1: Electron reconstruction efficiencies derived from Z — ete” decays presented as a function of the
electron E (a)and || (b) respectively. The top panels display the efficiencies measured in data and simulation,
with inner and outer error bars representing the statistical and total uncertainties, respectively. The middle panels
show the ratio of the efficiencies in data to those in simulation, which is used as a correction factor. The bottom
panels illustrate the relative statistical and total uncertainties associated with the data/MC ratio. Plots are taken

from Ref. [61].

The reconstruction efficiency, denoted as €,,.,, quantifies how effectively tracks are reconstructed
and matched to electromagnetic clusters. It is defined as the ratio of the number of reconstructed
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electron candidates with an associated track, N,,,, to the total number of electromagnetic cluster can-
didates, N_j,st;- The electron reconstruction efficiency is measured only for E; > 15 GeV using a tag-
and-probe method based on the Z — eTe” invariant mass as described in Ref. [62], as the presence
of significant backgrounds below this threshold renders the measurement unreliable. Furthermore,
alternative approaches using low-mass resonances such as the | /1 are also challenging in this energy
regime. Electron reconstruction efficiencies corresponding to the kinematics of simulated Z — e* e~
events are shown in Figure 5.1 as a function of the electron transverse energy and pseudorapidity, re-
spectively. The electron reconstruction efficiency is very high with values between 98-99%; however,
it drops at higher || and in the calorimeter transition region. The correction factors, defined as the
ratio of reconstruction efficiencies in data to those in simulation, are shown in the middle panels of
the figures. The systematic uncertainties on the correction factors are less than 0.5% over most of the
kinematic range and less than 0.1% for E; > 30 GeV [61].

5.2 Identification

Electron identification plays a vital role in distinguishing genuine electrons from background pro-
cesses that can mimic similar signatures in the detector. While the reconstruction algorithms are de-
signed to associate energy clusters in the electromagnetic calorimeter with charged particle tracks,
they do not inherently reject backgrounds such as hadronic jets, photon conversions, or electrons orig-
inating from heavy-flavor decays. To suppress these background contributions, dedicated electron
identification criteria are applied. These criteria utilize detailed information from shower shapes in
the calorimeter, track properties, and track—cluster matching variables. Two main approaches are em-
ployed in ATLAS: the traditional likelihood (LH) based identification and the more recent Deep Neural
Network (DNN) identification, both of which aim to maximize the efficiency of true electron selection
while minimizing contamination from background sources.

In MC simulations, various types of particles originating from different physical processes can pro-
duce detector signatures that closely resemble those of prompt electrons. As a result, these background
particles can be mistakenly reconstructed as electrons. The effectiveness of any electron identification
algorithm can vary significantly depending on the type of background particle being considered. To
address this, different categories of reconstructed electron-like objects are defined, each corresponding
to a distinct source or physical origin at the MC truth level. These categories, along with their defini-
tions and the simulation samples used to study them, are summarized in Table 1 of Ref. [63]. In this
context, the term "Signal" specifically refers to prompt electrons, meaning those directly produced in
electroweak decays such as from Z — ete” W —evand H — ZZ* — 4l.

A particular subset of prompt electrons, known as charge-flip electrons, arises when the recon-
struction algorithms assign the wrong electric charge to an otherwise genuine electron. Whether such
electrons are considered signal or background depends on the specific physics analysis. For example,
analyses focused on same-sign dilepton final states must treat charge-flip electrons as background,
since they can fake the signature of two same-charge leptons from a Drell-Yan process, which natu-
rally produces opposite-charge leptons. The incorrect reconstruction of charge in such cases inflates
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the background due to the Drell-Yan process’s high production cross-section. Therefore, rejecting
charge-flip electrons is essential to suppress this contribution.

Conversely, in analyses with a single-lepton final state that do not depend on the sign of the charge,
charge-flip electrons can be accepted as part of the signal, thereby improving selection efficiency. The
remaining four categories: electrons from photon conversions, from heavy-flavor quark decays, from
light-flavor hadron decays, and light-flavor hadrons are all regarded as background sources and must
be suppressed through stringent identification criteria.

5.2.1 Likelihood Identification

Prompt electrons entering the central region of the detector (|| < 2.47) are identified using a LH
based identification algorithm. The inputs to the LH include measurements from the tracking system,
the calorimeter system, and quantities that combine both tracking and calorimeter information. The
specific inputs are described in Table 1 of Ref. [59]. In the likelihood-based identification approach,
one-dimensional probability density functions (PDFs) are independently constructed for each input
variable, treating signal and background samples separately and ignoring variable correlations. For
a given electron candidate, the likelihood of being signal (Lg) or background (L) is computed by
multiplying the corresponding PDFs of all input variables:

Lgg)(x) = HPS(B),i(xi)/ (5.1)

where x is the vector of various quantities described in Table 1 of Ref. [59], Ps ;(x;) is the signal PDF
for ith quantity at x;, and Pg;(x;) is the background PDF for ith quantity at x;. The signal is prompt
electrons, while the background is the combination of jets that mimic the signature of prompt electrons,
electrons from photon conversions in the detector material, and non-prompt electrons from the decay
of hadrons containing heavy flavors. Using these likelihoods, the discriminant d; is calculated as:

Lg

d, = .
L™ Lo+ L

(5.2)

Electron identification relies on a discriminant d;, which effectively separates signal from background.
This discriminant tends to cluster sharply, approaching 1 for signal electrons and 0 for background,
making it challenging to define selection thresholds without using very fine binning [59]. To overcome
this limitation, an inverse sigmoid transformation is applied to d;, producing a new discriminant d;
given by:

d; = N (1 — 1) , (5.3)

T dy

with the scaling parameter 7 fixed at 15 [64]. This transformation spreads out the discriminant values,
making them more suitable for defining practical operating points. Electron candidates with a d} value
exceeding a defined threshold are then classified as signal, depending on the chosen identification
working point.



CHAPTER 5. ELECTRON OBJECT DEFINITION AND SELECTION 34

To meet the diverse requirements of physics analyses in ATLAS, ranging from those favoring high
signal efficiency to those needing strong background suppression, four fixed thresholds of the likeli-
hood discriminant are used to define standard identification levels. These levels, known as VeryLoose,
Loose, LooseBLayer (additional cut on number of hits in the b-layer of the pixel detector), Medium,
and Tight, represent increasing levels of stringency. Each corresponds to a progressively higher thresh-
old on the LH discriminant, d} , which is determined based on MC simulations. These operating points
allow analyses to balance electron selection efficiency against background rejection according to their
specific goals. In this thesis, only three of the standard operating points: Loose, Medium, and Tight are
used for the electron identification. The Loose working point offers the highest signal efficiency but
provides the least background rejection, while the Tight working point achieves the strongest back-
ground suppression at the cost of reduced signal efficiency. The identification efficiency, €;4, is the
probability of a reconstructed electron to satisfy a certain identification criterion. It is defined as the
number of identified and reconstructed electron candidates, N;;, divided by N,,.,. The PDFs for the
E; range of 4.5 GeV to 20 GeV are determined using /¢ — ee MC simulation and the PDFs for Et
>15 GeV are determined using Z — e e~ MC simulation. The [ /1 — ee measurement determines the
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Figure 5.2: Electron identification efficiencies for various working points. The electron identification efficiency
is measured as a function of the electron’s (a) transverse energy Er and (b) pseudorapidity 7 for the three main
electron identification working points. The top panels display the efficiencies measured in data and simulation,
with inner and outer error bars representing the statistical and total uncertainties, respectively. The middle panels
show the ratio of the efficiencies in data to those in simulation, which is used as a correction factor. The bottom
panels illustrate the relative statistical and total uncertainties associated with the data/MC ratio. Plots are taken
from Ref. [61].

electron identification efficiency by using the invariant mass of the two electron candidates. In con-
trast, the Z — e e~ measurement uses either the invariant mass of the electron pair (Z-mass method)

or the amount of transverse energy deposited within an isolation cone surrounding the probe elec-



CHAPTER 5. ELECTRON OBJECT DEFINITION AND SELECTION 35

tron (Z-isolation method). The details of these methods can be found in Ref. [61]. The identification
efficiencies corresponding to different working points are presented in Figure 5.2(a) as a function of
transverse energy Er, and in Figure 5.2(b) as a function of 7. As we can see from the plots, the effi-
ciencies for identifying a prompt electron with E; ~ 40 GeV are 93%, 88%, and 80% for the Loose,
Medium, and Tight operating points, respectively.

5.2.2 Identification using Deep Neural Network

This section describes the Deep Neural Network (DNN) based electron identification approach, which
provides improved performance compared to the traditional LH method. Table 2 in Ref. [63] lists all
input variables used in the DNN, which contain information from the tracking detectors, calorime-
ter systems, and the matching between reconstructed tracks and energy clusters in the calorimeter.
The variables are specifically chosen to maximize discrimination between electrons and various back-
ground components. While similar in purpose, the set of input variables used in the DNN differs
slightly from those employed in the LH method [59]. For example, the transverse energy Et and the
|| are included as direct inputs to the DNN to allow the network to learn a parameterized response
over these variables. In contrast, these quantities cannot be used directly in the LH method. Instead,
separate LH models are constructed in bins of Ey and ||, thereby incorporating this dependence in-
directly. Another important distinction lies in the treatment of variable correlations. The DNN can
accept input variables that are correlated, whereas the LH method requires uncorrelated inputs, as
it is based on a product of one-dimensional PDFs. For instance, both R}, !and Ryt 2, which are
highly correlated, can be simultaneously included as inputs to the DNN across the entire || range. In
contrast, the LH approach uses only one of them depending on the candidate’s ||, based on detector
geometry. Specifically, in regions where the first layer of the hadronic calorimeter is absent, R;,; is
used; elsewhere, R, is preferred due to its lower noise. It should also be noted that the final decision
on whether an electron candidate passes a given working point is not solely based on the DNN output.
Additional selection criteria such as requirements on the number of hits in specific sub-detectors and
the ambiguity classification are also applied. These additional requirements are identical to those used
in the LH method. For DNN training and evaluation, Z — ee, /¢ — ee and JF17 3 samples are used.
The details on DNN training procedure can be found in Ref. [63]. The performance of the DNN model
is based on the value of discriminant D,; defined in Equation 1 of Ref. [63].

To assess the classification performance of the DNN relative to the LH method, Receiver Operating
Characteristic (ROC) curves are employed. These curves are obtained by scanning the DNN discrimi-
nant output over a range of threshold values 7, and computing the corresponding signal efficiency and
background rejection at each point. The signal efficiency is defined as the fraction of signal electrons
that have a DNN output value D,; > T, relative to the total number of signal electrons. Conversely,

lR,md quantifies the total transverse energy leakage into the hadronic calorimeter relative to the EM cluster’s transverse energy.
Rj,41 quantifies the fraction of transverse energy in the first layer of the hadronic calorimeter relative to the EM cluster’s
transverse energy.

3The JF17 sample consists of multijet production, g¢ — g7, 9§ — g7, and W and Z production and top quark production
selected by requiring a localised transverse energy deposit above 17 GeV within a Ay x A¢ window of 0.1 x 0.1, to enhance
backgrounds that mimic prompt electrons.
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Figure 5.3: ROC curves for combined and different backgrounds. (a) Combined background, (b) only charge
flip electrons, (c) only electrons from photon conversions (d) only electrons from heavy-flavour quark decays, (e)
only electrons and photons from light-flavour hadrons, and (f) only light-flavour hadrons. The plots include only
candidates with 15 < E7 [GeV] < 20 and |y| < 0.8. Plots are taken from Ref. [63].
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the background rejection is calculated as the inverse of the background efficiency, which is the ratio of
background electrons with D,; > 7 to the total number of background electrons. Figure 5.3 shows the
ROC curves in one (E7, |17]) bin for the combined background and for the single background classes
separately.

As illustrated in Figure 5.3(a), the DNN achieves significantly improved background rejection com-
pared to the combined background rejection performance of the LH method. At the signal efficiency
corresponding to the Tight LH working point, the DNN increases background rejection by approxi-
mately a factor of two. This performance gain becomes even more pronounced at higher signal ef-
ficiencies. Figure 5.3(b) presents the rejection of charge-flip electrons. Since these electrons originate
from prompt sources but are reconstructed with the incorrect charge, they are treated as signal and
should ideally not be rejected. The DNN, however, rejects a greater fraction of charge-flip electrons
than the LH, resulting in lower acceptance for this category. Despite this, the overall impact on signal
efficiency remains negligible due to the relatively large number of correctly reconstructed prompt elec-
trons present in data. Figures 5.3(c)-5.3(f) display the rejection performance for individual background
sources. In all cases, the DNN outperforms the LH in rejecting background electrons. However, the
degree of improvement varies across the different background components.
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Figure 5.4: Isolation efficiency in data 2018 with different isolation working points for electrons in Z — ete”

events as a function of the (a) E7 and (b) ||. The lower panel shows the ratio of the efficiencies measured in data
and in MC simulations. The total uncertainties are shown, including the statistical and systematic components.
Plots are taken from Ref. [65].

5.3 Isolation

In addition to the electron identification working points, isolation criteria are applied to further sup-
press contributions from fake or non-prompt electrons. Within the ATLAS Collaboration, five isolation
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working points are officially recommended: HighPtCaloOnly, TightTrackOnly_VarRad, TightTrack-
Only_FixedRad, Tight_VarRad, and Loose_VarRad. These working points are designed to optimize
the balance between maintaining high efficiency for selecting prompt electrons regardless of whether
they are in isolated or densely populated environments and achieving effective rejection of background
electrons that originate from non-prompt sources or detector related fakes. Two sets of isolation vari-
ables are used, calorimeter-based isolation and track-based isolation [59]. The definition of the electron
isolation criteria can be found in the Table 2 of the Ref. [61]. The isolation efficiency, €;,,, is the proba-
bility of an identified electron to pass requirements on the track or calorimeter isolation. It is calculated
as the number of identified electron candidates satisfying the isolation, identification, and reconstruc-
tion requirements, Ny, divided by N;;. Figure 5.4, shows the electron isolation efficiency for all five
isolation working points, when the electrons are selected with the Tight identification working point.
As we can see from the plots, Tight_VarRad has the lowest isolation efficiency for signal electrons,
reflecting its stricter isolation criteria below 60 GeV.

5.4 Object Selection

In this section, the selection criteria for all the different objects used in the measurement of charge
misidentified scale factors using Z — e"e” is presented.

5.4.1 Electrons
Table 5.1 lists the requirements for signal and baseline electrons.

Table 5.1: Electron selection requirements.

Requirement Baseline Signal

Pr >4.5GeV >4.5GeV

7] <247 <247

Identification TightLH TightLH

Isolation No isolation Tight_VarRad
Crack veto veto 1.37 < || <1.52  veto 1.37 < || < 1.52
|d0 | /O'do - <5.0

|z sin 6| <0.5mm < 0.5 mm

Baseline electrons are a broad selection of electron candidates that satisfy minimal quality criteria.
They are used for calculating object multiplicities (e.g., number of electrons in the event), overlap
removal with other objects (e.g., muons, jets) and forming initial event pre-selection. Signal electrons
are a subset of baseline electrons that pass stricter selections, suitable for physics analysis.

The crack veto refers to the requirement that electrons must not fall within the # region 1.37 < || <
1.52, known as the crack region of the ECAL. This region contains services and infrastructure for the ID
and lacks sufficient active calorimeter material, resulting in reduced measurement performance. The
transverse impact parameter, dy, is defined as the minimum distance between a particle’s trajectory



CHAPTER 5. ELECTRON OBJECT DEFINITION AND SELECTION 39

and the beam collision point in the plane transverse to the beam direction, with 0; representing its
associated measurement uncertainty. The longitudinal impact parameter, z;, measures the distance
along the beam axis between the primary vertex and the point where the transverse impact parameter,
dy, is calculated. The product z, sin 0 gives the transverse component of z; and indicates the extent to
which the particle’s path deviates from an ideal longitudinal trajectory.

Also, electron calibration es2023_R22_Run2_v1 is used for Run 2, while es2024_Run3_vO0 is applied
for Run 3 data. For this thesis, three identification working points are used: Tight, Medium, and Loose
with isolation working point of Tight_VarRad for signal electrons.

5.4.2 Trigger Selection

A set of single-electron triggers defined for each data-taking year is shown in Table 5.2, combined
using a logical OR condition. All triggers listed in the table are unprescaled :,

Table 5.2: Unprescaled single electron trigger for each data-taking year.

Year Trigger
HLT_e24_lhmedium_L1EM20VH
2015 HLT_e60_lhmedium

HLT_e120_lhloose
HLT_e26_lhtight_nodO_ivarloose
2016-2018 HLT_e60_lhmedium_nodO
HLT_e140_lhloose_nod0O
HLT_e26_lhtight_ivarloose_L1eEM26M
2022-2024 HLT_e60_lhmedium_L1eEM26M
HLT_e140_lhloose_L1eEM26M

The trigger name typically encodes the specific selection criteria applied by the trigger itself. This
includes the trigger level (e.g., HLT or L1), kinematic thresholds, identification and isolation criteria.
For instance, the trigger HLT_e60_lhmedium_nod0 refers to a HLT that selects events containing atleast
one electron with transverse momentum pr > 60 GeV, passing the medium LH identification, and
without any constraint on the transverse impact parameter d,.

54.3 Muons

Table 5.3 lists the requirements for signal and baseline muons. Muons are included in the selection
criteria only as a veto. The event selection explicitly requires exactly two signal electrons and rejects
any event containing additional baseline electrons or any baseline muons. This muon veto suppresses
contamination from processes such as WZ production, which can yield final states with two electrons
and an additional muon.

‘A prescale factor, denoted by N, determines the fraction of events passing a trigger that are recorded for analysis. A prescale
of N > 1 means that only one out of every N events is retained, whereas N = 1 corresponds to an unprescaled trigger where
all accepted events are saved. Prescaling is employed to manage limited computing resources and optimize data acquisition
efficiency.
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Table 5.3: Muon selection requirements.

Requirement Baseline Signal

Pr >3.0GeV  >3.0GeV

1] <25 <25

Identification Medium Medium

Isolation No isolation PflowTight_VarRad
dol/ o4, - <3.0

|z sin 6] <05mm  <05mm




CHAPTER 6

Electron Charge Misidentification

In ATLAS, the accurate reconstruction of particle properties, including electric charge, is fundamental
to performing precise measurements and searches for new physics. While the charge of most par-
ticles is reliably determined, electrons are particularly susceptible to charge misidentification, an ef-
fect where the reconstructed charge does not correspond to the true charge of the particle. This phe-
nomenon becomes especially critical in analyses that rely on final states with same-sign electron pairs,
such as searches for rare processes or physics beyond the SM. In such cases, a standard background
process like Z — e"e” + jets can fake a signal if one of the electron charges is incorrectly measured.
Therefore, charge misidentification can introduce a non-negligible and irreducible background if not
properly accounted for. This chapter provides a detailed overview of the phenomenon of electron
charge misidentification. It begins with a formal definition, followed by a discussion of the primary
sources contributing to this effect in the ATLAS detector.

6.1 Definition

Charge misidentification constitutes a significant background in analyses involving two same-sign
leptons, particularly when electrons are present in the final state. In such events, electrons that are
originally produced with opposite charges can be incorrectly reconstructed as having the same charge
due to detector-related effects. These charge misidentified electrons, also referred to as charge flip
electrons, can lead to false-positive signatures that mimic genuine same-sign lepton signals, thereby
contaminating the measurement of rare processes or searches for new physics phenomena. Accurately
modeling and correcting for this background is thus essential to ensure the integrity of the analysis.

We focus specifically on electrons for the study of charge misidentification, although it is possi-
ble for muons to also undergo charge misidentification. The determination of the muon charge relies
on track curvature measurements obtained from the inner detector and the muon spectrometer, sig-
nificantly enhancing the precision of the curvature and charge determination. Furthermore, due to
their relatively larger mass, muons are much less susceptible to bremsstrahlung radiation compared
to electrons. As a result, the muon charge misidentification rate is considered negligible.

41
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6.2 Sources of Electron Charge Misidentification

As an electron moves through the material of the detector, it can emit photons via the bremsstrahlung
process. These photons may subsequently convert into electron—positron pairs, resulting in the pro-
duction of secondary charged particles close to the original electron trajectory. The presence of these
secondaries can interfere with the accurate reconstruction of the electron’s track. In some cases, hits
from these nearby particles are mistakenly included in the fit of the primary electron’s track, distorting
the measurement of its curvature and potentially leading to an incorrect determination of its charge.
In other situations, the reconstruction algorithm may incorrectly associate the track of one of these
secondary particles with the electron, particularly in high-density environments. Even though the
curvature of this incorrectly selected track may be determined correctly, it does not correspond to the
true electron. These two scenarios lead to charge misidentification and are commonly referred to as
type-2 and type-4 charge flip electrons, depending on whether the issue arises from a distortion in
curvature or the misassociation of tracks, respectively.

6.2.1 Type-2 Charge Flip Electrons

This type of charge flip electrons result from an inaccurate measurement of the curvature of an elec-
tron’s track within the inner detector. When a charged particle propagates through a uniform magnetic
field B with its velocity vector 7 perpendicular to the field direction, its trajectory bends in a circular
arc. The radius of this curvature (R o %T) is directly proportional to the particle’s transverse mo-
mentum pr and inversely proportional to its electric charge Q. For a fixed magnetic field strength,
electrons with high-pr, the curvature is small (nearly straight), making it harder to determine whether
the trajectory curves "left" or "right", i.e., what the sign of the charge is.

This issue is particularly pronounced in the forward regions of the detector (at high values of 7),
where the quality of tracking information is degraded. For example, in the end-cap region of the
Transition Radiation Tracker (TRT), tracking coverage becomes limited for particles with || > 2.0,
reducing the number of hits available for curvature fitting. Additionally, in the forward direction, par-
ticles tend to travel nearly parallel to the magnetic field lines, making their tracks inherently less bent
and harder to measure accurately. As illustrated in Figure 6.1, a prompt electron with high transverse
momentum follows a trajectory that is only slightly curved (shown in blue) and deposits energy in
the electromagnetic calorimeter (orange region). While the calorimeter correctly associates this de-
posit with the true generated electron (green), the reconstructed track, shown as a dashed line, has
insufficient curvature and poor fit quality. This leads to an erroneous estimate of the track’s bending
direction and, consequently, to an incorrect assignment of the particle’s electric charge.

6.2.2 Type-4 Charge Flip Electrons

Figure 6.2 illustrates the mechanism by which an electron’s charge can be misidentified as a conse-
quence of bremsstrahlung radiation and subsequent photon conversions. The process begins with
an electron originating from the physics event of interest which is denoted as the generated electron
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Figure 6.1: Type-2 charge flip electrons. Track misreconstruction at high pr. Figure is taken from Ref. [66].

(shown in green on the left). This prompt electron then enters the detector volume, and its trajectory
is shown as a solid blue line.

Reconstructed

-_ track Topoclusters
€@ Generated electron

Figure 6.2: Type-4 charge flip electrons.. A generated electron (green) emits bremsstrahlung photons as it tra-
verses the detector material. These photons undergo conversions, producing secondary electron—positron pairs.
Energy from the resulting electromagnetic shower is deposited in the EM calorimeter (orange cluster). Multiple
tracks are reconstructed from hits in the inner detector and associated with the calorimeter cluster. If the track
from a secondary particle (e.g., a positron) is selected, such as one with higher transverse momentum, the recon-
structed electron charge may be incorrect, resulting in a charge-flip electron. Figure is taken from Ref. [66].

As the prompt electron propagates through the detector region (with detector material indicated

by the small lilac bars), interaction takes place and it emits bremsstrahlung photons. These photons,



CHAPTER 6. ELECTRON CHARGE MISIDENTIFICATION 44

in turn, can convert into secondary electron—positron pairs. The locations of these interactions are
marked by black points along the trajectory. The ensemble of particles produced through this elec-
tromagnetic cascade eventually deposits energy in the ECAL, forming a spread-out cluster of energy
represented by the orange shaded region. This cluster, or topocluster, reflects the total electromagnetic
energy measured in the calorimeter, primarily stemming from the initial prompt electron and its radi-
ated products. In the reconstruction phase, multiple track candidates are associated with the same EM
cluster. These tracks include not only the prompt electron’s original trajectory but also those from sec-
ondary particles created through photon conversions. Figure 6.2 shows one possible wrong track (the
dashed black arrow ending at the e"). The final electron candidate is selected by associating the EM
cluster with one of these tracks based on specific criteria such as selecting the track with the highest
transverse momentum. However, if the chosen track corresponds to a secondary electron or positron
rather than the original electron, the inferred charge of the electron will be incorrect. This results in
a charge misidentification, where a true negatively charged electron is reconstructed as a positively
charged one (as indicated by the black e"in the figure).

In the nutshell, type-4 charge flip electrons are electrons from photon conversions and have an
opposite charge compared to the true charge. These are very similar to brem electrons which originate
from photon conversions of bremsstrahlung photons and which have the same truth signature but
correctly reconstructed charge.

6.3 Final State Radiation

Electrons may also radiate photons through the process of Final State Radiation (FSR), which can
mimic the topology of charge-flip scenarios, particularly those resembling type-4 electrons. This pro-
cess is illustrated in Figure 6.3, where a quark-antiquark pair annihilates into a virtual boson (Z/v"),
which subsequently decays into a pair of charged leptons. One of these leptons (¢ or ) may emit a
photon in the final state but we are considering only electrons for this thesis.

If this FSR photon subsequently interacts with the detector material and converts into an electron-
positron pair, the resulting final state includes an additional lepton of opposite charge. Such events
can resemble true charge misidentification, as the detector may reconstruct an apparent charge flip
if the conversion electron is incorrectly matched. However, in this case, the original lepton’s charge
remains correctly reconstructed, and the extra track arises from a genuine physical process, not from
an error in track reconstruction. For this reason, FSR is treated as a separate background rather than

as a source of charge misidentification.

6.4 Electron Truth Classification

Truth level classification is essential for studying electron charge misidentification in MC simulations.
Since charge misidentification is defined as a purely detector-induced effect, it must not originate
from the event generator itself. However, MC samples often include other processes that can closely
resemble charge flips, such as photon conversions or FSR, which complicate the identification of true
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Figure 6.3: Feynman diagram illustrating FSR from an electron. A quark-antiquark pair annihilates into a
virtual photon or Z boson, which subsequently decays into a pair of leptons.

misidentified events. To properly distinguish genuine charge misidentification, it is necessary to com-
pare the true charge of the electron (i.e., the charge of the generated particle) with the reconstructed
charge, which is determined by the curvature of the matched track in the inner detector. Discrepancies
between these two charges may indicate a charge-flip event. However, care must be taken to separate
this from other processes such as hard FSR photons converting into e e~ pairs that can produce final
states similar to misidentified electrons.

In this study, the MCTruthClassifier [68] tool is employed to aid in this classification. It assigns
each electron a set of identifiers: TruthType, which classifies the nature of the electron (e.g. prompt
or from conversions) and TruthOrigin, which encodes the source of the particle (e.g. from a Z boson,
photon, or meson decay). To ensure a reliable match, the TruthMatchProbability is computed as the
ratio of hits in the inner detector (ID) caused by the truth electron to the total number of hits used in
reconstructing the track. Furthermore, hits are weighted depending on the position in the detector;
pixel hits are weighted with a factor of 10, SCT hits with a factor of 5, and TRT hits with a factor of
1. The truth electron with the largest truth match probability is than matched to the reconstructed
electron [67]. However, truth matching based solely on proximity and hit contribution is insufficient
when assessing charge accuracy. This is because the matched truth particle may itself be a secondary
electron produced from bremsstrahlung photons followed by pair production, rather than the original
prompt electron. In such cases, comparing the reconstructed and truth charge becomes misleading, as
it does not reflect the charge of the true originating electron.

To resolve this, a consistent definition is adopted by tracing each matched truth electron back
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generator | simulation

Figure 6.4: Schematic of the electron truth classification. A prompt electron is generated (left side) and under-
goes bremsstrahlung as it passes through the detector. One of the resulting photons converts into an e" e pair.
A positron from this conversion (circled) is incorrectly matched to the electromagnetic energy deposit, resulting
in a misidentified charge. Tracing this positron’s ancestry reveals its true origin, the original generated electron,
which serves as the FirstEgMother and carries the correct charge information. Figure is taken from Ref. [67].
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through the full decay chain to its generator-level ancestor. This ancestor, referred to as the FirstEgMother,
represents the first non-simulation particle (electron or photon) in the chain, and it holds the cor-
rect charge information. The MCTruthClassifier then assigns properties to this ancestor, such as
FirstEgMotherType (electron or photon), FirstEgMotherOrigin (e.g., Z boson, photon conversion),
and FirstEgMotherPdgID (which is £11 for electrons and positrons). This process is visually repre-
sented in Figure 6.4.

Electron type TruthType | TruthOrigin | FirstEgMotherType | FirstEgMotherOrigin | Charge-flip
Prompt 2 13 2 13 No
Charge-flip type-2 2 13 2 13 Yes
Brem 4 5 2 13 No
Charge-flip type-4 4 5 2 13 Yes
FSR 4 5 15 40 —

Table 6.1: Truth classification for different categories of electrons relevant to charge misidentification stud-
ies. The TruthType and TruthOrigin identify the matched truth electron, while FirstEgMotherType and
FirstEgMotherOrigin trace the electron’s ancestry to determine its generator-level origin. The last column in-
dicates whether the reconstructed charge is expected to be incorrect.

To define the set of electrons relevant for charge misidentification studies, the following selection
criteria are applied:

TruthType == 2 or (TruthOrigin == 5and |FirstEgMotherPdgID| == 11)
TruthType == 2 identifies prompt electrons from electroweak boson decays (e.g., Z — e'e").
TruthOrigin == 5 and |FirstEgMotherPdgID| == 11 identifies electrons from photon conversions,

where the photon came from bremsstrahlung of a prompt electron. To determine if an electron has a
wrongly reconstructed charge, we compare the reconstructed charge to the sign of FirstEgMotherPdgID.
A mismatch is flagged when:

recoCharge X FirstEgMotherPdgID > 0

Here, a positive product indicates that the reconstructed charge does not match the true charge.
Using this framework, electrons in MC can be classified into the following categories:

® Prompt electrons: from W /Z decays, correctly reconstructed.
* Brem electrons: from bremsstrahlung conversions, but still correctly charged.
o Type-2 charge-flip electrons: prompt-like truth electrons with wrongly reconstructed charge.

* Type-4 charge-flip electrons: from photon conversions, where the selected track is of opposite charge
to the originating (FirstEgMother) prompt electron.

The corresponding electron truth classification for these categories is summarized in detail in Table
6.1. The composition of same-sign charge events in different type of electrons is shown in Figure 6.5.
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CHAPTER 7

Measurement of Charge misID Rates

and Scale Factors

This chapter outlines the procedures used to measure electron charge misidentification (misID) rates
and to derive corresponding scale factors. These scale factors are essential for correcting differences be-
tween data and simulation, particularly in physics analyses involving same-sign leptons. The method-
ology includes the transition to a new analysis framework, event selection, histogramming, and cor-
rections for backgrounds such as sideband contributions and final-state radiation. An approach based
on likelihood maximization is then used to extract the misidentification rates and scale factors. The
chapter also discuss the different parameterization strategies, including one-dimensional and two-

dimensional binning schemes, and their impact on fit stability and performance.

7.1 Methodology

To extract the electron charge misidentification rates, a data-driven approach is employed using a sam-
ple enriched in genuine opposite-sign lepton pairs by selecting events in the vicinity of the Z — ™ e~
mass peak. The total number of events, as well as the number of observed same-sign events, is deter-
mined within the main region and two adjacent sideband regions. To isolate the true Z signal, non-Z
background is estimated and subtracted from main region using a sideband subtraction technique.
Following this, the charge-flip probability for a single electron in a given (17,pr) bin to have the charge
wrongly reconstructed is derived. The extraction of these charge-flip rates is performed using a likeli-
hood minimization procedure and the resulting probabilities are then parametrized using two distinct
approaches. These steps are described in detail in the following subsections in the order in which they
are performed.

7.1.1 Migration to a New Framework

The first step in the derivation of electron charge mislID scale factors involves the production of analysis
ntuples from both data and MC simulation samples. These ntuples serve as the foundational input for

49
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all subsequent steps in the charge flip analysis.

In Release 21 with Run 2 data, SUSY analysis group used the SusySkimAna framework, which is
based on the functionality of SUSYTools for object selection, calibration, and systematic handling on the
xAOD level. The electron energy calibration used in this framework was es2018_R21_v0. However,
the ntuple production has since transitioned to a framework based on CPAlgorithms (CPAlgs). This is
motivated by several practical considerations:

¢ Easier configuration: CPAlgs offers easier and more flexible configuration, streamlining the setup
and execution of analysis workflows. CPAlgs simplifies the process of updating configurations
when switching between Run 2 and Run 3 data taking periods. Moreover, the framework enables
the simultaneous processing of multiple electron identification working points (WPs) within a
single job.

* CPAlgs is a modern alternative tool. AMG is deprecating old tools and SUSYTools is widely
used for Run 1 and Run 2. On the other hand, CPAlgs is a modern tool better aligned with Run
3 analyses.

¢ CPAlgs is a simpler tool. Unlike SUSYTools, which is designed to support the full complexity of
supersymmetry analyses, CPAlgs focuses on the configuration and calibration of physics objects.
As aresult, it avoids the overhead and dependencies associated with SUSYTools, making it more
lightweight and easier to maintain for targeted studies.

For the purpose of validation, the same electron energy calibration model, es2018_R21_v0, is used.
The derivation of the scale factors uses the most up-to-date electron energy calibration models, namely
es2023_R22_Run2_v1 for Run 2 and es2024_Run3_v0 for Run 3. To validate' the new framework,
comparison between the two frameworks is shown in the Figure 7.1. The plots demonstrate excellent
agreement between SUSYTools and VBSTTools % across all tested kinematic variables. The matching
distributions and flat ratio plots confirm that the two frameworks yield consistent physics object def-
initions and event-level selections even in regions of lower statistics. This validates the transition to
CPAlgs for the charge flip analysis and confirms it reproduces nearly the same results as the previously
used SUSYTools framework.

7.1.2  Histogramming

The second step in the analysis involves creating input histograms from the ntuples produced by the
CPAlgs based framework. For this purpose, the FastFrames package [69] is employed. Comprehensive
documentation for the package, including step-by-step instructions for compilation and execution, is
available at Ref. [70]. FastFrames is a lightweight and modular histogramming framework designed
to process ntuples generated by a CPAlgs based framework. It leverages the ROOT RDataFrame in-
terface for efficient event loop processing, allowing for parallelized and memory safe operations on

!This validation was performed by another collaborator, John McGowan.
2VBSTools is a wrapper around the CPAlgs framework.
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Figure 7.1: Validation plots for the new framework. (a) p; distribution for leading electron, (b)py distribution
for subleading electron, (c) # distribution for leading electron, (d) # distribution for subleading electron (e) invari-
ant mass distribution for 2018 data only.
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large datasets. FastFrames provide a flexible infrastructure in which users can define custom analysis
variables with minimal coding overhead. All the event selections can be made in the configuration file.
For the charge-flip analysis, the event selections can be found in the Table 7.1. The single-electron trig-
gers used for each data-taking year are listed in Table 5.2 of Chapter 5, and a logical OR is applied to
ensure that an event passing any of these triggers is accepted. Single electron trigger matching ensures
that the online trigger objects are geometrically matched to their corresponding offline reconstructed
objects. The m;; € [60, 120] GeV window isolates lepton pairs consistent with a real Z-boson decay,

maximizing signal purity while excluding lower and higher mass backgrounds.

Table 7.1: Event-Selection Criteria.

Selection

Two signal electrons

No additional baseline lepton

Single electron trigger Single electron trigger matching
Leading electron pr > 28 GeV

Sub-leading electron pr > 10 GeV

Invariant mass m;; window [60, 120]

Signal electrons: Id: TightLH and Iso: Tight_VarRad
Baseline electrons: Id: TightLH

7] <247 && 1(1.37 < || < 1.52)

To accurately capture the dependence of the electron charge misID rates on kinematic variables,
the analysis employs both fine and coarse binning schemes in pr and |#| of electrons.

Coarse binning : py = [20.0,60.0,95.0,145.0, 7000.0] and || = [0.00,0.60,1.15,1.37,1.52,1.81,2.37,2.47].
The corresponding bin number is computed using: Pr_bin + 4 x y_bin.

Fine binning : pr = [20.0,30.0,35.0,40.0,45.0, 60.0,95.0, 115, 145, 185, 240, 7000.0] and || = [0.00,
0.10,0.60,0.80,1.15,1.37,1.52,1.81,2.01,2.37, 2.47]. The corresponding bin number is computed using:
Pr_bin + 11 x n_bin.

Two-dimensional histograms are constructed where x-axis represents the bin number for leading
electron and y-axis represents the bin number for sub-leading electron. Events are further classi-
fied into four distinct invariant-mass m;; regions: Main Window (80 GeV < m;; < 100 GeV), Main
Window same-sign (80 GeV < my; < 100 GeV) with same-sign electrons, Sideband (60 GeV < m) <
80 GeV or 100 GeV < my; < 120 GeV), and Sideband same-sign (60 GeV < m;; < 80 GeV or 100 GeV <
my; < 120 GeV) with same-sign electrons. Four histograms will be produced based on these regions
each for data and MC (charge-flip and FSR electrons) samples and are shown in Figure 7.2 These his-
tograms will be further used as input histograms for the sideband and FSR subtraction to calculate the

charge misID rates.
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Figure 7.2: Input histograms for the likelihood fitting. (a) shows the total number of events which includes
same-sign and opposite-sign electron pairs and (b) is the subset of (a) and only contain same-sign electron pairs
in the main region. (c) and (d) corresponds to the sideband region. These histograms are made using full Run 2
data and in fine binning scheme.

7.1.3 Sideband Subtraction

The sideband subtraction method is a data-driven technique used to estimate and remove background
contamination from signal regions. The method relies on dividing the invariant mass distribution of
electron pairs in Z — ¢"e¢” into three regions: a main region and two adjacent sideband regions. Main
region is the central region around the Z boson mass peak (typically 80-100 GeV), where genuine
Z — e*e” events dominate. Sideband regions with the size of 20 GeV lies on the high mass (100-120
GeV) and low mass (60-80 GeV) side of the main region summarized in Table 7.2.

Table 7.2: Definitions of main regions and sideband regions.

Event type Invariant mass region Event weight
Main region |m,, —m,| <10 GeV 1.0
Sideband region 10 GeV < |m,, —my| <30 GeV 0.5
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These regions are enriched in non-Z background such as ,di-boson events, and fake electrons from
W+jets events. This method estimates the background in the main region by assuming a relatively
flat distribution of non-Z background events across the invariant mass spectrum as seen in Figure 6.5.
This flatness means that the non-Z background contribution is roughly constant in the regions around
the Z mass peak. This non-Z background yield in the central signal region can be approximated by
averaging the yields from the high and low mass sidebands and then subtracted from the total number
of same-sign events in the signal region as explained in Figure 7.3 ® This method is only used in
data, because MC has truth information to directly isolate prompt Z — e*e™ electrons. Because this
sideband subtraction carries uncertainties (e.g., from the assumption of flatness and potential signal
contamination in sidebands), the entire subtracted yield is treated with a 100% systematic uncertainty.

m(ee): 60 GeV 80 GeV 100 GeV 120 GeV
\
DATA:

Data
flip-rates

x 0.5 and subtracted x 0.5 and subtracted

Side-band Main region Side-band
MC: FSR only FSRonly FSRonly )
Main region .
Prompt only | } MC flip-rates

Figure 7.3: Sideband/FSR subtraction. The non-Z background yield in the main window is estimated by aver-
aging the event counts in the two sidebands.

7.1.4 Final State Radiation Subtraction

When measuring the charge misID rates, it is crucial to isolate prompt electrons from those arising
due to FSR. FSR electrons are prompt in nature, but their charge is ambiguous because the photon that
converts into an electron—positron pair originates from a prompt lepton and upon conversion, it is not
always clear which of the resulting electrons should inherit the original charge. Due to this ambiguity,
the charge flip scale factors derived from regular prompt electrons are not valid for FSR electrons.

In MC FSR electrons are identified using truth information. Only non-FSR prompt electrons are
used for measuring charge misID probabilities in MC. Since truth classification is not available in
data, events containing potential FSR electrons must be excluded. This is done by subtracting the FSR
contribution estimated from MC from both the main Z — ¢"e™ region and the sideband regions. Since
the charge misID measurement requires two electrons per event, an event is labeled as containing FSR
if at least one electron is identified as originating from FSR. The classification and truth matching
criteria used for this selection are summarized in Table 7.3.

3This figure is taken from a presentation presented in eGamma Combined Performance (CP) group meeting, June 2024.


https://indico.cern.ch/event/1421304/contributions/5978391/attachments/2871341/5027197/aoki_20240605_EGamma.pdf

CHAPTER 7. MEASUREMENT OF CHARGE MISID RATES AND SCALE
FACTORS 55

Table 7.3: Truth matching used in MC to determine signal and FSR electrons.

Event type firstEgMotherType/firstEgMotherOrigin firstEgMotherType/firstEgMotherOrigin

Leading electron Sub-leading electron
Signal 2/13 2/13
15/40 2/13
FSR 2/13 15/40
15/40 15/40

7.1.5 The Likelihood Function

The measurement of electron charge misID rates is carried out as a double-differential analysis in
bins of pr and #, as these variables have a significant influence on the charge reconstruction per-
formance. Due to incorrect charge assignment during the reconstruction process, a small fraction of

Z e

e events appears with same-sign electron pairs. The objective of the measurement is to deter-
mine the probability that a single electron, falling within a specific (pr, 77) bin, is reconstructed with the
wrong electric charge after the background subtraction. These probabilities can be measured using the
method of likelihood maximization. To build the likelihood function, the electrons are grouped into 2-
dimensional (2D) bins based on the two variables (pr, #7). The expected number of same-sign (SS) pairs
in a given bin (i,j), denoted A’, can be modeled as a function of the single-electron charge-flip proba-
bilities where i and j represents the bin index for the leading and sub-leading electron respectively. Let
€; is the charge-flip probability for the leading electron in bin i, €; is the charge-flip probability for the
sub-leading electron in bin j and N" is the total number of observed electron pairs in bin (i,j) which
includes opposite sign (OS) pairs Ngs as expected from the true Z — e" ¢~ events and same-sign (SS)
pairs N ;]S which arise when one of the electrons is misidentified.

With the assumption that only one electron flips charge at a time, the expected number of same-sign

events is given by:
A — AT = Ne;(1— ¢;) +€(1 — ;)] + BKGJs + FSRL, (7.1)

where the term €;(1 — €;) depicts the scenario when leading electron flips the electron and the sub-
leading electron does not. On the other hand, ej(l — €;) depicts the scenario when sub-leading elec-
tron flips the electron and the leading electron does not. However, in data, this expected number must
be corrected to account for backgrounds, such as same-sign background estimated from the sideband
subtraction BKngS and contribution from FSR electrons FS RZS. To extract the best-fit charge-flip prob-
abilities €; and €, a likelihood function is constructed with a Poisson probability for observing the

. ij
measured number of same-sign events N, S]S as:

N
.. /\/ Ss
FINL Ay = 22— (7.2)
Ngg!
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The charge-flip rates are extracted with a likelihood fit by summing all of the Poissonian probabilities
in Equation 7.2 and maximizing the likelihood by varying the charge-flip probabilities. Since likeli-
hood maximization is numerically more stable when turned into a minimization problem, a negative
log-likelihood is used instead. The factorial term from the Equation 7.2 is ignored (because it is con-
stant and does not affect the minimization) while constructing the negative log-likelihood:

~logL (#| Nes, N) ~ — 1 [N log (1) — 7). (7.3)
¥
The minimization of the negative log-likelihood is performed using the Minuit2 [71] minimization
package with the different algorithms such as MIGRAD, MINIMIZE, SIMPLEX, SCAN and SEEK, as im-
plemented in the ROOT framework.

7.2 Parameterization of Charge Misidentification Probability

Once the charge misidentification probabilities are extracted from the likelihood fucntion, they must be
expressed in a form that can be used in physics analyses. This is achieved through a parameterization
of the charge flip probability as a function of pr and 7. Two different parameterizations 1D x 1D and
2D are discussed here.

7.2.1 1DXI1D vs 2D Parameterization

The standard approach to measuring charge-flip probabilities is through a double-differential 2D bin-
ning in pr and 7. If we use fine binning scheme explained in Section 7.1.2, there will be 11 bins of py
and 9 bins of 7 results in total of N, x N, =99 free parameters, one for each bin in the 2D map. The
measurement is performed at Z — e e~ peak, which limits the statistics at high pr. Beyond py = 45
GeV, and especially above pr = 95 GeV, the number of events drops significantly, leading to very large
statistical uncertainties. This makes the 2D measurements statistically unstable.

To mitigate the problem of limited statistics at high pr, a 1Dx 1D factorized model is introduced.
The idea here is to approximate the 2D charge flip probability e(pr, |]) as the product of two inde-
pendent 1D functions:

e(pr, nl) = a(pr) x f(Inl) (7.4)

The assumption is that the shape of the |7|-dependence is approximately the same across all pr bins,
allowing this factorization. So, instead of estimating a separate rate for each (pr, 77) bin, it can be factor
into two 1D components, reducing the total number of free parameters, which helps in stability even
at high pr. To ensure a non-trivial solution and reduce redundancy, one of the functions f(|z|) is

normalized to unit area:
[ Fnlydn =1 75)

With this normalization constraint, the number of free parameters in the likelihood is reduced to N pr T

N, —1=19, enabling improved granularity in 7 without inflating the statistical uncertainties.
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7.3 Charge misID Rates

This section presents the extracted electron charge misID rates obtained using the methodology de-
scribed in the Section 7.1. The charge misID probability is computed for single electrons as a function
of their transverse momentum p; and pseudorapidity |#|, through 1Dx1D parameterization. These
rates quantify the probability that the charge of an electron is incorrectly reconstructed, and are crucial
for estimating backgrounds in analyses involving final state same-sign leptons.

The results are shown in Figure 7.4 for TightLH identification and Tight_VarRad isolation working
point and are based on data collected in year 2015-2018 at /s = 13TeV, 140 f bt using Z — ete”
events after applying corrections for non-Z backgrounds and FSR using 1D x 1D parameterization in
fine binning. As expected, the charge flip rate increases with increasing ||, particularly in the forward
region of the detector where bremsstrahlung and material interactions are more significant and the
track curvature measurement is less precise. Additionally, a mild rise in the misID rate is observed at
higher pr, especially beyond 60 GeV, which is consistent with increased curvature misreconstruction
at high energies. The impact of FSR subtraction and sideband background modeling is quantified via
variations shown in blue and green respectively. The charge flip rates for other working points are
shown in Appendix A.

7.4 Charge misID Scale Factors

The charge misID Scale Factors (SFs) are introduced to correct for differences in the probability of
electron charge misidentification between data and MC simulation. These scale factors ensure that
the modeling of charge flip rates in MC reflects the behavior observed in real data. Scale factors are
computed from data and MC rates for right and wrong charge electrons. The SFs for wrong-charge
and right-charge electrons are given by:

_ fdata _ 1 — €4ata
SFwrong = e SFright = T enye (7.6)
€4ata @nd €yc are charge misidentification probabilities in data and MC, respectively. The scale fac-
tors for electrons selected with different identification and isolation working points, together with the
respective relative statistical uncertainties are shown in the Chapter 8.
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Figure 7.4: Charge misID rates passing the TightLH identification and Tight_VarRad isolation working point.
These rates are derived using 1D x 1D parameterization in full Run 2 data (2015-2018) and MC campaigns mc20a,
mc20d and mc20e. Each sub-figure corresponds to a different bin in electron py, with the charge flip rate plotted

as a function of |z

. (a—): Low pr region (2045 GeV) showing lower flip rates, but still showing # dependence.

(d-h): Intermediate py (45-145 GeV) showing moderate flip rates with clear forward-region rise, (i-k): High
p7(>145 GeV) showing low statistics, but flip rates remain high at large 7.



CHAPTER 8

Results

8.1 Non-convergence in 2D parameterized Scale Factors

As discussed in Section 7.2.1, the charge misidentification probabilities are parameterized either using
a 2D binning in pr and #, or via a factorized 1Dx1D approach. While the 2D parameterization allows
fine-grained modeling, it is particularly susceptible to statistical fluctuations in high-p and forward
1 bins where data statistics are relatively low. During the scale factor extraction process using the 2D
parameterization with fine binning, we observe non-convergence of the likelihood minimization. In
this context, non-convergence refers to the failure of the minimizer (MIGRAD algorithm from Minuit2
package) to find a stable set of charge misID rates across all bins. This is likely due to limited statistics
in certain regions of the fine-binned histogram, leading to flat or poorly constrained likelihood profiles.
This issue is illustrated in Figure 8.1, where the extracted values for multiple bins are either undefined
or poorly constrained. Alternatively, the 1Dx1D parameterization consistently shows successful con-
vergence even in fine binning (see Figure 8.2). This approach benefits from a reduced number of fit
parameters and introduces a normalization constraint that stabilizes the likelihood function.

To mitigate this issue, a coarser binning scheme is tested in 2D parameterization, wherein the num-
ber of and pr and 7 bins are reduced. Under this configuration, the likelihood minimization success-
fully converges, indicating that the bin merging restores statistical robustness in Figure 8.3. The scale
factors show broad compatibility with those from the 1D x 1D parameterization under coarse binning
(Figure 8.4), though some level of discrepancy persists.

In 2D parametrization, the charge-flip probability e(pr,7) is extracted in bins of both pr and 7,
which means each bin has its own independent estimate. Sideband and FSR subtraction is performed
individually in each bin and treated as 100 % systematics. So, any statistical fluctuation in a single bin
can significantly bias the estimate in that bin. These fluctuations are localized, i.e. they effect only that
bin and not regularized because each 2D bin is treated independently. Thus, in 2D parameterization
the systematic error per bin due to sideband/FSR subtraction becomes amplified, especially in low
statistic bins. On the other hand, in 1D 1D approach, the probability is factorized as e(pr, |7]) =
a(pr) % f(|5]). The histograms for o(p7) and f(|17|) are projected along one axis and therefore involve
more statistics per bin. The sideband/FSR subtraction is still done per bin, but now each 1D bin

59
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Figure 8.1: Charge misID scale factors for electrons passing TightLH identification and Tight_VarRad iso-
lation working point using 2D parameterization in fine binning. The scale factors are presented for wrongly
reconstructed electron charges along with corresponding systematic uncertainties from FSR and sideband sub-
traction in various pr slices. Fine binning is used in deriving these scale factors using 2D parameterization which
shows the non convergence in low statistics region.
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Figure 8.2: Charge misID scale factors for electrons passing TightLH identification and Tight_VarRad isola-
tion working point using 1D X 1D parameterization in fine binning. The scale factors are presented for wrongly
reconstructed electron charges along with corresponding systematic uncertainties from FSR and sideband sub-
traction in various pr slices. Fine binning is used in deriving these scale factors using 1Dx1D parameterization
which shows a good convergence even in low statistics region.
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Figure 8.3: Charge misID scale factors for electrons passing TightLH identification and Tight_VarRad isola-
tion working point using 2D parameterization in coarse binning. The scale factors are presented for wrongly
reconstructed electron charges in various py slices. Coarse binning is used in deriving these scale factors using
2D parameterization which shows a better convergence in low statistics region.
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Figure 8.4: Charge misID scale factors for electrons passing TightLH identification and Tight_VarRad isolation
working point using 1D X 1D parameterization in coarse binning. The scale factors are presented for wrongly
reconstructed electron charges in various p slices. Coarse binning is used in deriving these scale factors using
1D x 1D parameterization which shows almost same convergence as in case of 2D parameterization.
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accumulates more events, reducing the relative fluctuation from any given subtraction. Additionally,
the normalization constraint in 1D x 1D fits helps absorb some of the bin-by-bin fluctuations. Thus, in
1D parameterization, the impact of local fluctuations is averaged out over broader bins. Systematic
uncertainties from sideband and FSR subtraction propagate less sharply into individual scale factor
values.

Nonetheless, in order to evaluate the impact of the choice of parameterization, a closure test is per-
formed. The charge-flip probabilities obtained using both the 2D and 1D x1D methods are compared
to truth-level flip rates in MC simulation. The results are presented in Figure 8.5, where 8.5(a) corre-
sponds to the fine binning scheme and 8.5(b) to the coarse binning scheme. In both cases, the extracted
rates follow the general trend of the truth-level values. However, for both binning schemes, flip rates
using 2D parameterization shows better closure with truth-level flip rates because this method uses
non-factorizable structure, i.e. the dependence on pr and 7 is not separable. Due to the correlations
between pr and %, 2D parameterization more accurately reflects the true detector and physics behav-
ior. Therefore, closure tests with 2D are better. Most of the analyses prioritize robustness and stability,
especially when applying scale factors to data-driven background estimation and when the main con-
cern is systematic uncertainty propagation, not ultra-fine modeling. So, even though 2D gives better
closure, 1Dx 1D is often preferred for its stability, especially in fine-binned fits with limited statistics.
Nonetheless, neither parameterization achieves perfect closure across all bins. To account for this, the
level of non-closure observed in the closure test is conservatively assigned as a systematic uncertainty,
which is evaluated by comparing 1D x 1D and 2D parametrization scale factors in coarse binning, on

the final scale factors shown in Figure 8.8.
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Figure 8.5: Closure test for 2D and 1D X 1D parameterized flip-rates with truth-level charge-flip rates from
MC simulation. (a) Using fine binning (b) Using coarse binning. Although better truth closure is achieved with
the 2D parameterization, residual differences compared to the 1D x 1D method lead to an additional systematic
uncertainty to account for non-closure effects.
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8.2 Scale Factors using Likelihood only

In this section scale factors derived with the TightLH identification and Tight_VarRad isolation work-

ing point are presented. Scale factors for other working points are shown in Appendix B.
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Figure 8.6: Scale factor maps derived with data 2015-2018 and MC campaigns mc20a, mc20d and mc20e for
electrons passing TightLH identification and Tight_VarRad isolation working point. Fine binning with 1IDx1D
parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic
uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.

Scale factors below the value of 1.0 indicate that MC overestimates the charge misID rate relative
to data, scale factors equal to 1 suggests good agreement between data and MC, and scale factors
above 1.0 imply that the MC underestimates the charge misID rates compared to what is observed in
data. From Figure 8.6 it can be observed that the largest deviations from unity occur in the forward
regions, which is expected due to increased bremsstrahlung and tracker inefficiencies in the detector.
The maximum scale factor is around 25% for the wrongly reconstructed electrons and never exceed
0.5% for correctly reconstructed electrons. The wrongly and correctly charge scale factors with system-
atics added due to the 1Dx 1D and 2D parameterization non-closure are shown in Figure 8.8 and 8.9,
respectively. The scale factors with data 2022-2023 are also presented in Figure 8.7.



CHAPTER 8. RESULTS 65

%2.37-2.47
2,01-237
1.81-2.01
1.52-1.81
1.15-1.37

0.8-1.15
06-08
0.1-06

0.0-0.1

20,30 30‘35 35‘0 40‘45 45’6‘0 50‘95 95,4 Is ”5‘745’45‘785’85'940240'7000

pt
(a)

%2.37-2.47
2,01-237
1.81-2.01
1.52-1.81
1.15-1.37

0.8-1.15
06-08
0.1-06

0.0-0.1

20,30 30‘35 35‘0 40‘45 45’6‘0 50‘95 95,4 Is ”5‘745’45‘785’85'940240'7000

pt

(c)

% 2.37-2.47
2.01-2.37
1.81-2.01
1.52-1.81
1.15-1.37

0.8-1.15
06-08

0.1-0.6

0.0-0.1| o013 0.13 013 0.13 0.13 013 0.13 0.14 0.14 0.15 0.16
L L L | \ 1 L 1 1 L
203, 0 30‘35 35‘0 0., 4 45‘50 60‘95 95, 15 115, Tas 745, 735’85‘24024"‘7000

pt

(b)

% 2.37-2.47
2.01-2.37
1.81-2.01
1.52-1.81
1.15-1.37

0.8-1.15
06-08

0.1-0.6

0.0-0.1| o008 0.07 0.07 0.07 0.06 0.06 0.05 0.05

1 L \ \ l | L
20‘30 30‘35 35‘0 40,45 45‘50 60‘95 95, 15 ”5"746,45"756785.2402400000

pt

(d)

Figure 8.7: Scale factor maps derived with data 2022-2023 and MC campaigns mc23a and mc23d for elec-
trons passing TightLH identification and Tight_VarRad isolation working point. Fine binning with 1Dx1D
parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic
uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure 8.9: Charge misID scale factors for correctly reconstructed charged electrons passing TightLH identifi-
cation and Tight_VarRad isolation working point. Scale factors are shown for full Run 2 data and corresponding
systematic uncertainties from FSR, sideband subtraction and non closure from 1Dx 1D and 2D parameterization
in various py slices calculated with the 1D x 1D parameterization are also shown.
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8.3 Scale Factors using Likelihood+ECIDS

Electron charge misidentification remains a challenging background to suppress because no single
variable can reliably distinguish correctly reconstructed (prompt) electrons from those with misas-
signed charge. Rather than relying on a single variable, studies have shown that using multiple ob-
servables related to track quality, shower shape, and track—cluster matching offers partial discrimina-
tion power. A simple cut-based rejection of poorly classified electrons would unnecessarily reduce the
efficiency for genuine prompt electrons. To maximize discrimination while maintaining high signal
efficiency, a multivariate approach was adopted using a Boosted Decision Tree (BDT) implemented
via TMVA (Toolkit for multivariate data analysis) in ROOT. This tool, known as the Electron Charge
ID Selector (ECIDS), combines all relevant variables [67] into a single powerful classifier.

Scale factors derived with the electrons passing ECIDS rejection along with TightLH identification
and Tight_VarRad isolation working point are shown in Figure 8.10.
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Figure 8.10: Scale factor maps derived with data 2015-2018 and MC campaigns mc20a, mc20d and mc20e for
electrons passing TightLH identification and Tight_VarRad isolation working point along with ECIDS tool.
Fine binning with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC (b) statistical
uncertainties (c) systematic uncertainties from sideband subtraction (d) systematic uncertainties from FSR sub-
traction.
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8.4 Scale Factors using DNN+CF rejection

A DNN-based electron identification algorithm, integrated with a charge-flip rejection mechanism, of-
fers improved performance in suppressing charge misidentification. Likelihood with ECIDS tool relies
on one-dimensional probability density functions (PDFs) and thus assumes that its input variables are
uncorrelated while the DNN can also account for correlations between inputs. This ability to capture
complex inter-dependencies allows the DNN to extract more discriminating power from the same in-
put variables compared to the LH+ECIDS method. When combined with a dedicated charge-flip (CF)
rejection strategy, the DNN not only improves the overall identification performance but also enhances
the suppression of electron charge misidentification.

Scale factors derived with the electrons passing TightDNN identification are shown in Figures 8.11
and 8.12 for Run 2 data and Run 3 data, respectively.
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Figure 8.11: Scale factor maps derived with data 2015-2018 and MC campaigns mc20a, mc20d and mc20e for
electrons passing TightDNN identification with charge-flip rejection.. Fine binning with 1Dx1D parameteriza-
tion is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic uncertainties
from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure 8.12: Scale factor maps derived with data 2022-2023 and MC campaigns mc23a and mc23d for electrons
passing TightDNN identification with charge-flip rejection.. Fine binning with 1D x 1D parameterization is used
to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic uncertainties from sideband
subtraction (d) systematic uncertainties from FSR subtraction.

8.5 Scale Factors Closure Tests

To validate the accuracy of the charge-flip scale factors, closure tests are performed by comparing
same-sign di-electron distributions in data and MC for Z — e"e~ + jets events. Figure 8.13 presents
the comparison of relevant kinematic observables in the same-sign di-electron channel prior to the
application of the scale factors. Significant deviations are visible across multiple bins, particularly in
the high pr and forward 7 regions, where charge misidentification is more prevalent. The invariant
mass distribution further highlights these discrepancies near the Z boson peak, underscoring the need
for robust charge-flip corrections. After applying the derived scale factors, Figure 8.14 demonstrates
the improved agreement between data and MC for the same set of observables. The improved closure
validates the scale factor approach and confirms its effectiveness in mitigating mismodeling of the
charge-flip background in analyses using same-sign leptons.
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Figure 8.13: Comparison of same-sign di-electron distributions in Data and Simulation (Z+jets) before ap-
plying charge-flip SFs.. (a) pr for leading electron (b) pt for sub-leading electron (c) # for leading electron (d)
1 for sub-leading electron (e) invariant mass of di-electron. The bottom panel of each sub-figure shows the ratio
of data to Monte Carlo, highlighting discrepancies prior to the correction. These comparisons illustrate the initial
level of agreement and motivate the need for applying charge-flip corrections to improve modeling accuracy.
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Figure 8.14: Comparison of same-sign di-electron distributions in Data and Simulation (Z+jets) after apply-
ing charge-flip SFs.. (a) py for leading electron (b) pr for sub-leading electron (c) # for leading electron (d) # for
sub-leading electron (e) invariant mass of di-electron. The bottom panels show the ratio of data to corrected simu-
lation. The improved level of agreement demonstrates the effectiveness of the charge-flip scale factor corrections
and validates the method used to derive them.
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Discussion

Charge misidentification, where an electron’s charge is incorrectly reconstructed, gives rise to so-called
charge-flip electrons. These represent a significant background in analyses involving same-sign lepton
pairs, such as searches for tfH, Supersymmetry, doubly-charged Higgs bosons H + +/H+, and tftf, as
well as in precision measurements sensitive to lepton charge, like the forward-backward asymmetry in
Z — e"e” decays. Section 7 outlined the methodology used to extract charge-flip rates using opposite-

Te~ events. These measured rates, or scale

sign and same-sign control regions enriched in Z — ¢
factors when expressed relative to MC predictions, can then be applied to either data control regions
or simulated samples. This enables a data-driven estimation of the charge-flip electron background
tailored to the needs of each specific analysis. This background is estimated by selecting opposite-

+

sign Z — e'e events, re-weighting them with the charge-flip rates, and comparing them to the

corresponding same-sign events. The event weight used to re-weight the same-sign events is given
by:

gl —e) +e(l—e)
U (i)t e —e) 9.1)

where €; and ¢, are charge-flip rates for the leading and sub-leading electrons in the opposite-sign

event, respectively. The numerator indicates the probability for a same-sign event to arise from an
opposite-sign event, while the denominator indicates the probability for an opposite-sign event to
remain as opposite-sign.

In Chapter 8, although the 2D parameterization exhibits better closure with respect to the truth-
level charge-flip rates, it is also more sensitive to systematic variations such as those induced by the
FSR and sideband subtraction. These systematics introduce significant bin-to-bin fluctuations, espe-
cially in kinematic regions with limited statistics. In contrast, the 1D x 1D parameterization provides a
more robust and stable estimation of the scale factors under systematic shifts, making it more suitable
for the analysis, albeit with slightly poorer closure.

In likelihood fitting method, the expected number of same-sign electron pairs is modeled as shown
in equation 7.1 and the charge-flip probabilities are fitted by minimizing the negative log-likelihood
function as shown in equation 7.3. The fitting involves estimating ¢; and ¢; simultaneously for each (pr

73
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and #) bin. The parameterization assumes PURN €;+¢€;+ O(e). However, due to the strong correlation
between ¢; and €; in some bins and the quadratic terms, the likelihood surface can become flat or ill-
conditioned, leading to unstable solutions and hence non-convergence in certain (pr and 7) regions.
To address this, a calibration-like method is proposed but not yet implemented. In this method the
idea is to recover ¢; and €; by solving a linear system of equations, exploiting the relation: PURN
€; + €;. Instead of directly minimizing a non-linear likelihood for each pair, the system is linearized
per (pr and ) bin. This linear system can then be constrained and regularized, stabilizing the fit and
improving convergence. This method has been tested and found to work well in context of in-situ

Z-mass measurements [72] where same kind of 2D likelihood fit is used.
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Figure 9.1: Charge flip rejection using ECIDS tool and DNN ID+CF rejection. Using data 2015-2018, the top
panel shows the charge-flip rates using likelihood, likelihood+ECIDS and DNN+CF rejection and bottom panel
shows the charge-flip rejection due to ECIDS tool and DNN+CF rejection.

Another important thing is to discuss the different methods (ECIDS and DNN+CF rejection al-
gorithm) used to reject the charge flip electrons. During Run 2, the standard approach to suppress
charge-flip electrons involved the use of likelihood-based identification in conjunction with ECIDS —
a dedicated charge-flip rejection tool based on a Boosted Decision Tree (BDT) multivariate algorithm.
ECIDS was specifically trained to discriminate between correctly reconstructed electrons and those
with misidentified charge signatures. As part of ongoing improvements in electron identification, a
new method based on deep neural networks (DNN ID+CF) is introduced during Run 2 as an alterna-
tive to the LH+ECIDS configuration. Although it was under active development at that time, DNN
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ID+CF shows promising performance in enhancing charge-flip suppression as shown in Figure 9.1.
Moving into Run 3, the ECIDS tool is no longer supported. Consequently, the suppression of charge-
flip electrons will rely exclusively on the DNN-based identification algorithm, which is designed to
provide improved rejection of charge misidentified electrons while maintaining high signal efficiency.

We discussed the electron efficiencies and different identification and isolation working points in
Chapter 5. Different analysis groups make selection of electrons based on different working points
(Identification + Isolation). For instance, Loose + Loose_VarRad is used in cross-section measure-
mentssuchas H — ZZ" — 41[73] and Standard Model ZZ [74] production and Medium + Tight_VarRad
is used in the measurements of SM WW production [75] and search for VBF production of H */H*
decaying to same-sign WEW™ and WZ vector bosons. Also, Tight + Tight_VarRad is used to study
the coupling interactions through the production of an additional Higgs boson referred to as VBS VVh
analysis, which studies WiWihqq — 11 i1/1/bbj j.



CHAPTER 10

Conclusion

In this thesis, a detailed study of electron charge misidentification in the ATLAS detector has been pre-
sented, with a focus on deriving charge-flip scale factors using both Run 2 and partial Run 3 data. The
motivation stems from the fact that charge misidentified electrons constitute a non-negligible back-
ground in several physics analyses involving same-sign leptons, such as searches for doubly-charged
Higgs bosons H + +/H+.

After a comprehensive theoretical overview and description of the ATLAS detector and datasets,
the electron reconstruction, identification, and isolation strategies are detailed with the efficiencies of
upto 98-99%, 93% and 91% respectively. Particular attention is given to various working points, includ-
ing the likelihood and DNN based identification algorithms, and their role in suppressing charge-flip
electrons. The ECIDS tool, used in Run 2 for charge-flip suppression, is discussed and compared to
the newer DNN ID+CF algorithm adopted in Run 3.

A data-driven methodology is employed to extract charge-flip probabilities using same-sign and
opposite-sign Z — e'e” events. These probabilities are parameterized in both 1D x 1D and 2D kine-
matic binning schemes. Scale factors are then derived by comparing the data-driven rates to those
predicted by Monte Carlo simulations. To account for biases due to FSR and backgrounds, techniques
such as sideband subtraction and FSR correction are implemented and corresponding systematics are
added. The maximum scale factors observed with TightLH identification and Tight_VarRad isolation
working point are upto (25.05 & 11.59)%. The results indicate that while 1Dx1D parameterizations
provide stable and robust scale factors, the 2D parameterization suffers from stability issues in regions
with limited statistics. Closure tests are performed to validate the derived scale factors, demonstrating
good consistency between data and simulation once the scale factors are applied.

This work contributes to the refinement of electron charge-flip background estimation in ATLAS
and provides a set of validated scale factors that can be used in various Run 2 and Run 3 analyses.
Future improvements could include enhanced training of DNN classifiers for charge-flip suppression,
finer binning in well-populated regions, and full Run 3 data once available.
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APPENDIX A

Charge mislD rates for different

working points

This appendix presents the charge misidentification (mis-ID) rates for different identification and iso-
lation working points.

¢ Figures A.1 and A.2 shows the charge mis-ID rates for Run 2 and Run 3 data, repectively. In
these results, electrons are passing the MediumLH identification and Tight_VarRad isolation

working point.

¢ Figures A.3 and A.4 shows the charge mis-ID rates for Run 2 and Run 3 data, repectively. In
these results, electrons are passing the LooseLH identification and Tight_VarRad isolation work-

ing point.
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Figure A.1: Charge misID rates for the electrons passing the MediumLH identification and Tight_VarRad
isolation working point. These rates are derived using full Run 2 data (2015-2018) and MC campaigns mc20a,
mc20d and mc20e. Each subfigure corresponds to a different bin in electron pr, with the charge flip rate plotted
as a function of |7|. (a—c): Low pr region (20-45 GeV) showing lower flip rates, but still showing # dependence.
(d-h): Intermediate p (45-145 GeV) showing moderate flip rates with clear forward-region rise, (i-k): High
p(>145 GeV) showing low statistics, but flip rates remain high at large 7.
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Figure A.2: Charge misID rates passing the MediumLH identification and Tight_VarRad isolation working
point. These rates are derived using Run 3 data (2022-2023) and MC campaigns mc23a and mc23d. Each sub-
figure corresponds to a different bin in electron pr, with the charge flip rate plotted as a function of |7
Low pr region (2045 GeV) showing lower flip rates, but still showing # dependence. (d-h): Intermediate pr

(45-145 GeV) showing moderate flip rates with clear forward-region rise, (i-k): High pr(>145 GeV) showing low
statistics, but flip rates remain high at large 7.
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Figure A.3: Charge misID rates passing the LooseLH identification and Tight_VarRad isolation working
point. These rates are derived using full Run 2 data (2015-2018) and MC campaigns mc20a, mc20d and mc20e.
Each subfigure corresponds to a different bin in electron pr, with the charge flip rate plotted as a function of |7
(a—c): Low p region (2045 GeV) showing lower flip rates, but still showing # dependence. (d-h): Intermediate
pr (45-145 GeV) showing moderate flip rates with clear forward-region rise, (i-k): High p(>145 GeV) showing
low statistics, but flip rates remain high at large 7.
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Figure A.4: Charge misID rates passing the LooseLH identification and Tight_VarRad isolation working
point. These rates are derived using Run 3 data (2022-2024) and MC campaigns mc23a and mc23d. Each sub-
figure corresponds to a different bin in electron pr, with the charge flip rate plotted as a function of |7|. (a—c):
Low pr region (2045 GeV) showing lower flip rates, but still showing # dependence. (d-h): Intermediate pr
(45-145 GeV) showing moderate flip rates with clear forward-region rise, (i-k): High pr(>145 GeV) showing low
statistics, but flip rates remain high at large 7.




APPENDIX B

Charge mislID scale factors for different

working points

This appendix presents the charge misidentification (mis-ID) scale factors for different identification

and isolation working points.

Figures B.1 and B.2 shows the charge mis-ID scale factors for Run 2 and Run 3 data, repectively.
In these results, electrons are passing the MediumLH identification and Tight_VarRad isolation
working point.

Figure B.3 shows the charge mis-ID scale factors for Run 2 data. In these results, electrons are
passing the MediumLH identification and Tight_VarRad isolation working point along with ECIDS
tool.

Figure B.4 shows the charge mis-ID scale factors for Run 3 data. In these results, electrons are

passing the MediumDNN identification along with CF rejection tool.

Figures B.5 and B.6 shows the charge mis-ID scale factors for Run 2 and Run 3 data, repectively.
In these results, electrons are passing the LooseLH identification and Tight_VarRad isolation
working point.

Figure B.7 shows the charge mis-ID scale factors for Run 2 data. In these results, electrons are
passing the LooseLH identification and Tight_VarRad isolation working point along with ECIDS
tool.

Figures B.8 and B.9 shows the charge mis-ID scale factors for Run 2 and Run 3 data, respec-
tively. In these results, electrons are passing the LooseDNN identification along with CF rejection
tool.

Figures B.10 and B.11shows the charge mis-ID scale factors for incorrectly reconstructed charged
electrons passing the MediumLH and LooseLH identification with Tight_VarRad isolation work-
ing point, respectively using Run 2 data.

89



APPENDIX B. CHARGE MISID SCALE FACTORS FOR DIFFERENT WORKING

POINTS 90

hul put

237247 $2.37-2.47
201-237 2.01-2.37
1.81-2.01 1.81-2.01
1.52-1.81 1.52-1.81
1.15-1.37 1.15-1.37
08115 08-1.15
0608 0608
0.1-06 0.1-06

0.0-0.1 0.0-0.1 | o.08 0.10 0.10 0.10 0.10 010 0.10 0.10 0.10 o1 012

30me 5g, C0gr %5r, 775, 745 785, 2 e e B W e e B Tie i e @

03y 035 g Wgs Hogy 095 HBeryg 1154, 195,15 1855, 02000 030 055 Fag a5 Toep 095 Herzs 1151479118524, %0 70,
pt pt
(a) (b)
hul puct

237247 $2.37-2.47
201-237 201237
1.81-2.01 1.81-2.01
1.52-1.81 1.52-1.81
1.15-1.37 1.15-1.37
08115 08-1.15
0608 0608
0.1-06 0.1-06
0.0-0.1 0.0-0.1

20,30 30‘35 35‘0 40‘45 45’6‘0 50‘95 95,4 Is ”5‘745’45‘785’85'940240'7000

pt

(c)

20‘30 30‘35 35‘0 40,45 45‘50 60‘.95 95,1 15 ”5"746,45"756785.2402400000

pt

(d)

Figure B.1: Scale factor maps derived with Run 2 data taken in 2015-2018 and MC campaigns mc20a, mc20d
and mc20e for electrons passing MediumLH identification and Tight_VarRad isolation working point. Fine
binning with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncer-
tainties (c) systematic uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.2: Scale factor maps derived with Run 3 data taken in 2022-2023 and MC campaigns mc23a and
mc23d for electrons passing MediumLH identification and Tight_VarRad isolation working point. Fine binning
with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties
(c) systematic uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.3: Scale factor maps derived with Run 2 data taken in 2015-2018 and MC campaigns mc20a, mc20d
and mc20e for electrons passing MediumLH identification and Tight_VarRad isolation working point along
with ECIDS tool. Fine binning with 1D x 1D parameterization is used to derive these (a) scale factors for
Data/MC (b) statistical uncertainties (c) systematic uncertainties from sideband subtraction (d) systematic

uncertainties from FSR subtraction.
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Figure B.4: Scale factor maps derived with Run 3 data taken in 2022-2023 and MC campaigns mc23a and
mc23d for electrons passing MediumDNN identification with charge-flip rejection. Fine binning with 1Dx1D
parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic
uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.5: Scale factor maps derived with Run 2 data taken in 2015-2018 and MC campaigns mc20a, mc20d
and mc20e for electrons passing LooseLH identification and Tight_VarRad isolation working point. Fine
binning with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncer-
tainties (c) systematic uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.6: Scale factor maps derived with Run 3 data taken in 2022-2023 and MC campaigns mc23a and
mc23d for electrons passing LooseLH identification and Tight_VarRad isolation working point. Fine binning
with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties
(c) systematic uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.7: Scale factor maps derived with Run 2 data taken in 2015-2018 and MC campaigns mc20a, mc20d
and mc20e for electrons passing LooseLH identification and Tight_VarRad isolation working point along with
ECIDS tool. Fine binning with 1D x 1D parameterization is used to derive these (a) scale factors for Data/MC
(b) statistical uncertainties (c) systematic uncertainties from sideband subtraction (d) systematic uncertainties

from FSR subtraction.
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Figure B.8: Scale factor maps derived with RUn 2 data taken in 2015-2018 and MC campaigns mc20a, mc20d
and mc20e for electrons passing LooseDNN identification with charge-flip rejection.. Fine binning with 1IDx 1D
parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic
uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.9: Scale factor maps derived with Run 3 data taken in 2022-2023 and MC campaigns mc23a and
mc23d for electrons passing LooseDNN identification with charge-flip rejection.. Fine binning with 1IDx1D
parameterization is used to derive these (a) scale factors for Data/MC (b) statistical uncertainties (c) systematic
uncertainties from sideband subtraction (d) systematic uncertainties from FSR subtraction.
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Figure B.10: Charge misID scale factors for incorrectly reconstructed charged electrons passing MediumLH
identification and Tight_VarRad isolation working point. Scale factors are shown for full Run 2 data and
corresponding systematic uncertainties from FSR, sideband subtraction and non closure from 1Dx1D and 2D
parameterization in various pr slices calculated with the 1D x1D parameterization are also shown.
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Figure B.11: Charge misID scale factors for incorrectly reconstructed charged electrons passing LooseLH
identification and Tight_VarRad isolation working point . Scale factors are shown for full Run 2 data and
corresponding systematic uncertainties from FSR, sideband subtraction and non closure from 1Dx1D and 2D
parameterization in various pr slices calculated with the 1D x1D parameterization are also shown.
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