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Abstract

In this thesis, the search for same-charge top-quark pair production within the
Standard Model Effective Field Theory (SMEFT) is presented. The analysis is
performed within the ATLAS Collaboration using the proton–proton collision data
collected with the ATLAS detector during Run 2 at the Large Hadron Collider. The
data correspond to an integrated luminosity of 140 fb−1 at a center-of-mass energy of√

𝑠 = 13 TeV. Same-charge top-quark pair production, which is strongly suppressed
in the Standard Model, provides a rare and sensitive probe for potential physics
beyond the Standard Model. Three SMEFT operators that can lead to the production
of same-charge top-quark pairs are considered in this search, namely 𝒪(1)

𝑡𝑢 , 𝒪(1)
𝑄𝑢, and

𝒪(8)
𝑄𝑢. The search is performed in the dilepton final state. Deep neural networks are

employed to create regions sensitive to the different SMEFT operators and to separate
signal from background. A profile likelihood is performed across all analysis regions
to extract the signal strength. The fit results show good agreement with Standard
Model predictions, with no significant deviations observed. Observed upper limits
are set on the Wilson coefficients of the SMEFT operators at the 95 % confidence
level (CL) of |𝑐(1)

𝑡𝑢 | < 0.0068, |𝑐(1)
𝑄𝑢| < 0.020, and |𝑐(8)

𝑄𝑢| < 0.041 ([TeV/Λ]2). This
corresponds to an observed limit on the cross-section for the same-charge top-quark
pair production of 𝜎(𝑝𝑝 → 𝑡𝑡) < 1.6 fb at 95 % CL. This analysis provides the most
stringent constraints to date on these SMEFT operators, improving upon previous
limits by a factor of approximately 10.
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Zusammenfassung

In dieser Arbeit wird die Suche nach der Produktion von Top-Quark-Paaren gleicher
Ladung im Rahmen der Standardmodell-Effektiven-Feldtheorie (SMEFT) vorgestellt.
Die Analyse wurde innerhalb der ATLAS-Kollaboration durchgeführt, wobei Proton-
Proton-Kollisionsdaten verwendet werden, die während des Run 2 des Large Hadron
Colliders mit dem ATLAS-Detektor aufgezeichnet wurden. Die Daten entsprechen
einer integrierten Luminosität von 140 fb−1 bei einer Schwerpunktsenergie von

√
𝑠 =

13 TeV. Die Produktion gleich geladener Top-Quark-Paare ist im Standardmodell
stark unterdrückt. Daher bietet diese Suche eine seltene und zugleich sensitive Meth-
ode, nach Physik jenseits des Standardmodells zu suchen. In dieser Analyse werden
drei SMEFT-Operatoren berücksichtigt, die zur Produktion gleich geladener Top-
Quark-Paare beitragen können, namentlich 𝒪(1)

𝑡𝑢 , 𝒪(1)
𝑄𝑢 und 𝒪(8)

𝑄𝑢. Die Suche erfolgt
im Dilepton-Endzustand. Tiefe neuronale Netze werden eingesetzt, um Regionen zu
definieren, die empfindlich auf die verschiedenen SMEFT-Operatoren reagieren, und
um eine Signal-Untergrund-Trennung durchzuführen. Eine Profil-Likelihood-Analyse
wird über alle Analyseregionen durchgeführt, um die Stärke des Signals zu extrahieren.
Die Ergebnisse der Analyse stimmen gut mit den Vorhersagen des Standardmodells
überein, ohne dass signifikante Abweichungen beobachtet wurden. Beobachtete obere
Grenzen werden für die Wilson-Koeffizienten der SMEFT-Operatoren auf einem
Konfidenzniveau von 95 % gesetzt: |𝑐(1)

𝑡𝑢 | < 0.0068, |𝑐(1)
𝑄𝑢| < 0.020 und |𝑐(8)

𝑄𝑢| < 0.041
([TeV/Λ]2). Dies entspricht einer beobachteten oberen Grenze für den Wirkungsquer-
schnitt der Produktion gleich geladenen Top-Quark-Paaren von 𝜎(𝑝𝑝 → 𝑡𝑡) < 1.6 fb
bei einem Konfidenzniveau von 95 %. Diese Analyse liefert die bisher strengsten
Grenzen für diese SMEFT-Operatoren und verbessert frühere Grenzen um einen
Faktor von etwa 10.
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1 Introduction
The goal in physics is to understand and describe the fundamental principles that
underlie the universe. In particular, particle physics is dedicated to studying ele-
mentary particles and the interactions among them, which together constitute all
visible matter in the cosmos. The Standard Model (SM) is the most successful
theory in particle physics, offering a comprehensive description of interactions among
elementary particles. Developed through joint efforts of theorists and experimental-
ists over several decades, the SM is a relativistic quantum field theory describing
electromagnetic, weak, and strong interactions. For over a decade, the SM has
been probed at CERN’s Large Hadron Collider (LHC), the world’s largest and most
powerful particle accelerator. At the LHC, precision measurements consistently show
remarkable agreement with SM predictions.

However, numerous phenomena remain unexplained by the SM. For instance, the
SM does not include a description of gravity, it does not explain the existence of
dark matter, the baryon asymmetry in the universe, or provide a mechanism for
neutrino masses. To address these gaps, researchers explore new physic theories
beyond the SM (BSM). BSM theories often introduce high-mass particles not yet
observed, expected to form at high energies. Given its immense success, the SM is
considered a low-energy approximation of a more fundamental theory. Consequently,
searches for BSM particles are an important part of the LHC physics program. The
top quark plays a crucial role in BSM searches. Being the heaviest particle in the SM,
the top quark is strongly connected to the Higgs sector as it has the largest Yukawa
coupling and is expected to be sensitive to BSM physics. One approach to searching
for BSM particles is to assume a certain BSM theory, such as Supersymmetry, and
simulate a specific process within that model. Another common approach is to use
the framework of SM Effective Field Theory (SMEFT) to search for new physics
indirectly, by interpreting deviations from the SM predictions. SMEFT provides
a systematic, model-independent approach to parameterize potential new physics
effects by extending the SM Lagrangian with higher-dimensional operators. These
operators effectively introduce or modify interaction vertices, without assuming a
specific BSM theory. As a result, SMEFT operators can give rise to processes that
are highly suppressed or entirely forbidden in the Standard Model, as well as alter
existing Standard Model processes.

This thesis presents a search for same-charge top-quark pair production using the
ATLAS detector. The analysis exploits data collected during Run 2 of the LHC (2015-
2018) at a center-of-mass energy of

√
𝑠 = 13 TeV, corresponding to an integrated

luminosity of 140 fb−1. Since the production of same-charge top-quark pairs is
highly suppressed in the SM, an observation would constitute a clear indication
of BSM physics. The same-charge top-pair production can be described in the
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1 Introduction

SMEFT framework. Several SM processes can mimic the signature of the same-
charge top-quark pairs due to detector effects or misreconstruction of physics objects.
Consequently, a detailed understanding of the SM background processes is crucial in
order to be sensitive to the same-charge top-quark pair signal. The analysis uses a
binned profile likelihood fit and makes use of mutually exclusive regions enriched in
signal and background events. The expected background contributions are estimated
by using Monte Carlo simulations and data-driven methods. Many sources of
systematic uncertainties are considered to cover limitations, such as the limited
precision of the Monte Carlo simulations or inaccuracies of the detector. Regions
enriched in signal events are created using machine learning. Two sets of Deep
Neural Networks (DNNs) are employed. The first set of DNNs is used to separate the
same-charge top pairs that originate from different EFT operators and create separate
analysis regions for them. The second set of DNNs is deployed to separate the signal
from the background events in each region separately. Additionally, various regions
enriched in background events are defined to control the major background processes
and to validate the background estimation. The signal strength is extracted by
performing the profile likelihood fit in all analysis regions. The results are interpreted
in the framework of the SMEFT and are used to set upper limits on the dimension-6
operators and the cross-section for same-charge top-quark pair production. This is
the first search for same-charge top-pair production within the ATLAS Collaboration
using SMEFT.

This analysis was developed in close collaboration with ATLAS members from
Technische Universität Dortmund, Università di Bologna, Institut de Física d’Altes
Energies (IFAE), and CERN. The project began in June 2021. I joined the analysis in
November 2021, and in July 2023 I began serving as the main analyzer and leader of
the analysis team. My contributions include developing machine learning techniques
to define regions enriched with signal, refining the overall analysis strategy, performing
the statistical analysis, implementing systematic uncertainties, and reinterpreting
the results using the direct EFT implementation. I also finalized the analysis for
publication by performing extensive cross-checks, validating the results, contributing
significantly to the writing of the paper, and leading the internal review process for
the analysis team. The outcomes of this analysis were published in Reference [1].

The thesis is structured as follows: In Chapter 2, an introduction to the SM is
given, with a focus on the top quark and the limitations of the SM. Chapter 3
provides an overview of SMEFT and the same-charge top-quark pair production
within SMEFT. In Chapter 4, the LHC and the ATLAS detector are described. The
dataset and the simulated samples used in the analysis are presented in Chapter 5.
Chapter 6 describes the event reconstruction and the object identification. Chapter 7
outlines the analysis strategy, including event selection, machine learning-based signal
region definition, background estimation, and likelihood fit setup. The systematic
uncertainties are presented in Chapter 8. The statistical analysis and its results are
presented in Chapter 9. The thesis concludes with a summary in Chapter 10.
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2 Overview of the Standard Model
of particle physics

The Standard Model of Particle Physics (SM) is a theory that describes all known
fundamental particles and their interactions. Although the Standard Model (SM) is
known to be incomplete, as it fails to fully explain several fundamental observations

— such as gravity and dark matter — it has nevertheless been remarkably successful
in predicting experimental measurements for decades. To this day, predictions from
the Standard Model (SM) continue to be confirmed by various high-energy particle
experiments worldwide. In Figure 2.1 an overview of all elementary particles described
by the SM is shown.

Figure 2.1: An overview of all elementary particles described by the Standard
Model of Particle Physics [2]. For each particle the mass, charge, and spin is shown.

The SM is a combination of relativistic quantum theories that describe the interactions
between elementary particles. It incorporates three of the four fundamental forces:

3



2 Overview of the Standard Model of particle physics

the electromagnetic, weak, and strong interactions, which are mediated by gauge
bosons. The fourth fundamental force, gravity, is not included in the SM. The
electromagnetic force is mediated by the photon (𝛾), the weak force by the 𝑊 ± and
𝑍 bosons, and the strong force by gluons (𝑔). While gauge bosons mediate these
forces, the Standard Model also includes other fundamental interactions, such as the
Yukawa interaction, which describes how particles acquire mass through the Higgs
mechanism.

The Lagrange formalism is used to describe the dynamics of particles. The Standard
Model (SM) is a gauge theory, meaning it remains unchanged under local gauge
transformations. The gauge group of the SM is 𝑆𝑈(3)𝐶 × 𝑆𝑈(2)𝐿 × 𝑈(1)𝑌, where
𝑆𝑈(3)𝐶 corresponds to the strong force, 𝑆𝑈(2)𝐿 governs the weak force, and 𝑈(1)𝑌
is associated with the electromagnetic force. Each gauge group corresponds to a
symmetry that leads to a conserved quantity [3]. The 𝑆𝑈(3)𝐶 symmetry ensures
the conservation of color charge, the 𝑆𝑈(2)𝐿 symmetry ensures the conservation of
weak isospin, and the 𝑈(1)𝑌 symmetry ensures the conservation of hypercharge 𝑌.
The interactions among all SM particles are described by the Lagrangian of the SM,
which can be written as [4–6]:

𝐿SM = − 1
4𝐵𝜇𝜈𝐵𝜇𝜈 − 1

4𝐺𝐴
𝜇𝜈𝐺𝐴 𝜇𝜈 − 1

4𝑊 𝐼
𝜇𝜈𝑊 𝐼 𝜇𝜈

+ (𝐷𝜇𝜙)†(𝐷𝜇𝜙) + 𝜇2𝜙†𝜙 − 𝜆(𝜙†𝜙)2

+ 𝑖(𝑢̄𝑅 /𝐷𝑢𝑅 + ̄𝑑𝑅 /𝐷𝑑𝑅 + ̄𝑒𝑅 /𝐷𝑒𝑅)
+ 𝑖( ̄𝑙𝐿 /𝐷𝑙𝐿 + ̄𝑞𝐿 /𝐷𝑞𝐿)

− (𝑌 𝑢 ̄𝑞𝐿 ̃𝜙𝑢𝑅 + 𝑌 𝑑 ̄𝑞𝐿𝜙𝑑𝑅 + 𝑌 𝑒 ̄𝑙𝐿𝜙𝑒𝑅 + h.c.). (2.1)

The field strength tensors of SM gauge group SU(3)𝐶×SU(2)𝐿×U(1)𝑌 are represented
by 𝐵𝜇𝜈, 𝑊 𝐼

𝜇𝜈, and 𝐺𝐴
𝜇𝜈. The Higgs field is denoted by 𝜙, and the covariant derivative

is written as 𝐷𝜇. The quark doublets of SU(2)𝐿 are represented by 𝑞𝐿, while the
lepton doublets are represented by 𝑙𝐿. The singlet fields for the up- and down-type
quarks are denoted by 𝑢𝑅 and 𝑑𝑅, respectively, and the charged lepton singlet is
represented by 𝑒𝑅. The Yukawa couplings are encoded in the matrices 𝑌 𝑢, 𝑌 𝑑, and
𝑌 𝑒. In this notation, the summation over all generations of particles is implicit.

The strong interaction is described by Quantum Chromodynamics (QCD) and
corresponds to the gauge group 𝑆𝑈(3)𝐶. The gauge bosons of QCD are the gluons,
which are massless and carry both a color and an anti-color charge. The structure
of the 𝑆𝑈(3)𝐶 group results in eight gluons, each with a distinct combination of
color and anti-color charge. Gluons interact exclusively with particles that carry
color charge, including other gluons, leading to gluon self-interactions. Quarks are
fermionic, spin-1/2 particles that carry a color charge. In the SM, there are six
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different quarks, divided into three generations with increasing mass. The first
generation consists of the up and down quarks (𝑢, 𝑑), the second generation consists
of the charm and strange quarks (𝑐, 𝑠), and the third generation consists of the top
and bottom quarks (𝑡, 𝑏). Each quark has an associated anti-quark with opposite
quantum numbers, denoted by a bar (e.g., 𝑢̄). Quarks are also classified into up-type
(𝑢, 𝑐, 𝑡) and down-type (𝑑, 𝑠, 𝑏) quarks. Up-type quarks carry an electric charge of
+2/3𝑒, while down-type quarks carry a charge of −1/3𝑒. All visible matter in the
universe consists of color-neutral states due to a phenomenon known as confinement,
which prevents the existence of free color-charged particles. In QCD, confinement
refers to the property that quarks and gluons are permanently bound inside hadrons
due to the strong force. Unlike other forces, the QCD potential grows with distance,
meaning that attempting to separate a quark-antiquark pair only leads to the creation
of new quark-antiquark pairs rather than isolated quarks.

The interactions among electrically charged particles are described by electromagnetic
interactions within the theory of Quantum Electrodynamics (QED). The mediator
boson of the electromagnetic force is the massless photon 𝛾. In addition to the quarks,
there are three generations of leptons in the SM: (𝑒, 𝜈𝑒), (𝜇, 𝜈𝜇), and (𝜏, 𝜈𝜏). Like
the quarks, leptons are fermions, and their generations are ordered by their masses,
starting with the lightest charged lepton, the electron 𝑒, followed by the muon 𝜇,
and ending with the tau lepton 𝜏. In the SM, the three generations of neutrinos 𝜈
are assumed to be massless. The massive leptons (𝑒, 𝜇, 𝜏) carry an electric charge
of −𝑒, while neutrinos 𝜈 are electrically neutral. As for the quarks, each lepton has
an associated anti-lepton with opposite quantum numbers. Together, quarks and
leptons constitute the fermionic sector of the Standard Model.

The weak interaction is mediated by the charged 𝑊 ± bosons and the electrically
neutral 𝑍 boson. The 𝑊 ± bosons interact only with particles that carry a weak
isospin. A particle’s weak isospin depends on its chirality: left-handed fermions and
right-handed antifermions have a weak isospin of ±1

2
, while right-handed fermions

and left-handed antifermions have a weak isospin of zero. As a result, 𝑊 ± bosons
interact exclusively with left-handed fermions and right-handed antifermions. In
contrast, the neutral 𝑍 boson does not have this restriction and interacts with both
left- and right-handed particles. Unlike the other fundamental interactions, the
weak interaction allows parity to be violated and enables quark flavors to change via
the CKM matrix [7, 8]. Additionally, due to the coupling of the weak interaction
mediators varying with chirality, mass terms in the Lagrangian are forbidden, as they
would violate the SU(2)𝐿 symmetry of the weak interaction.

The solution to these shortcomings was introduced by the Brout-Englert-Higgs
mechanism [9, 10], which postulates the Spontaneous Symmetry Breaking (SSB) of the
SU(2)𝐿 × U(1)𝑌 symmetry. SSB explains how the three massive gauge bosons 𝑍, 𝑊 +,
and 𝑊 − acquire their masses while preserving local gauge invariance. Furthermore,
the electromagnetic and weak interactions are unified into the electroweak (EW)

5



2 Overview of the Standard Model of particle physics

interaction. The Higgs mechanism also introduces a new massive scalar particle with
spin zero into the SM: the Higgs boson 𝐻. The Higgs boson links the Higgs field 𝜙
to the massive fermions through Yukawa couplings. The Yukawa coupling for each
massive fermion determines its mass. However, these couplings are free parameters in
the SM and must be determined experimentally. The Brout-Englert-Higgs mechanism
was confirmed in 2012 with the discovery of the Higgs boson [11, 12], completing the
Standard Model.

2.1 Top Quark properties and production

The top quark 𝑡 was first observed in 1995 by the CDF and D0 experiments [13, 14].
Its discovery completed the quark family and revealed the most massive elementary
particle in the SM. Since then, the top quark has been studied extensively, with its
properties measured to high precision. As of today, the top quark has a measured
mass of 𝑚𝑡 = (172.69±0.30) GeV [15], making it approximately 35 times heavier than
the next heaviest quark, the bottom quark 𝑏. Due to its high mass, the top quark
has an extremely short lifetime of 𝜏 = 3.29+0.90

−0.63 ⋅ 10−25 s [15]. The extremely short
lifetime of the top quark makes the formation of stable bound states highly unlikely,
as it typically decays before hadronization can occur. However, recent measurements
have provided initial indications of bound top-quark states, such as toponium [16],
suggesting that such states might be possible under certain conditions. Nevertheless,
no published observation of toponium exists to date. The top quark decays almost
exclusively into a 𝑊 boson and a 𝑏 quark. Since it decays via the weak interaction,
there is a possibility of quark flavor change according to the CKM matrix.

Although the top quark has been extensively studied in the past, it remains important
to measure its properties with high precision due to its unique characteristics. As the
heaviest known elementary particle, the top quark has the largest Yukawa coupling,
approximately 1, making it strongly linked to the Higgs sector and EW symmetry
breaking. Hence, the top quark is highly sensitive to various free parameters in the
SM. Therefore, precision measurements of the top quark are used to validate and
test the predictions of the SM, while any observed deviations could provide insights
into physics beyond the Standard Model (BSM). This makes the top quark a very
interesting candidate in today’s high-energy physics research.

In proton–proton (𝑝𝑝) collisions at the LHC, top quarks are predominantly produced in
top-quark pairs (𝑡 ̄𝑡) via the strong interaction through gluon-gluon fusion. Single top-
quark production is also possible via the weak interaction but contributes significantly
less to the total number of top quarks produced at the LHC. The corresponding
leading order feynman diagrams are shown in Figure 2.2a and Figure 2.2b, respectively.
In Figure 2.3 the different top-quark related production cross-section measurements
are shown, compared to the corresponding theoretical expectations [17].

6



2.1 Top Quark properties and production

g
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Figure 2.2: Leading order feynman diagrams for 𝑡 ̄𝑡 production via gluon-gluon
fusion (a) and single top-quark production in the t-channel (b) via the weak
interaction.

Figure 2.3: Summary of several top-quark related production cross-section mea-
surements, compared to the corresponding theoretical expectations. All theoretical
expectations were calculated at next-to-leading order or higher [17].

In this analysis, a search for same-charge top-pair production (𝑡𝑡/ ̄𝑡 ̄𝑡) is performed.
According to the SM, same-charge top-pair production is not expected to occur at
measurable levels at the LHC, as it is heavily suppressed by the GIM mechanism [18].
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2 Overview of the Standard Model of particle physics

However, several BSM theories predict the production of same-charge top pairs, so
an observation of this process would provide clear evidence of new physics. The
production of same-sign top pairs is discussed in detail in Section 3.1.

2.2 Motivation to search for physics beyond the Standard
Model

Despite the success of the SM in predicting experimental observations and providing a
theoretical framework for elementary particles and their interactions, there are many
reasons to believe that the SM is not the final theory of particle physics. Various
fundamental observations are not properly explained by the SM, highlighting its
limitations. Several significant unexplained phenomena, which motivate the search
for BSM physics, are discussed in the following.

The observed asymmetry between matter and antimatter [19] in the universe remains
one of the most fundamental questions not addressed by the SM. The existence
of a universe dominated by baryonic matter, with negligible antimatter, suggests
that many criteria must be fulfilled [20]. These include violations of baryon number
symmetry, charge symmetry (C), and charge-parity symmetry (CP). While the
SM incorporates CP-violating processes in weak interactions, their magnitude is
insufficient to explain the observed imbalance [15]. To explain the large matter-
antimatter asymmetry, extensions to the SM propose additional sources of CP
violation [21]. These BSM theories seek to uncover mechanisms capable of generating
the observed asymmetry, and are a key focus of research in both particle physics and
cosmology.

Dark Matter (DM) [22] is a non-luminous form of matter whose existence is supported
by various cosmological and astrophysical observations, such as the dynamics of
rotation velocities in spiral galaxies and gravitational lensing phenomena [23]. It
is estimated to make up approximately 85 % [15] of the total matter content of the
universe. Unlike ordinary matter, DM does not interact through electromagnetic
forces, making it invisible to traditional observational methods. Within the SM,
no known elementary particle can account for the properties of DM, including its
non-luminous and weakly interacting nature. As a result, theories beyond the SM
propose new DM particle candidates with diverse properties that could be observed in
experiments at particle accelerators. These theoretical developments aim to address
the limitations of the SM in explaining this elusive component of the universe.

In the SM, neutrinos are predicted to be massless; however, neutrino oscillation
experiments have confirmed that neutrinos possess non-zero masses [15]. Neutrino
oscillation describes the phenomenon that neutrinos can change their flavor as they
propagate through space. The observation of neutrino oscillations has led to the
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development of new physics models, such as the seesaw mechanism [24], which
provides a theory for the smallness of neutrino masses and the observed mixing
patterns. The discovery of neutrino masses has opened a new area of research in
particle physics and has motivated the search for new phenomena to explain the
unique properties of neutrinos.

While the experimental evidence mentioned above provides strong motivation to
search for BSM physics, the SM also has several theoretical shortcomings. One such
shortcoming is the large number of free parameters in the EW sector, particularly the
Yukawa couplings to the fermions. The masses of the fermions follow a hierarchical
structure determined by their Yukawa couplings, spanning a wide range of values.
However, the origin of this structure remains unknown. Another significant issue is
the vast disparity between the weak scale, characterized by the Higgs boson mass
of approximately 125 GeV, and the Planck scale, which is on the order of 1019 GeV.
The Higgs boson mass is highly sensitive to quantum corrections from the highest
energy scales, requiring finely tuned cancellations to maintain its observed low value.
This unnatural fine-tuning is known as the hierarchy problem.

9
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3 Standard Model Effective Field
Theory

The SM can be extended in many ways in order to solve some of its theoretical and
experimental shortcomings. In this analysis, the Standard Model Effective Field
Theory (SMEFT) is used as a framework to study the effects of BSM physics. In
SMEFT, the SM is assumed to be a low-energy approximation to a more fundamental
theory, with a new-physics energy scale Λ much larger than the SM electroweak
scale. The effects of new physics are parametrized by higher-dimensional operators
that are suppressed by powers of Λ in SMEFT. Each operator describes a point-like
interaction similar to the well-known Effective Field Theory (EFT) in Fermi’s theory
of weak interactions [25]. Using SMEFT allows searching for BSM physics in a
model-independent way, without assuming a specific new-physics model. This has
the advantage of covering a wide range of possible new-physics scenarios and provides
a general framework for interpreting experimental results. As the new-physics scale
Λ is assumed to be outside the experimental reach of the LHC, it is not possible to
directly probe new-physics particles. Instead, the effects of BSM physics effects may
be measured indirectly in the form of deviations from the SM predictions. However,
new physics theories may also introduce new final states, which are suppressed or
forbidden in the SM. By measuring such a new final state, it is possible to directly
probe BSM physics effects. In this analysis, this approach is used to search for the
production of same-charge top-quark pairs, which is highly suppressed in the SM.
Therefore, an observation of same-charge top-quark pairs at the LHC would be a
clear indication of new physics.

The effective Lagrangian of the SMEFT is used to expand the SM Lagrangian given
in Equation 2.1. The SMEFT Lagrangian is constructed as:

ℒSMEFT = ℒSM + ∑
𝑖,𝐷≥5

𝑐(𝐷)
𝑖

Λ𝐷−4 𝑂(𝐷)
𝑖 , (3.1)

where each operator 𝑂(𝐷)
𝑖 of mass dimension 𝐷 has a corresponding Wilson Coefficient

𝐶𝑖 (WC). The operators 𝑂(𝐷)
𝑖 are built from SM fields and constructed to be invariant

under the SM gauge symmetries. The WCs are dimensionless and describe the
strength of the coupling for a given operator.

In the following, only SMEFT operators up to six dimensions are considered, as
the effect of higher-dimensional operators is expected to be negligible due to the
even stronger suppression by powers of Λ. Furthermore, lepton and baryon number
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3 Standard Model Effective Field Theory

conservation is imposed in the following, leading to all potential dimension-5 operators
being rejected. There are several bases for describing the complete set of dimension-6
operators, such as the Warsaw basis [26] which is used in this work. The Warsaw
basis is composed of 2499 operators, all of which fulfill the requirement of lepton and
baryon number conservation.

In general, EFT operators only affect very specific processes or observables. In order
to propagate the effect of the operators to a specific SM process, the SM matrix
element ℳSM is modified by adding the EFT operators. The modified matrix element
ℳ is given as

ℳ = ℳSM + 1
Λ2 ∑

𝑖
𝐶𝑖ℳEFT

𝑖 + 𝒪( 1
Λ4 ) , (3.2)

where the terms of the order Λ−4, which arise from multiple operators’ insertion,
are not considered. The matrix element extension ℳEFT

𝑖 contains the modified
couplings that originate from a given operator 𝑂𝑖. The cross-section 𝜎 or any other
observable for a given process is then calculated by squaring the matrix element. The
cross-section is then given in Equation 3.3.

𝜎 = 𝜎SM + 1
Λ2 ∑

𝑖
𝑐𝑖𝜎int

𝑖 + 1
Λ4 ∑

𝑖,𝑗
𝑐𝑖𝑐𝑗𝜎EFT

𝑖,𝑗 (3.3)

The equation for the total cross-section consists of three separate contributions, as
highlighted schematically in Figure 3.1.

Figure 3.1: Schematic representation of the calculation of the total cross-section
for any processes in the SMEFT framework, as given in Equation 3.3. The black
dots present the EFT contributions in the calculation.

There is the pure SM contribution 𝜎SM, which is the cross-section calculated using
the SM matrix element. The other two contributions are the interference term 𝜎int

𝑖
and the pure EFT term 𝜎EFT

𝑖,𝑗 . For the SM limit 𝑐𝑖 → 0 the total cross-section reduces
to the SM cross-section, as the two EFT contributions vanish. The term with 𝜎int

𝑖
originates from the interference between the SM and the EFT contributions. It
should be noted that for processes that are forbidden or that are strongly suppressed
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in the SM, the interference term may vanish. The term 𝜎EFT
𝑖,𝑗 contains the pure EFT

contribution, which originates from the squared amplitudes of the operators and from
the interference between the EFT operators themselves.

3.1 Same-charge top-quark pair production in the SMEFT

In the SM, the production of same-charge top-quark pairs is forbidden at leading order
(LO) in perturbation theory. However, it is possible to produce same-charge top-quark
pairs at the lowest perturbation order through the exchange of two 𝑊 bosons, as
shown in Figure 3.2a. Hence, this production process is strongly suppressed in the SM
by the GIM mechanism [18], due to the larger 𝑏 quark mass. The cross-section for the
same-charge top-quark pair production in proton-proton collisions at

√
𝑠 = 13 TeV

within the SM is calculated to be 𝜎(𝑝𝑝 → 𝑡𝑡)𝑆𝑀 ≃ 4⋅10−15 pb [27]. This cross-section
is too small to be detectable at the Large Hadron Collider (LHC). Therefore, the
observation of this process at the LHC would imply the existence of BSM physics
processes.

u/c t

u/c t

d/s/b

d/s/b

WW

(a)

u/c

u/c

t

t

(b)

Figure 3.2: Lowest-order Feynman diagrams for same-charge top-quark pair produc-
tion (a) in the SM and (b) as a point-like effective-field-theory (EFT) four-fermion
interaction.

There are several BSM theories that predict the production of same-charge top-quark
pairs, such as Two-Higgs-doublet models (2HDMs), Supersymmetry, or models with
an extra 𝑈(1) gauge group. However, instead of following one of the above-mentioned
BSM models, a model-independent approach is conducted by using the SMEFT
framework.

In the following, the production of same-charge top-quark pairs is described using the
SMEFT framework. SMEFT introduces or modifies interaction vertices and describes
them as point-like interactions. In Figure 3.2b, an example is given involving four
up-type fermions with a point-like vertex. Among the all dimension-6 EFT operators
expressed in the chosen Warsaw basis [26], only 15 can contribute to the production
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3 Standard Model Effective Field Theory

of same-charge top-quark pairs [28]. For this thesis, a flavor universality assumption
is imposed, specifically assuming universality for the initial state quark combinations
𝑢𝑢, 𝑢𝑐, 𝑐𝑐. Consequently, the 15 operators are reduced to 5, by combining the different
initial state quark combinations into a single operator. It should be noted that most
of the sensitivity is expected to originate from the 𝑢𝑢 initial state. For the notation
of the operators, the conventions of Ref. [28] are used. The five considered EFT
operators are given in Equations 3.4.

𝒪(1)
𝑡𝑢 = [𝑡R𝛾𝜇𝑢R][𝑡R𝛾𝜇𝑢R]

𝒪(1)
𝑄𝑞 = [𝑄L𝛾𝜇𝑞L][𝑄L𝛾𝜇𝑞L]

𝒪(3)
𝑄𝑞 = [𝑄L𝛾𝜇𝜎𝑎𝑞L][𝑄L𝛾𝜇𝜎𝑎𝑞L] (3.4)

𝒪(1)
𝑄𝑢 = [𝑄L𝛾𝜇𝑞L][𝑡R𝛾𝜇𝑢R]

𝒪(8)
𝑄𝑢 = [𝑄L𝛾𝜇𝑇 𝐴𝑞L][𝑡R𝛾𝜇𝑇 𝐴𝑢R]

Here, 𝑄L and 𝑡R are the left-handed doublet and right-handed singlet of the third
quark generation, 𝑞L and 𝑢R are related to the first two generations, and 𝜎𝑎 and 𝑇 𝐴

are the generators of SU(2)L and SU(3)C, respectively. The operator 𝒪(1)
𝑡𝑢 describes

the production of pairs of right-handed same-charge top quarks via the four-fermion
interaction 𝑢R𝑢R → 𝑡R𝑡R, where 𝑢R can be either right-handed up- or charm-quark.
As a consequence of assuming flavor universality, the three possible initial states
𝑢𝑢, 𝑢𝑐, 𝑐𝑐 are combined into a single operator. Hence, the total numbers of operators
is reduced from 15 to 5. The two operators 𝒪(1)

𝑄𝑞 and 𝒪(3)
𝑄𝑞 describe the interaction of

𝑢L𝑢L → 𝑡L𝑡L and can lead to the production of a left-handed same-charge top-quark
pair, with Pauli matrices 𝜎𝑎 entering the 𝒪(3)

𝑄𝑞 definition. Interactions with mixed
chiralities in the form of 𝑢L𝑢R → 𝑡L𝑡R are described by the operators 𝒪(1)

𝑄𝑢 and 𝒪(8)
𝑄𝑢,

with the latter involving the 𝑆𝑈(3)C generators 𝑇 𝐴.

All these five operators can contribute to the production of same-charge top-quark
pairs. However, the operators 𝒪(1)

𝑄𝑞 and 𝒪(3)
𝑄𝑞 also affect 𝐵𝑑 mixing and dijet production

and were already strongly constrained by according measurements [29]. As the
sensitivity of this analysis was expected to be lower than the current best constraints
on these two operators, the two operators were neglected in the early phase of this
analysis. Therefore, only the operators 𝒪(1)

𝑡𝑢 , 𝒪(1)
𝑄𝑢, and 𝒪(8)

𝑄𝑢 are considered in the
following. The effective Lagrangian for the production of same-charge top-quark
pairs in this analysis is expressed as:

ℒ𝑞𝑞→𝑡𝑡
D=6 = 1

Λ2 (𝑐(1)
𝑡𝑢 𝒪

(1)
𝑡𝑢 + 𝑐(1)

𝑄𝑢𝒪
(1)
𝑄𝑢 + 𝑐(8)

𝑄𝑢𝒪
(8)
𝑄𝑢) + ℎ.𝑐. (3.5)
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3.2 SMEFT measurements in the top-quark sector

where 𝑐(1)
𝑡𝑢 , 𝑐(1)

𝑄𝑢 and 𝑐(8)
𝑄𝑢 are the Wilson coefficients (WCs) related to the EFT

operators. By following the same approach as in the Equations 3.2 and 3.3 the
same-charge top-quark production Lagrangian is translated into the observable of
interest, the production cross-section 𝜎(𝑝𝑝 → 𝑡𝑡). The production cross-section is
then given as

𝜎(𝑝𝑝 → 𝑡𝑡) = 1
Λ4 [(𝑐(1)

𝑡𝑢 )2𝜎𝑡𝑢(1) + (𝑐(1)
𝑄𝑢)2𝜎𝑄𝑢(1) + (𝑐(8)

𝑄𝑢)2𝜎𝑄𝑢(8) + 𝑐(1)
𝑄𝑢𝑐(8)

𝑄𝑢𝜎𝑖𝑛𝑡]. (3.6)

It should be noted that due to the strong suppression of the production within the
SM, the 𝜎SM and 𝜎int

𝑖 terms are neglected as these terms are of order < 1 ⋅ 10−15 pb.
Therefore, the total cross-section is only composed of the quadratic EFT terms.
Furthermore, the two interference terms between the 𝒪(1)

𝑡𝑢 operator and the 𝒪(1)
𝑄𝑢 and

𝒪(8)
𝑄𝑢 operators are also neglected, as no interference is expected due to their different

chirality configurations. Hence, the interference term between the same chirality
operators 𝒪(1)

𝑄𝑢 and 𝒪(8)
𝑄𝑢 is considered in the analysis.

Several other analyses have been performed to search for same-charge top-quark
pair production in the past. These analyses covered a wide range of BSM models,
from SUSY up to SMEFT interpretation. However, no significant excess has been
observed so far. In context of the SMEFT, the best constraints on the WCs of the
operators 𝒪(1)

𝑡𝑢 , 𝒪(1)
𝑄𝑢, and 𝒪(8)

𝑄𝑢 have been set by a Run 1 analysis from the ATLAS
collaboration [30]. The analysis used 20 fb−1 of 𝑝𝑝 collision data at

√
𝑠 = 8 TeV. It

did set 95 % confidence level (CL) upper limits on 𝜎(𝑝𝑝 → 𝑡𝑡) at 62, 51 and 38 fb
for the left–left, left–right and right–right chirality of the same-charge top quarks,
respectively, for the new-physics scale at Λ = 1 TeV. These cross-section limits can
be translated into limits on the WCs of |𝑐|/Λ2 < 0.053, 0.137 and 0.042 TeV−2 [30].

3.2 SMEFT measurements in the top-quark sector

SMEFT interpretations are a very common approach to search for BSM physics in
the top sector. Several SMEFT operators are sensitive to top processes, by either
affecting the production or decay of top quarks. Due to the large mass, the top-quark
is expected to be the most sensitive SM particle connected to BSM physics. Using
the model-independent framework of SMEFT allows searching for a wide range
of BSM physics scenarios, from top-flavor-changing neutral current (tFCNC) to
new heavy particles. Therefore, many EFT reinterpretations of precision top quark
measurements, such as mass or cross-section measurements, are carried out and
used to constrain the WCs of relevant SMEFT operators. By reinterpreting already
performed analyses within SMEFT, one makes use of the large number of top events
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collected in the last years at the LHC to search for BSM physics with relatively small
effort. Differential measurements in the top-quark sector are of special interest since
they allow one to constrain several WCs at the same time, as each bin related to a
kinematic distribution can be considered an observable.

In the last years, great efforts were made in attempting to constrain the whole set
of EFT operators affecting top physics within one global fit. Therefore, the results
of many EFT analyses performed by LHC experiments are planned to be combined.
However, such an analysis introduces various challenging problems. First, the large
number of EFT operators that impact the top sector complicates the analysis. In
order to constrain all operators at once, many observables and various phase-space
regions have to be included. Second, many analyses that are sensitive to specific
operators were not designed with a SMEFT interpretation in mind and therefore
do not provide the necessary information to reuse them for a global SMEFT fit
analysis. To solve this shortcoming, recent analyses are often designed with a SMEFT
interpretation in mind. For example, nowadays, it is common practice within the
top group of the ATLAS Collaboration to publish the full likelihood information,
which allows for reusing the analysis. This information is commonly published on
the HEPData platform. The analysis presented in this thesis is also published on
HEPData including the full likelihood, so that it can be reused for future global
SMEFT fits [31]. Third, the SMEFT fit is a high-dimensional problem, which requires
a large amount of computational resources. Additionally, the limits from such global
fits are usually weaker compared to those of individual analyses. However, the
obtained limits are more general and are therefore commonly used as a reference for
designing new analyses.

In April 2024, the ATLAS Collaboration published several EFT summary plots
within the top sector [32]. In these summary plots, many EFT analyses results from
the ATLAS Collaboration and the CMS Collaboration were combined. The summary
plots include most of SMEFT operators that affect the top sector, including operators
that allow for tFCNC.

In 2020, a global fit in top-quark sector was published [33]. The global fit combines
many measurements from both the ATLAS and the CMS Collaborations, including
𝑡 ̄𝑡, 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, single- and associated-top production measurements. All dim-6 SMEFT
operators altering top physics are included in the fit. However, a flavor universality
assumption is made in order to reduce the number of parameters. Specifically,
a 𝑈(2)𝑞 × 𝑈(2)𝑢 × 𝑈(2)𝑑 flavor symmetry among quarks of the first and second
generations is imposed. This flavor symmetry is motivated by the fact that top-
quark observables at the LHC are largely blind to the flavor of light quarks with
the same quantum numbers. Additionally, only CP-conserving extensions of the
SM are considered. Lastly, operators that barely affect the top sector or that are
strongly constrained by other non-top measurements are neglected. Using all these
restrictions, the global fit ends up considering 22 independent SMEFT operators,
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defined within the Warsaw basis. More information on the definition, notation, and
relations of the operators is given in Ref. [33]. The results of the global EFT fit are
presented in terms of limits on the WCs of the operators, as shown in Figure 3.3.

Figure 3.3: Limits on the WCs of the 22 independent SMEFT operators affecting
the top sector from the global EFT fit [33].

Although this is a comprehensive result, there is still a lot of space for improvements
for the future. In the upcoming years, more and more measurements will be performed
at the LHC experiments with a global SMEFT fit in mind. Hence, the number of
observables and phase-space regions is expected to increase, leading to a more precise
and more complete global SMEFT fit, including more operators and fewer assumptions.
Additionally, a global fit including other physics sectors, such as Higgs and B physics,
looks very promising [34]. Including these sectors would allow constraining the WCs
of the operators even further and in a more general fashion, by using the full power
of the LHC data.
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4 The ATLAS Detector at the
Large Hadron Collider

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [35] at the European Council for Nuclear Research
(CERN) is the largest and most powerful particle accelerator in the world. The LHC
is located in Geneva, Switzerland and has a circumference of 27 km and is located
100 m underground. It is designed to accelerate protons or heavy ions to very high
energies, reaching up to 6.8 TeV per beam. Pre-accelerators are used to gradually
increase the proton’s energy from about 50 MeV after the first liner accelerator up
to 450 GeV after the Super Proton Synchrotron before being injected into the LHC
storage ring.

Inside the LHC, there are two tubes where the beams of protons travel in opposite
directions. These beams are controlled by superconducting magnets, which guide them
along the circular path. Once per turn, the beams are accelerated in superconducting
cavities, either increasing their energy or keeping the particle beam at a given target
energy. The LHC has four interaction points (IPs) where the beams can collide.
Each IP is used by one of the four main experiments at the LHC: ATLAS, CMS,
ALICE, and LHCb. The detectors for ATLAS [36] and CMS [37] are designed as
multipurpose detectors, while ALICE [38] is designed to study heavy-ion collisions,
and LHCb [39] is focused on studying the properties of B mesons.

The LHC began operating in 2008. During its first data-taking phase from 2009 to
2013 (Run 1), it reached center-of-mass energies of

√
𝑠 = 7 TeV and

√
𝑠 = 8 TeV.

Run 1 was followed by a long shutdown period, in which several upgrades were
made to the accelerator and the detectors. The LHC resumed operation in 2015
and started a second data-taking phase from 2015 to 2018 (Run 2). During Run 2,
the LHC reached a center-of-mass energy of

√
𝑠 = 13 TeV and a peak luminosity of

𝐿 = 2.1 ⋅ 1034 cm−2 s−1 [40]. After Run 2, the LHC entered its second-long shutdown
period, which was used for further upgrades. In 2022, the third data-taking phase
(Run 3) started with a center-of-mass energy of

√
𝑠 = 13.6 TeV and is still ongoing.

Run 3 is expected to provide an even larger dataset than Run 2.
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4.2 The ATLAS Detector

The ATLAS detector [36] is a multipurpose particle detector designed to study a
wide range of physics processes at the LHC. The ATLAS detector is a cylindrical
detector with a forward-backward symmetrical geometry and covers nearly the full
4𝜋 solid angle around the collision point, excluding the beam pipe and the support
structures of the detector. Figure 4.1 shows a sketch of the detector, measuring 46 m
in length and 25 m in diameter.

Figure 4.1: Schematic cut-away view of the ATLAS detector, showing the various
sub-detectors during the Run 2 data-taking period [36].

Its geometry is described in a right-handed cylindrical coordinate system, with its
origin at the center of the detector. The radial coordinate 𝑟 and the azimuthal angle
𝜙 = [−𝜋, 𝜋] define the transverse plane, where 𝜙 = 0 points towards the center of
the LHC ring. The pseudorapidity 𝜂 is defined in terms of the polar angle 𝜃 as 𝜂 =
− ln tan(𝜃/2). Angular distances are measured in units of 𝛥𝑅 = √(𝛥𝑦)2 + (𝛥𝜙)2

in the 𝜂 − 𝜙 plane. The ATLAS detector is composed of several sub-detectors, each
designed to measure different properties of the particles produced in the collisions.
The sub-detectors are arranged in layers, starting from the innermost one to the
outer ones, as described below. The given description is based on the status of the
ATLAS detector during the Run 2 data-taking period, as the Run 2 data is used in
this thesis. With the start of Run 3, the ATLAS detector has been further upgraded
and improved [41].

20



4.2 The ATLAS Detector

The inner detector (ID) is the innermost sub-detector of the ATLAS detector and is
used to measure the trajectories of charged particles. It is immersed in a 2 T axial
magnetic field, which is generated by a superconducting solenoid. The magnetic field
causes charged particles to curve in the transverse plane, allowing the measurement
of the particle’s momentum and its electric charge. The ID is composed of three
sub-detectors: the pixel detector, the semiconductor tracker (SCT), and the transition
radiation tracker (TRT). Each sub-detector consists of silicon sensors arranged in a
cylindrical geometry around the IP. The pixel detector as the innermost sub-detector
provides the highest tracking resolution in the range |𝜂| < 2.5. For Run 2, the
pixel detector was upgraded with the insertion of the insertable B-layer (IBL) [42,
43]. Its purpose is to improve tracking by providing additional measurements closer
to the IP with finer granularity, allowing the measurement of track information
of short-lived particles, crucial information for the flavor-tagging performance. In
addition to the IBL, the pixel detector consists of three layers of pixel detectors
with high granularity. The intrinsic resolution is 10 µm in the azimuthal and radial
directions and 115 µm in the 𝑧 (barrel) and radial directions (end-cap). Typically,
four measurements are provided per track, one for each pixel detector layer. The
SCT surrounds the pixel detector and is composed of four layers of silicon microstrip
sensors. Each layer consists of small-angle stereo strips and tracks in the range
|𝜂| < 2.5. Five additional layers are placed as disks in each end-cap. The SCT
typically provides four additional measurements per track and has a resolution of
17 µm in the transverse plane and 580 µm in the 𝑧 direction and radial direction
in the end-caps. The TRT is the outermost sub-detector of the ID and covers the
region |𝜂| < 2. The TRT is composed of straw tubes filled with a gas mixture to
track traversing particles. Additionally, the TRT provides electron identification
information based on the fraction of hits above a higher energy-deposit threshold
corresponding to transition radiation.

Similar to the ID, the ATLAS calorimeter system consists of several sub-detectors.
The general goal of the calorimeter system is to measure the energy of traversing
particles. Alternating layers of absorber material and sensors are used to measure
the energy of the particles. The absorber material causes the particles to interact
and lose energy, which is then measured by the sensors. The interaction with the
absorber material causes the particles to shower, producing secondary particles. This
process repeats until the particles have lost all their energy. Therefore, measuring
the energy of high-energy particles involves measuring the energy of all particles
produced within their showers. Consequently, the measured energy of all particles
allows for a precise determination of the missing transverse momentum 𝐸miss

𝑇 . The
precise measurement of 𝐸miss

𝑇 is crucial, as neutrinos cannot be detected directly with
the ATLAS detector due to their tiny interaction probability. Therefore, 𝐸miss

𝑇 is
used as a proxy for neutrino energy.

The calorimeter system is divided into two parts: the electromagnetic calorimeter
(ECAL) and the hadronic calorimeter (HCAL). The ECAL is composed of a barrel
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and two end-cap calorimeters. The interaction layers consist of lead and liquid argon
(LAr), and the layers are arranged in an accordion-like shape. The ECAL covers the
region |𝜂| < 3.2 and is used to measure the energy of electrons and photons. The
ECAL has finer granularity within the ID acceptance region |𝜂| < 2.5. The energy
of hadrons is measured using the HCAL, which consists of three calorimeters: the
tile calorimeter (HTC), the end-cap calorimeter (HEC), and the forward calorimeter
(FCal). The HTC is located outside the ECAL and consists of three barrel layers.
It uses steel as the absorbing material and scintillating tiles as the active material.
The HEC is made of copper plates and LAr and is arranged in two wheels on each
end-cap. The FCal is placed in the forward region of the detector, covering the range
3.1 < |𝜂| < 4.9. It consists of three modules per end-cap, using liquid argon as the
active material and copper or tungsten as the absorbing material.

The muon spectrometer (MS) forms the outermost part of the ATLAS detector and
is specifically designed to track muons and measure their momenta, since the ID
is insufficient for measuring muons due to their low interaction probability. The
MS detects the bending of muon trajectories in the magnetic field created by barrel
and end-cap toroid magnets. It includes two key types of chambers: high-precision
tracking chambers, which monitor the bending of muons, and trigger chambers, which
are responsible for identifying muons. The high-precision chambers cover the region
|𝜂| < 2.7, while the trigger chambers operate within |𝜂| < 2.4. In the barrel region,
high-precision tracking is performed using monitored drift tubes (MDTs), which
achieve a resolution of about 80 µm per hit in the bending direction. These chambers
are filled with a gas mixture of argon and carbon dioxide, ensuring stability over time.
Each MDT provides six to eight measurements along the muon’s trajectory. In the
forward regions, where higher particle rates occur, cathode strip chambers (CSCs)
are used instead of MDTs to cover the |𝜂| range from 2 to 2.7. These chambers
employ multi-wire proportional designs and also utilize a mixture of argon and carbon
dioxide. Each CSC simultaneously records both azimuthal (𝜙) and pseudorapidity
(𝜂) information, with resolutions of 60 µm and 5 mm , respectively. The trigger
chambers include resistive plate chambers (RPCs) in the barrel, designed for rapid
signal detection with a time resolution of about 2 ns. They are arranged in three
concentric layers and cover |𝜂| < 1.05. In the end-cap region (1.05 < |𝜂| < 2.4),
thin gap chambers (TGCs) are used instead. The TGCs handle high event rates
and provide timing resolutions between 15 ns and 18 ns. Both RPCs and TGCs also
contribute to position measurements, complementing the tracking capabilities of the
MDTs and CSCs, with spatial resolutions ranging from 5 mm to 10 mm . To ensure
accurate momentum measurements, the MS relies on an alignment system using
optical sensors.

The high collision frequency of the LHC results in an enormous amount of data being
produced by the ATLAS detector, far exceeding the direct storage rate. Hence, a
trigger system is used to efficiently select and retain only the most relevant events for
physics analyses. Events are selected by the first-level trigger (L1) system, followed
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by the high-level trigger (HLT) [44] system. The L1 trigger primarily uses hardware-
based information to process data rapidly and identify regions of interest in the
detector. Information from sub-detectors such as the calorimeters and the MS is
analyzed to determine whether an event is of interest for future physics analyses.
This fast processing significantly reduces the event rate from the original LHC bunch
crossing rate of 40 MHz to 100 kHz . The HLT refines this selection at the software
level using more detailed information from the detectors, such as tracking data from
the ID, fine-granularity calorimeter information, and precision muon measurements.
By applying these additional requirements, the HLT further reduces the event rate
to about 1 kHz, enabling events to be stored for offline analysis.
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5 Data and Monte Carlo
Simulation

5.1 Data

The data used in this thesis consists of the full Run 2 dataset collected by the ATLAS
detector at the LHC. This dataset was acquired from proton–proton collisions between
2015 and 2018 at a center-of-mass energy of

√
𝑠 = 13 TeV. It corresponds to an

integrated luminosity of 140 fb−1, with an uncertainty of 0.83 % [45]. Only events
recorded during stable beam conditions and when all detector subsystems were
operational are included in the analysis.

5.2 Monte Carlo Simulation

Monte Carlo (MC) simulations were used to model the signal and background
processes in the analysis. The simulation of the MC samples was performed in three
steps.

First, the processes were simulated at the parton level using matrix element (ME)
calculations that determine their probabilities, accounting for the initial proton–
proton collision conditions at 13 TeV as described by the parton distribution function
(PDF). These calculations rely on the factorization theorem, which states that the
cross-section of a high-energy process can be factorized into a perturbative and
a non-perturbative component. The perturbative component describes the hard
scattering of partons and can be computed using QCD at short distances, while
the non-perturbative part encapsulates the long-distance effects, such as the proton
structure, described by the PDFs. The factorization scale 𝜇𝑓 determines the energy
threshold below which perturbative QCD is no longer applicable, requiring non-
perturbative modeling. Next, the parton shower (PS) was simulated to model both
the QCD radiation of partons and their hadronization into final-state particles. The
parton shower accounts for additional soft and collinear QCD emissions, which are
treated within perturbative QCD, while hadronization is governed by non-perturbative
QCD mechanisms.

For each process, a detailed description of the employed ME generator, PDF, and PS
algorithm is provided. Table 5.1 summarizes the MC samples used in this analysis
along with all simulation settings.
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The second step consists of simulating the detector response within the ATLAS
detector using the Geant4 package [46, 47]. For a few samples, a fast simulation
of the detector was used, in which the calorimeter response was not fully simulated
and instead was replaced by a parameterization of the shower shapes [48]. The fast
simulation of the detector is a trade-off between the accuracy and computational cost
of the simulation. It was used for the signal samples and the 𝑡 ̄𝑡𝑡 ̄𝑡, 𝑡𝑊𝐻 and 𝑡𝐻𝑗𝑏
background samples. This step of simulating the detector response is referred to as
digitization, as the simulated energy deposits are converted into detector signals that
are read out as voltages or currents by the detector electronics. Additionally, in this
step the effects of multiple collections during a single bunch crossing, referred to as
pileup, are modeled by overlaying the simulated events with additional minimum-
bias events. This is done to account for the additional proton–proton interactions
that occur in the same or nearby bunch crossings as the hard-scatter interaction of
interest. The used minimum-bias events were simulated using the event generator
Pythia 8.186 [49] with the NNPDF2.3lo PDFs [50] and the A3 set of tunable
parameters [51] for the PS simulation, referred to as tune.

In the third and last step, all simulated events are passed through the same recon-
struction algorithms as the data. The description of the reconstruction algorithms is
given in Section 6.

Unless otherwise specified, the MC samples share the following common settings:
the masses of the top quark and the Higgs boson are set to 172.5 GeV and 125 GeV,
respectively. The modeling of the decays of heavy-flavor (HF) hadrons is based
on EvtGen [52], except for samples produced with Sherpa. Events generated
with MadGraph5_aMC@NLO [53] or Powheg Box [54–56] were interfaced with
Pythia 8 [57] and used the A14 tune [58] with the NNPDF2.3lo PDF set to
model the PS, underlying event (UE) and hadronization. Events interfaced with
Herwig 7 [59, 60] used the MMHT2014lo PDF set [61] and the corresponding tune
provided by Herwig, either H7.2-Default or H7-UE-MMHT. Events simulated with
Sherpa [62] used the PS and hadronization model and the tune provided by the
Sherpa authors.

5.2.1 Same-sign top-quark signal samples

The signal events are generated using MadGraph5_aMC@NLO [53] v2.9.3 together
with the SMEFTsim3.0 Feynrules package [63–65], using the 𝑚𝑊 EW input scheme.
The ME calculations are performed at leading order (LO) in QCD without the
inclusion of additional jets, using the NNPDF30lo [66] PDF set. Next-to-leading
order (NLO) accuracy is not supported by SMEFTsim3.0 and was therefore omitted.
As a consequence of the LO approximation, the jet multiplicity may be inaccurately
modeled. To account for these higher-order effects, scale variations are applied to
the jet multiplicity distribution and treated as a systematic uncertainty for the
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Table 5.1: The samples used for event generation of signal and background
processes. The samples used to estimate the systematic uncertainties are shown in
parentheses. The production of an EW boson is denoted by 𝑉 (𝑊 or 𝑍/𝛾∗). The
parton density function (PDF) shown in the table is the one used for the matrix
element (ME). The tune is the set of tuned parameters of the parton-shower (PS)
generator.

Process Generator ME order PS PDF (ME) Tune

𝑡𝑡/ ̄𝑡 ̄𝑡 EFT signal MadGraph5 LO Pythia 8 NNPDF3.0lo A14
𝑡 ̄𝑡𝑊 Sherpa 2.2.10 NLO Sherpa NNPDF3.0nnlo Sherpa default

(MadGraph5) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)
(Powheg Box) (NLO) (Pythia 8) (NNPDF2.3lo) (A14)
(Powheg Box) (NLO) (Herwig 7.2) (NNPDF3.0nlo) (H7.2-Default)

𝑡𝑡𝑍/𝛾∗ MadGraph5 NLO Pythia 8 NNPDF3.0nnlo A14
(MadGraph5) (NLO) (Herwig 7.2) (NNPDF3.0nlo) (H7.2-Default)
(MadGraph5) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14 Var3c)

𝑡 ̄𝑡ℓℓ MadGraph5 NLO Pythia 8 NNPDF3.0nlo A14
𝑡 ̄𝑡𝐻 Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

(Powheg Box) (NLO) (Herwig 7.04) (NNPDF3.0nlo) (H7UE-MMHT)
(MadGraph5) (NLO) (Pythia 8) (NNPDF3.0nlo) (A14)

𝑉 𝑉, 𝑞𝑞𝑉 𝑉, 𝑉 𝑉 𝑉 Sherpa 2.2.2 NLO Sherpa NNPDF3.0nnlo Sherpa default
Four top MadGraph5 NLO Pythia 8 NNPDF3.1nlo A14
𝑡 ̄𝑡 Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
𝑠-, 𝑡-channel, Powheg Box NLO Pythia 8 NNPDF3.0nlo A14
𝑊𝑡 single top
𝑍 → ℓ+ℓ− (Mat Conv) Powheg Box NLO Pythia 8 CT10nlo AZNLO
𝑍 → ℓ+ℓ−+(𝛾∗) Powheg Box NLO Pythia 8 CT10nlo AZNLO
𝑍 → ℓ+ℓ− Sherpa 2.2.1 NLO Sherpa NNPDF3.0nnlo Sherpa default
𝑊+jets Sherpa 2.2.1 NLO Sherpa NNPDF3.0nnlo Sherpa default
𝑉 𝛾 Sherpa 2.2.8 NLO Sherpa NNPDF3.0nnlo Sherpa default
𝑡(𝑍/𝛾∗), 𝑡 ̄𝑡𝑡, 𝑡 ̄𝑡𝑊𝐻 MadGraph5 LO Pythia 8 NNPDF2.3lo A14
𝑡 ̄𝑡𝑊 +𝑊 −, 𝑡 ̄𝑡𝑍𝑍, 𝑡 ̄𝑡𝐻𝐻 MadGraph5 LO Pythia 8 NNPDF2.3lo A14
𝑡𝑊(𝑍/𝛾∗), 𝑡𝑊𝐻, 𝑡𝐻𝑞𝑏 MadGraph5 NLO Pythia 8 NNPDF3.0nlo A14
𝑉 𝐻 Powheg Box NLO Pythia 8 NNPDF3.0nlo A14

signal samples. Only the leptonic decay modes of the top quark are considered,
in which the top quark decays into a 𝑊 boson and a 𝑏-quark, with the 𝑊 boson
subsequently decaying into a charged lepton and a neutrino of the same flavor. The
parton showering is simulated using Pythia 8.245 [57] with the A14 tune [58].

Only the three operators 𝒪(1)
𝑡𝑢 , 𝒪(1)

𝑄𝑢 and 𝒪(8)
𝑄𝑢 of the five four-fermion operators that

can produce same-sign top-quark pairs are considered in simulation. Furthermore, a
quark flavor universality was imposed for the production of the same-sign top pairs.
Consequently, the WCs for 𝑢𝑢𝑡𝑡, 𝑢𝑐𝑡𝑡, and 𝑐𝑐𝑡𝑡 vertices are bound to the same value
regardless of the flavor of the quarks. More information on the SMEFT operators is
given in Section 3.1.

A nominal sample was produced for 𝑡𝑡 and ̄𝑡 ̄𝑡, in which the WCs were set to 𝑐(1)
𝑡𝑢 =
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0.04, 𝑐(1)
𝑄𝑢 = 0.1 and 𝑐(8)

𝑄𝑢 = 0.1. These samples correspond to cross-sections of
𝜎(𝑝𝑝 → 𝑡𝑡) = 97.6 fb and 𝜎(𝑝𝑝 → ̄𝑡 ̄𝑡) = 2.4 fb, assuming a new-physics scale of Λ =
1 TeV. This highlights that the signal is highly charge-asymmetric, leading to a
cross-section which is approximately 40 times larger for 𝑡𝑡 production compared to
̄𝑡 ̄𝑡 production. Different values are used for the three WCs in order to have similar

contributions from the three operators to the total cross-section. Hence, 𝑐(1)
𝑡𝑢 is set to

a lower value, as it is the dominant operator in the production of same-charge top
pairs. These nominal samples were used in the optimization of the analysis strategy
and were used to generate alternative signal samples with different WC values via
reweighting.

The MadGraph5_aMC@NLO reweighting tool [67, 68] is used to obtain the
alternative signal predictions from the nominal sample. An event weight for a different
set of WCs is obtained through the re-computation of the MEs and modifying the
event weight according to the ratio of the squared nominal and recomputed MEs.
The new event weight is given by

𝑊new =
|𝑀new|2

|𝑀orig|2 𝑊orig (5.1)

where 𝑊orig is the original event weight and 𝑀new, 𝑀orig are the re-computed and
original MEs, respectively.

Following this procedure, four samples are produced for each of the three operators,
while the other two operators are set to zero. For the three WCs the following
values are used: 𝑐(1)

𝑡𝑢 = [0.02, 0.03, 0.04, 0.05], 𝑐(1)
𝑄𝑢 = [0.05, 0.07, 0.10, 0.15], and 𝑐(8)

𝑄𝑢 =
[0.1, 0.2, 0.25, 0.30]. In addition to these 12 samples with a single WC set to a non-zero
value, 20 samples are generated with two or three WCs set to non-zero values. All
possible permutations of the following WC values are used for the mixed samples:
𝑐(1)

𝑡𝑢 = [0, 0.01, 0.02], 𝑐(1)
𝑄𝑢 = [0, 0.05, 0.1], and 𝑐(8)

𝑄𝑢 = [0, 0.2, 0.3]. Permutations where
more than one WC is set to zero are not considered, leading to 20 unique mixed
samples. Similar as for the nominal sample, the ranges of WCs for the different
operators were chosen in order to balance the contribution to the total cross-section
from the three operators. All 32 reweighted samples correspond to cross-sections
between 10 fb and 100 fb and assumed a new-physics scale BackgroundOnlyFit
Λ = 1 TeV.

The reweighting procedure was validated by comparing reweighted samples to addi-
tional signal samples generated using the MadGraph5_aMC@NLO setup described
above, employing the same WC configuration as used in the reweighted samples. For
validation, the kinematic distributions of 𝑡𝑡 events were compared at the particle
truth level, which is the stage of the simulation where final state particles are fully
known and no detector simulation is applied, and at the reconstruction level, where
the simulation of the detector response and geometry is taken into account. No
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significant differences were observed between the samples at either level, confirming
the validity of the reweighting procedure.

5.2.2 Background samples

SM processes such as 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, 𝑡 ̄𝑡𝛾, 𝑡 ̄𝑡𝐻, 𝑡 ̄𝑡𝑡 ̄𝑡, and other rare top processes can
produce final states with two leptons of the same electric charge. These processes
mimic the signal final state and are referred to as irreducible backgrounds in this
analysis. In addition to these, other background events may mimic the searched
final state signature due to detector inefficiencies or misreconstruction. These events
are referred to as reducible backgrounds. For example, jets can be misidentified as
leptons, or leptons can have their electric charge incorrectly assigned, allowing events
that originally contain only one lepton or opposite-sign leptons to pass the signal
selection criteria. The primary contribution to the reducible background, however,
comes from events with non-prompt leptons. Non-prompt leptons do not originate
from the primary vertex of the hard-scatter interaction, instead, they arise from
hadron decays or from photon conversions (𝛾/𝛾∗ → 𝑒+𝑒−). These leptons can be
misreconstructed as prompt, thereby satisfying the signal selection criteria. The
non-prompt lepton backgrounds are estimated using simulated samples of 𝑡 ̄𝑡, single
top, and 𝑍 → ℓ+ℓ− events. The following paragraph describes the simulation setup
for the various background samples, beginning with the reducible backgrounds.

The 𝑡 ̄𝑡𝑊 production is the dominant background in the signal-dominated regions.
The used simulation setup for 𝑡 ̄𝑡𝑊 production follows the setup used in the 𝑡 ̄𝑡𝑊
cross-section measurement in Ref. [69]. This setup provides the highest available
precision within ATLAS and is based on Sherpa 2.2.10. Both the factorization and
renormalization scales, 𝜇F and 𝜇R, were set to 𝐻𝑇/2, where 𝐻𝑇 is the sum of the
transverse masses 𝑚𝑇 = √𝑚2 + 𝑝2

𝑇 of all particles generated in the ME calculation.
The simulation was performed at next-to-leading order (NLO) QCD accuracy for
MEs with up to one jet and leading order (LO) accuracy for up to two additional
jets. Additional partons were matched and merged with the Sherpa PS using
Catani–Seymour dipole factorization [70, 71] and the MEPS@NLO method [72–75]
with a CKKW merging scale of 30 GeV. Virtual QCD corrections for MEs at NLO
accuracy were provided by the OpenLoops 2 library [76–78]. The samples were
simulated using the NNPDF3.0nnlo [66] PDF set. The LO EW contributions were
obtained from a dedicated sample simulated with Sherpa 2.2.10 and were combined
with the NLO QCD sample described above. The events were normalized using a
cross-section of 722 fb, as calculated in Ref. [79]. Three alternative 𝑡 ̄𝑡𝑊 samples are
used to estimate systematic uncertainties and are listed in Table 5.1 (in parentheses).
Further details on the use of these alternative samples for estimating systematic
modeling uncertainties are provided in Section 8.2.
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The production of 𝑡𝑡𝑍/𝛾∗ events was simulated using the MadGraph5_aMC@NLO
generator. The factorization and renormalization scales, 𝜇F and 𝜇R, were set to
0.5 × ∑𝑖 √𝑚2

𝑖 + 𝑝2
T,𝑖, where the sum includes all particles generated in the ME

calculation. The cross-sections were computed at NLO accuracy in both QCD and
EW interactions using MadGraph5_aMC@NLO, as detailed in Ref. [80]. The
cross-section for 𝑡 ̄𝑡𝑍 (ℓℓ) events with an off-shell 𝑍 boson, referred to as 𝑡 ̄𝑡ℓℓ, was
scaled by an off-shell correction estimated at one-loop level in 𝛼s. Two alternative
𝑡𝑡𝑍/𝛾∗ samples were simulated at NLO QCD with the MadGraph5_aMC@NLO
generator and interfaced either to Pythia 8 or Herwig 7.2, which are used later on
to define a proper PS and an initial-state radiation (ISR) uncertainty.

The production of 𝑡 ̄𝑡𝐻 events was simulated using the Powheg Box v2 [54, 81–
84] generator. The factorization and renormalization scales, 𝜇F and 𝜇R, were set
to 3

√𝑚T(𝑡) ⋅ 𝑚T( ̄𝑡) ⋅ 𝑚T(𝐻). The cross-section was calculated at NLO accuracy,
as detailed in Ref. [80]. Two additional 𝑡 ̄𝑡𝐻 samples were generated: one using
the MadGraph5_aMC@NLO generator with Pythia 8 and another using the
Powheg Box generator with Herwig 7.2. These alternative samples are used to
estimate uncertainties for the ME generator matching and the PS.

Diboson final states (𝑉 𝑉) were simulated using the Sherpa 2.2.2 generator with the
NNPDF3.0nnlo PDF set, including off-shell effects. The MEs were calculated at
NLO accuracy in QCD for up to one additional parton emission and at LO accuracy
for up to three additional partons. Loop-induced processes were simulated at LO for
up to one additional parton emission. The calculations were matched and merged
with the Sherpa PS, which uses Catani–Seymour dipole factorization, following the
MEPS@NLO approach. Virtual QCD corrections were provided by the OpenLoops
library.

The production of 𝑡 ̄𝑡𝑡 ̄𝑡 events was simulated using the MadGraph5_aMC@NLO
generator with the NNPDF3.1nlo PDF set and interfaced with Pythia 8. Several
rare processes were also included in the background estimation: 𝑡𝑍, 𝑉 𝐻, 𝑡 ̄𝑡𝑊𝑊,
𝑡 ̄𝑡𝐻𝐻, 𝑡 ̄𝑡𝑊𝐻, 𝑡 ̄𝑡𝑍𝑍, 𝑡𝑊𝑍, 𝑡𝑊𝐻, 𝑡𝐻𝑞𝑏, 𝑡𝑡𝑡, and 𝑉 𝑉 𝑉 production. Processes involving
at least one top quark were simulated with MadGraph5_aMC@NLO, while 𝑉 𝑉 𝑉
events were generated using Sherpa 2.2.2, and 𝑉 𝐻 production was simulated with
Powheg Box v2.

The 𝑡 ̄𝑡 production process was simulated using Powheg Box v2 and normalized to
the cross-section predicted at next-to-next-to-leading order (NNLO) in QCD. This
prediction included the resummation of next-to-next-to-leading logarithmic (NNLL)
soft-gluon terms, calculated with Top++ 2.0 [85–91]. The ℎdamp parameter, which
regulates the transverse momentum of the first gluon emission beyond the Born
configuration in Powheg Box, was set to 1.5 𝑚top [92].
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The production of single top quarks together with 𝑊 bosons (𝑡𝑊) was simulated using
the Powheg Box v2 generator at NLO in QCD. To avoid interference and overlap
with 𝑡 ̄𝑡 production, the diagram-removal method [93] was applied. The inclusive
cross-section was adjusted to match the theoretical prediction, which was calculated
at NLO in QCD with NNLL soft-gluon corrections [94]. Single top-quark production
in the 𝑠-channel and 𝑡-channel was also modeled with the Powheg Box v2 generator
at NLO in QCD, using the five-flavor and four-flavor schemes, respectively. For the
single-top 𝑡-channel process, the inclusive cross-section was updated to align with
the theory prediction calculated at NLO in QCD using Hathor 2.1 [95, 96].

The contribution from material photon conversions (Mat Conv) and internal photon
conversions (Int Conv) were estimated by using 𝑍 → ℓ+ℓ− events, simulated with the
Powheg Box generator at NLO in QCD using the CT10nlo PDF set interfaced
with Pythia 8 using the AZNLO tune [97].

The simulated events were normalized to cross-sections calculated at the highest
available order in perturbation theory. Corrections were applied to ensure that the
selection efficiencies, energy scales, and energy resolutions of reconstructed objects
matched those derived from data control samples.
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6 Event reconstruction and object
identification

The event reconstruction and object identification are crucial steps in particle physics
analyses. In these steps the raw data measured by the detector is used to define
physical objects like electrons, muons and jets. The finale state signature targeted in
this analysis is the fully leptonic decay of same-charge top-quark pairs. In detail, the
final state signature consists of two same-charge leptons (𝑒, 𝜇), two jets containing
b-hadrons and missing transverse momentum associated to the two neutrinos from
the 𝑊 boson decays.

First, the event preselection and triggers are described. Afterward, the different
techniques and algorithms used to reconstruct and identify the physical objects are
described in separate sections for electrons, muons and jets, respectively. All objects
are reconstructed and calibrated with the default ATLAS methods using the ATLAS
internal Analysis Top framework. In the end, the reconstruction of the missing
transverse momentum is described, as well as the overlap removal procedure.

6.1 Event preselection and triggers

Triggers are used during the data taking at the LHC to select events that are of
interest for the physics analysis and to be able to handle the huge amounts of data
that are produced in the collisions. Therefore, the simulated events are also required
to pass the same triggers as the data. In this analysis, all events are required to
fire single leptons (𝑒, 𝜇) or dilepton (𝑒𝜇, 𝑒𝑒, 𝜇𝜇) triggers [98, 99]. Depending on the
year of data taking, slightly different triggers are employed, which require specific
𝑝T thresholds or identification requirements. Consequently, the simulated events for
the 2015 data are required to pass the triggers for 2015, the simulated events for the
2016 data are required to pass the triggers for 2016 and so on. The complete list of
lepton triggers used in this analysis is given in Table 6.1.

33



6 Event reconstruction and object identification

Single lepton triggers (2015)

𝜇 HLT_mu20_iloose_L1MU15, HLT_mu50

𝑒 HLT_e24_lhmedium_L1EM20VH, HLT_e60_lhmedium
HLT_e120_lhloose

Dilepton triggers (2015)

𝜇𝜇 HLT_mu18_mu8noL1
𝑒𝑒 HLT_2e12_lhloose_L12EM10VH

𝑒𝜇, 𝜇𝑒 HLT_e17_lhloose_mu14

Single lepton triggers (2016)

𝜇 HLT_mu26_ivarmedium, HLT_mu50

𝑒 HLT_e26_lhtight_nod0_ivarloose, HLT_e60_lhmedium_nod0,
HLT_e140_lhloose_nod0

Dilepton triggers (2016)

𝜇𝜇 HLT_mu22_mu8noL1
𝑒𝑒 HLT_2e17_lhvloose_nod0

𝑒𝜇, 𝜇𝑒 HLT_e17_lhloose_nod0_mu14

Single lepton triggers (2017 / 2018)

𝜇 HLT_mu26_ivarmedium, HLT_mu50

𝑒 HLT_e26_lhtight_nod0_ivarloose, HLT_e60_lhmedium_nod0,
HLT_e140_lhloose_nod0

Dilepton triggers (2017 / 2018)

𝜇𝜇 HLT_mu22_mu8noL1
𝑒𝑒 HLT_2e24_lhvloose_nod0

𝑒𝜇, 𝜇𝑒 HLT_e17_lhloose_nod0_mu14
Table 6.1: List of single lepton and dilepton triggers used for 2015-2018 data
taking.

In addition to the trigger requirements, events are preselected by requiring a success-
fully reconstructed primary vertex [100]. The primary vertex is defined as the vertex
with the largest sum of squared transverse momenta of its associated tracks, ∑ 𝑝2

T.
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The primary vertex is additionally required to have at least two associated tracks,
with each track satisfying 𝑝T > 500 MeV.

6.2 Electrons

The reconstruction, calibration and identification of electrons are described in detail
in Ref. [101], a short summary is given in the following.

Electrons are reconstructed from tracks identified in the ID and the ECAL. The
reconstruction process begins with the identification of clusters of energy deposition
in the ECAL, matched to tracks in the ID. These clusters, known as superclusters,
are dynamic, variable-size energy deposits in the ECAL. They are calibrated using
complex algorithms, with the energy calibration performed using reconstructed
𝑍 → 𝑒+𝑒− decays.

For this analysis, electrons are required to satisfy a transverse energy threshold of
𝐸𝑇 > 10 GeV and a pseudorapidity criterion of |𝜂| < 2.47, excluding the calorimeter
transition region between the barrel and end-cap components, 1.37 < |𝜂| < 1.52.
Hence, the pseudorapidity requirement is also imposed on the electron superclusters.
Electron candidates of interest should originate from the primary vertex of the proton-
proton interaction. This is enforced by requiring the transverse impact parameter
significance to fulfill |𝑑0|/𝜎𝑑0

< 5 and the longitudinal impact parameter to fulfill
|𝑧0 sin 𝜃| < 0.5 mm for all electron candidates.

Identification criteria for electrons are categorized into two working points (WPs):
Tight and Loose. The Tight WP is employed for the main analysis and includes
stringent requirements on isolation to ensure high-quality electron reconstruction.
The isolation criteria are applied to minimize contributions from nearby high-energy
particles. The Loose WP is used for the data-driven estimation of fake electron
contributions and the overlap removal. Both WPs are based on a likelihood approach
to discriminate between real and fake electrons. The likelihood is constructed by
using several low-level tracking and calorimeter-related input variables.

Electrons are additionally classified as prompt or non-prompt in this analysis. Non-
prompt electrons are typically produced in the decay of hadrons, such as light-flavor
or HF hadrons, hence, they do not directly originate from the primary vertex. To
suppress non-prompt electrons, a boosted Decision Tree (BDT) is employed. The
BDT is optimized to classify electrons as prompt or non-prompt, and the various
WPs are used to define the final lepton categories. The final lepton categories, which
are used throughout the analysis, are described in Section 6.4.
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6.3 Muons

The reconstruction, calibration and identification of muons are described in detail in
Ref. [102], a short summary is given in the following.

Muon reconstruction and identification is performed using information from the ID,
calorimeters, and the MS. For this analysis, only combined (CB) muon candidates
are considered. CB muons are reconstructed by matching MS tracks to ID tracks
through a track-fitting process that accounts for energy loss in the calorimeters. This
approach ensures high-quality reconstruction and precision, compared to ID or MS
muons. Hence, CB muons are the most commonly used muon type in ATLAS physics
analyses.

To ensure high efficiency and purity, specific WPs are defined for muon candidates.
This analysis utilizes the Loose and Medium WPs. The Loose WP is designed to
maximize selection efficiency by providing flexibility in regions where coverage gaps
exist in the MS, such as |𝜂| < 0.1 or low low-𝑝𝑇 muons. Hence, for low-𝑝𝑇 muons
(𝑝𝑇 < 7 GeV) only one MS station with at least three hits is required. The Medium
WP, on the other hand, is optimized to balance efficiency and purity. It requires CB
muons with at least two hits in the MDT or CSC chambers and three or more hits
in other ID and MS layers. This WP is the most widely used for physics analyses,
offering a good compromise between background rejection and signal efficiency.

All selected muon candidates must satisfy the transverse momentum requirement
𝑝𝑇 > 10 GeV and are required to be within pseudorapidity range |𝜂| < 2.5. Further
cuts are applied on the impact parameters, ensuring |𝑑0|/𝜎𝑑0

< 3 and |𝑧0 sin 𝜃| <
0.5 mm to maintain consistency with the primary vertex. Muons are preselected in
this analysis by requiring them to fulfill the Loose WP. After passing the overlap
removal algorithm, described in Section 6.7, muons candidates are required to satisfy
the Medium identification WP. Similar to the electrons, the muons are then further
split into the final lepton categories, to suppress non-prompt lepton backgrounds.

6.4 Leptons categories

The reconstructed muons and electrons are further classified via BDT WPs into four
categories that are used throughout the analysis. The four BDT WPs are defined
separately for electrons and muons, and are referred to as Loose inclusive (𝐿inc),
Medium inclusive (𝑀inc), Medium (M ), and Tight (T). Each lepton category is based
on a combination of an identification WP and a non-prompt lepton BDT WP, which
is described in detail in the following. For the electrons, the previously defined Loose
identification WP is used for the 𝐿inc category, while for the other three categories
the electron is required to be identified as a Tight electron. For the muons, the
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6.4 Leptons categories

Medium identification WP is used for all four categories. Both electrons and muons
are required to be isolated.

The goal of this BDT classification is to create categories that are optimized for the
suppression of non-prompt leptons. The prompt leptons, in this analysis, originate
from the decay of the 𝑊 bosons, while the non-prompt leptons originate from the
decay of light-flavor, HF hadrons, or photon conversions. Non-prompt leptons can be
identified by tracing them back to their displaced decay vertices associated with the
hadron decay. To suppress non-prompt leptons, a BDT discriminate was developed in
Ref. [103]. The BDT makes use of several variables that are sensitive to non-prompt
leptons, such as the lifetime, isolation, secondary vertex, or track information of the
lepton candidate. The BDT is optimized separately for electrons and muons and will
be referred to as the non-prompt lepton BDT is the following.

Two WPs, referred to as Tight and VeryTight, are defined based on the output score of
non-prompt lepton BDT. The Tight WP achieves a prompt lepton efficiency for muons
(barrel/endcap electrons) satisfying calorimeter- and track-based isolation criteria of
approximately 60 % (60/70 %) at 𝑝T ∼ 20 GeV, rising to a plateau of 95 % (95/90 %)
at 𝑝T ∼ 40 (40/65) GeV. The VeryTight WP, which is more stringent, provides a
prompt lepton efficiency of around 55 % (55/60 %) for muons (barrel/endcap electrons)
at 𝑝T ∼ 20 GeV, reaching a plateau of 90 % (85/83 %) at 𝑝T ∼ 40 (40/65) GeV. The
rejection factor against muons (electrons) originating from 𝑏-hadron decays varies
with 𝑝T and |𝜂|, and is enhanced by resolving ambiguities between overlapping
reconstructed objects. For the Tight WP, the rejection factor ranges from 33 to 50
for muons and 20 to 50 for electrons. The VeryTight WP further improves these
rejection factors, ranging from 50 to 100 for muons and 33 to 66 for electrons.

The BDT WPs Tight and VeryTight are used to define the lepton categories 𝑀inc and
T, while the lepton category 𝑀 is defined by requiring the lepton candidate to satisfy
the Tight-not-VeryTight BDT WP. As the name suggests, the Tight-not-VeryTight
WP requires the lepton candidate to pass the Tight WP, but not the VeryTight WP.
Consequently, the lepton categories M and T are mutually exclusive, while the 𝑀inc
category is the disjoint union of the M and T categories. The last lepton category
𝐿inc is defined by requiring the lepton candidate to not pass any of the non-prompt
lepton BDT WPs.

For electrons, two additional requirements are applied to suppress electrons with
a charge misidentification (QmisID) and electrons that originate from photon con-
versions. These two requirements are requested by all lepton categories, except
for the 𝐿inc category. To suppress electrons reconstructed with an incorrect charge
assignment, another BDT, referred to as ECIDS (ElectronChargeFlipTaggerTool),
is deployed. The ECIDS is trained using six variables: 𝑝𝑇, 𝜂, the product of charge
and transverse impact parameter (charge×𝑑0), the ratio of cluster energy to track
momentum (𝐸/𝑝), the angular difference between cluster position and extrapolated
track (𝛥𝛷), and the weighted average charge of associated tracks. A minimum
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BDT score of 0.7 is required, achieving a selection efficiency of 92.5 % for correctly
charge-assigned electrons. The rejection efficiency for background electrons due to
charge misassignment is approximately 96 % in the barrel region and 81 % in the
endcaps, corresponding to rejection factors of 19 and 40, respectively.

To suppress non-prompt electrons originating from photon conversions occurring
either in the detector material or at the IP, a selection is applied based on the invariant
mass of the electron candidate and its closest opposite-charge track. Specifically,
electron candidates associated with a displaced vertex at a radial distance from the
IP (𝑟 > 20 mm) and an invariant mass of the combination with the closest track with
an energy smaller than 100 MeV are rejected. These electrons are classified as photon
conversions in the detector material and are referred to as MatCO. Additionally,
electrons with invariant masses in the range 0 < 𝑚trk−trk,PV < 100 MeV are classified
as originating from photon conversions at the IP, referred to as IntCO, and are
similarly vetoed. In order to enter any of the three lepton categories 𝑀inc, M, or
T, the electron candidate must pass the charge misassignment and conversion veto
requirements. The 𝐿inc category does not require these vetoes, as it is used for the
data-driven estimation of the photon conversions and leptons that originate from HF
hadron decays.

The definitions of the four leptons categories are summarized in Table 6.2, including
all the requirements for electrons and muons.

Table 6.2: Summary of the definitions of the loose inclusive (𝐿inc), medium inclusive
(𝑀inc), medium (M ), and tight (T) leptons.

Lepton 𝑒 𝜇

Category 𝐿inc 𝑀inc M T 𝐿inc 𝑀inc M T
Isolation Yes Yes
Non-prompt lepton No Tight Tight-not- VeryTight No Tight Tight-not- VeryTight
BDT WP VeryTight VeryTight
Identification Loose Tight Medium
QmisID veto No Yes Not applicable
Photon conversion veto No Yes Not applicable
|𝑑0|/𝜎𝑑0

< 5 < 3
|𝑧0 sin 𝜃| < 0.5 mm

6.5 Jets and b -tagging

Jets are the result of high-energy quarks or gluons hadronizing, due to confinement.
Jets appear as clusters of energy deposits in the detector, due to the momentum
conservation. They are reconstructed using these energy deposits registered in
the ECAL and HCAL and tracking information from the ID, combined through
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the particle-flow (PFlow) algorithm [104]. The reconstruction uses the anti-𝑘𝑇
algorithm [105, 106] with a radius parameter of 𝑅 = 0.4, the jets are further
calibrated using simulation-based corrections followed by in situ corrections [107].
Jet candidates are required to satisfy 𝑝T > 25 GeV and |𝜂| < 2.5. To mitigate
pileup effects, the Jet Vertex Tagger (JVT) algorithm [108] is applied to jets with
𝑝T < 60 GeV and |𝜂| < 2.4, using the Tight JVT WP for pileup rejection.

Jets containing b-hadrons are identified using the DL1r algorithm [109], which makes
use of track impact parameters and displaced vertices reconstructed in the ID to
reconstruct additional decay vertices. This approach exploits both spatial and
kinematic correlations associated with tracks that originate from the same b-hadron.
Three b-tagging WPs are used in this analysis, corresponding to average 𝑏-tagging
efficiencies of 60 %, 70 %, and 77 % for jets with 𝑝T > 20 GeV and |𝜂| < 2.5. The 77 %
WP is used to define the 2ℓ regions, the 70 % WP is used for the overlap removal,
while the 60 % WP is used to define the 3ℓ control regions. The rejection factors for
light jets (jets without 𝑏 or 𝑐-hadrons) are approximately 2500, 700, and 200 for the
three WPs, respectively, while the charm-jet rejection factors are about 40, 12, and
6. The rejection factors and the average 𝑏-tagging efficiencies are determined for jets
in simulated 𝑡 ̄𝑡 events and were taken from Ref. [109].

6.6 Missing transverse momentum

The cross-section of neutrino interaction is very small, hence, neutrinos can not be
detected with ATLAS detector. However, the presence of neutrinos can be inferred
from the imbalance in the transverse momentum of the visible particles in the
event. The missing transverse momentum, 𝐸miss

T , is calculated as the magnitude of
the negative vector sum of the transverse momenta of all selected and calibrated
objects in the event, including leptons and jets. Additionally, a term is included
to account for soft particles not associated with these objects. This soft term is
derived from ID tracks matched to the primary vertex, improving resilience against
pileup contamination. 𝐸miss

T also considers energy deposits that are not linked to
reconstructed physics objects [108], making it a crucial variable for identifying invisible
particles like neutrinos or potential signals of new physics.

6.7 Overlap removal

To prevent the same energy deposits from being reconstructed multiple times as
different objects in an event, a systematic overlap removal procedure is applied.
The goal of this overlap removal procedure is to provide high efficiencies for the
reconstruction of electrons, muons, and 𝑏-jets. Several overlap removal strategies
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were investigated, and the following overlap removal was found to yield the highest
expected signal sensitivity. This overlap removal procedure is commonly used in
searches for BSM physics, e.g., in searches for super symmetry [110].

The overlap removal procedure starts with leptons, where, if two electrons are found
within a separation of 𝛥𝑅 = 0.1, only the one with the highest transverse momentum
is kept. For cases where an electron and a muon are within 𝛥𝑅 = 0.1, the muon
is discarded if it is reconstructed solely from an ID track and corresponds to a
calorimeter deposit resembling a minimum ionizing particle, otherwise the electron
is removed. If an electron and a jet are within 𝛥𝑅 < 0.2 of each other, the jet is
removed unless the jet is considered b-tagged at the 70 % WP or has 𝑝T > 200 GeV,
in which case the electron is discarded. Jets that are not b-tagged and have fewer
than three associated tracks with 𝑝T > 500 MeV, found within 𝛥𝑅 < 0.4 of a muon,
are also removed, otherwise the muon is excluded. Finally, for each lepton satisfying
these conditions, a variable-size cone of 𝛥𝑅 = 0.04 + 10 GeV/𝑝lep

𝑇 , extending up to a
maximum 𝛥𝑅 = 0.4, is defined. If any jet that survived previous steps falls within
this cone, the lepton is rejected.
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7 Analysis workflow
In this chapter, the analysis workflow is described. The analysis performs a max-
imum likelihood fit over four signal regions (SRs) and nine control regions (CRs).
Additionally, four validation regions (VRs) are defined to validate the background
estimation. The VRs are not included in the fit. All analysis region definitions
are mutually exclusive and based on predictions from the simulation of signal and
background events in the ATLAS detector. The analysis workflow is divided into
four sections. The first section describes the definition of the SRs and VRs by using
deep neural networks (DNNs). In the second section the background estimation for
the reducible and irreducible background processes, utilizing CRs, is described. The
third section describes the setup of the likelihood fit, which is used to extract the
limits on the EFT operators. Finally the technical details for the parametrization of
the EFT operators within the SRs are described.

7.1 Definition of signal and validation regions

In this analysis, four signal and four validations regions are defined by using a
combination of machine-learning techniques and cut-based selection criteria. The
regions are defined in several steps, as described in the flowchart in Figure 7.1. The
flowchart starts with the selection of signal-like events in an initial event selection.
The pre-selected events are then used to train a set of DNNs to separate the signal
events from the different EFT operators, referred to as DNNSvsS. The outputs of the
DNNs are used to define separate preliminary regions enriched in signal events from
the different considered operators. Afterward, each region is split by the total lepton
charge into a ++ and a −− region. A second set of DNNs, referred to as DNNSvsB,
is then trained to separate the signal from background events in each of the four
regions. In a last step, the regions are split based on the 𝛥𝜙ℓ,ℓ variable to define
the final SRs and VRs. The distribution of DNNSvsB is used in the likelihood fits as
a four bin distribution. Both set of DNNs use the same architecture and training
setup, which is described in Section 7.1.2.

7.1.1 Initial same-charge lepton event selection

In this analysis, only the decay topology where both 𝑊 bosons decay leptonically for
the same-charge top-pair production is considered. The initial same-charge lepton
event selection is summarized in Table 7.1. It requires the presence of two leptons
ℓ = 𝑒, 𝜇 with the same electric charge and transverse momentum of 𝑝T > 20 GeV for
both leptons. At least two jets are required with transverse momenta of 𝑝T > 25 GeV
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Figure 7.1: Flowchart representation of the definition of SRs and VRs. The first
step is the selection of signal-like events. This is followed by the discrimination
using a first set of deep neural networks, trained to separate signal events from
the different EFT operators. The output of the NNs is used to define the SRs for
𝑐(1)

𝑡𝑢 and 𝑐𝑄𝑢. Afterward, the regions are split by total lepton charge into ++ and
−− regions. A second set of NNs is used to separate the signal from background
contributions. As a last step, the regions are split based on the 𝛥𝜙ℓ,ℓ variable to
define the final SRs and VRs. The output of this NNSvsB is split into four bins per
SR. This plot was published in Ref. [1].

and pseudorapidities of |𝜂| < 2.5. Either both leptons are required to be classified
as 𝑀inc and at least two jets have to satisfy the 77 % efficiency 𝑏-tagging WP, or
both leptons are required to be classified as 𝑇 and only one jet has to satisfy the
77 % efficiency 𝑏-tagging WP. This hybrid selection was found to yield a high signal
efficiency while keeping the background contamination low.
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The dominant background processes which fulfill this initial selection are the produc-
tion of 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍 and 𝑡 ̄𝑡𝐻 and will be addressed in Section 7.2.1.

Table 7.1: Initial same-charge lepton event used for the selection of signal-like
events.

Number of leptons 𝑁ℓ = 2
Total lepton charge +2 and -2

Lepton 𝑝T 𝑝T > 20 GeV
Lepton pseudorapidity 𝑒 ∶ |𝜂| < 1.37 && 1.52 < |𝜂| < 2.47 𝜇 ∶ |𝜂| < 2.5

Lepton ID 𝑒 ∶Tight 𝜇 ∶Medium
Number of jets 𝑁jets ≥ 2

Jet pseudorapidity |𝜂| < 2.5
Jet 𝑝T 𝑝T > 25 GeV

Lepton BDT WP Minc, Minc with ≥ 2 𝑏-tagged jets at 77 % WP
and 𝑏-tag requirements OR

T, T with ≥ 1 𝑏-tagged jet at 77 % WP

7.1.2 Neural network architecture and training setup

The two sets of DNNs used for the signal discrimination and the signal to background
discrimination are trained based on the Keras library [111] with Tensorflow
as a backend [112]. The architecture of the DNNs was optimized by performing
several hyperparameter scans. It was found that a simple DNN architecture with a
small capacity reaches the same performance as very large and complex DNNs. This
behavior is expected due to the relatively simple complexity of the input distribution
for the classification task. Therefore, for simplicity, the same architecture is used for
both sets of DNNs. The used architecture is a fully connected DNN with five hidden
layers consisting of 128, 64, 32, 16, 8 nodes and a single node in the output layer.
Depending on the number of input variables, this architecture yields a capacity of
approximately 10,000 trainable parameters. The ReLU activation function [113] is
used for all layers except the output layer, where a sigmoid activation function [114]
is used to enforce and output between [0, 1]. Binary cross-entropy is used as the loss
function with the Adam optimizer [115] and the learning rate is set to 10−4. To
prevent overtraining, a small L2-regularization [116] with 𝜆 = 10−4 is applied to all
hidden layers. The DNNs are trained with a batch size of 2000 and the training
is interrupted once the validation loss has improved less than 10−3 within the last
100 epochs. The DNN weight snapshot that corresponds to the lowest validation
loss is used for the final evaluation. The input variables are scaled with a standard
scaler from Scikit-Learn [117] to improve the convergence and stability of the
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DNN trainings. The scaler is fitted once on the full dataset, including all signal and
background events, and is then used for all performed trainings. Furthermore, the
weights used for the training are normalized to the same number of weighted events,
to ensure that the DNNs are not biased by the different cross-sections.

In order to make use of all simulated events in the performed likelihood fit an odd-even
cross-validation, also referred to as 2-fold cross-validation, is used for every DNN
employed in this analysis. Hence, both data and simulated events are split into odd
and even datasets according to their unique event number. Then instead of training
a single DNN, two DNNs are trained, once using the odd dataset and once using
the even dataset. In the training, the used odd or even datasets are further split
by 80 % and 20 % into a training and validation dataset. For the final evaluation in
this analysis, even events are evaluated with the DNN that is trained on the odd
events and vice versa for the odd events are evaluated with the DNN that is trained
on even events. This approach is common practice in the ATLAS Collaboration and
allows using all simulated events in the performed statistical analysis, as each event
is evaluated by a DNN that has not seen the event during training. However, the
performance of the odd and even DNNs have to be checked carefully to ensure no
bias is introduced by the odd-even cross-training. Furthermore, this approach has
the disadvantage that the trainings only make use of 50 % of the available statistics,
which can lead to worse separation power. By increasing the number of folds, the
fraction of events used for the training can be increased, but increased computation
cost and complexity of the general DNN setup. In the end, the 2-fold cross-validation
was kept for this analysis in order to keep the setup as simple as possible and since
enough events were available for the training.

7.1.3 Signal classification

In order to create preliminary SRs (SR+VR) enriched in events from the different
EFT operators, a set of DNNs, referred as DNNSvsS, is trained to discriminate same-
charge top-pair events generated by different EFT operators. Events originating
from either 𝒪(1)

𝑄𝑢 or 𝒪(8)
𝑄𝑢 have very similar kinematical properties and interfere with

each other. Therefore, these events are grouped together into one preliminary SR,
referred to as SR+VRcQu. In contrast, events originating from 𝒪(1)

𝑡𝑢 are classified as
SR+VRctu.

The training of the DNNSvsS is performed by using two individual signal samples that
are created by reweighting the nominal signal sample. The first signal sample only
contains contributions from the 𝒪(1)

𝑡𝑢 operator with its WC set to 𝑐(1)
𝑡𝑢 = 0.04, while

the two other WCs 𝑐(1)
𝑄𝑢 and 𝑐(8)

𝑄𝑢 set to 0. The second signal sample is reweighted
to the following WCs values: 𝑐(1)

𝑡𝑢 = 0, 𝑐(1)
𝑄𝑢 = 0.1, 𝑐(8)

𝑄𝑢 = 0.2 and therefore contains
only contributions from the 𝒪(1)

𝑄𝑢 and 𝒪(8)
𝑄𝑢 operators. These two signal samples were
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selected for training because the largest kinematic differences were observed between
them among the available 32 signal samples.
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Figure 7.2: Comparison between data and the background expectation of the 𝐻 lep
T

and 𝑚ℓℓ distributions in the merged regions (SRs+VRs) split by lepton charge,
shown after the background-only likelihood fit. Two signal samples using the Wilson
coefficient values of 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.0, 𝑐(8)

𝑄𝑢 = 0.0 and 𝑐(1)
𝑡𝑢 = 0.0, 𝑐(1)

𝑄𝑢 = 0.1,
𝑐(8)

𝑄𝑢 = 0.2 are shown as a dotted line and a dashed line, respectively. They are
normalized to their respective predicted cross-sections. The ratio of the data to
the total post-fit background is shown in the lower panel. The combined statistical
and systematic uncertainty in the MC simulation is indicated by the hatched band,
while the vertical error bars represent the statistical uncertainty in the data. These
plots were published in Ref. [1].

For the training of the DNNSvsS, the following nine kinematic quantities are used
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as input variables. These include the angular variables 𝛥𝜙ℓ,ℓ, 𝛥𝑅ℓ,ℓ, and 𝛥𝜂ℓ,ℓ
between the two leptons, as well as the invariant mass of the two-lepton system
𝑚ℓ,ℓ. Additionally, the transverse momentum of the leading jet, 𝑝jet0

T , the scalar sum
of the transverse momenta of all jets, 𝐻 jets

T , and the scalar sum of the transverse
momenta of all leptons, 𝐻 lep

T , are included. The missing transverse momentum 𝐸miss
T

and the transverse mass of the combined lepton and 𝐸miss
T system 𝑀T,lep-met are

also used1. This set of input variables was optimized by rerunning the training
with different sets of input variables and evaluating the performance between the
different sets. Additionally, the importance of each input feature is carefully checked
by using permutation feature importance [118]. The permutation feature importance
is calculated by permuting the values of each feature and measuring the change in
the loss function. The final set of input variables is the smallest possible set of input
features that still yields the same performance as the full set of input features. The
three most discriminating input variables are 𝑚ℓℓ, 𝛥𝜙ℓ,ℓ and 𝐻 lep

T . The distributions
for the nine used input variables and the feature importance ranking plot for the
DNNSvsS are shown in the Appendix A.1.

In Figure 7.2 the distributions for the two input variables 𝐻 𝑙𝑒𝑝
T and 𝑚ℓ ℓ are shown for

the preliminary regions SR+VR after applying the initial event selection, split by total
lepton charge but before performing the separation with the DNNSvsS. The lepton
charge-split is already introduced for these plots to show the kinematic differences
between the signals 𝑡𝑡 and ̄𝑡 ̄𝑡. Moreover, the minor kinematic differences between
the two signal samples can be seen, highlighting the challenges in discriminating
between the different EFT operators. The distributions are shown after performing
the background-only likelihood fit to the CRs are first two bins of the SRs, which is
described in Section 9.1, and show good data to MC agreement.

The training setup and DNN architecture described in Section 7.1.2 is used. In
Figure 7.3 the loss and accuracy curves for the training and validation datasets are
shown for the odd and even DNN respectively. The accuracy for a binary classification
is defined as:

Accuracy = TP + TN
TP + TN + FP + FN , (7.1)

where TP is the number of true positive events, FP the number of false positive
events, TN the number of true negative events and FN the number of false negative
events. Following the given equation, the accuracy is defined as the ratio of correctly
classified events divided by the total number of events. The best epoch is marked with
a vertical dashed line in Figure 7.3. No overtraining is observed, and the performance
of the odd and even DNNs are in good agreement. Hence, the odd and even events
are recombined in the next steps, by evaluating the odd events with the even DNN

1The transverse mass is defined as: 𝑀T = √𝐸2 − 𝑝2
z
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7.1 Definition of signal and validation regions

Figure 7.3: Loss and accuracy curves for the odd and even DNNsSvsS for the
training and validation datasets per epoch. The best epoch is selected based on the
lowest validation loss and is marked with a vertical dashed line.

and vice versa. For the next steps, the background is also evaluated with odd and
even DNNs to also sort the background events into one of the preliminary SRs.

The selected best epochs for the odd and even DNNsSvsS correspond to validation
accuracies of 65.31 % and 65.35 % respectively for the chosen cut-value of 0.538. The
cut-value is used to decide if an event is classified into the SR+VRctu or SR+VRcQu
region. This value is optimized by scanning over the DNN output distribution in the
range of [0, 1] in 𝑖 = [0, 1000] steps following the equation:

Cut-value = max𝑖=[0,1000](𝜀i,1 + 𝜀i,2 −
𝜀i,1 − 𝜀i,2

2 ), (7.2)

where 𝜀i,1 and 𝜀i,2 are the efficiencies for the correct classification of the 𝒪(1)
𝑡𝑢 and

𝒪(1)
𝑄𝑢/𝒪(8)

𝑄𝑢 events at the 𝑖-th cut value. A penalty term is added to ensure that both
efficiencies are maximized.

Figure 7.4 shows the DNNSvsS output distribution for the recombined odd and even
simulated signal events, as well as for the total simulated background events that
fulfill the initial same-charge lepton event selection. The vertical line marks the
cut-value at NNSvsS = 0.538, with events classified into SR+VRctu and SR+VRcQu
for NNSvsS ≤ 0.538 and NNSvsS > 0.538, respectively. The chosen cut-value was
optimized to yield maximum classification efficiencies for the signal events in both
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Figure 7.4: NN output variable for DNNSvsS used to classify the data into 𝑐(1)
𝑡𝑢 - and

𝑐𝑄𝑢-like regions. The distribution for signal 𝑐(1)
𝑡𝑢 was generated with 𝑐(1)

𝑡𝑢 = 0.04 with
the other Wilson coefficients being set to zero, while the other signal distribution
was produced with 𝑐(1)

𝑡𝑢 = 0, 𝑐(1)
𝑄𝑢 = 0.1 and 𝑐(8)

𝑄𝑢 = 0.2. The background distribution
shown is the sum of all background processes from MC simulation before the
likelihood fit. The value chosen to separate the signal events is shown by the vertical
dashed line. An efficiency of ≈ 65 % is obtained for the correct classification of 𝑐𝑄𝑢

events and of 𝑐(1)
𝑡𝑢 events. This plot was published in Ref. [1].

regions, leading to a classification efficiency of 65 % in both regions. The efficiency
times acceptance values for signal events entering the SR+VRctu and SR+VRcQu

regions are 26.8 % and 12.4 % for events from the 𝒪(1)
𝑡𝑢 operator, and 15.8 % and

19.5 % for events from the 𝒪𝑄𝑢 operators. Furthermore, it is observed that the
background events are more often classified into the SR+VRcQu region, leading to a
smaller signal to background ratio in this region. The distribution of the DNNSvsS

output split for the different background processes is shown in Figure 7.5, highlighting
that all background processes tend to be classified more often into the SR+VRcQu
region.

The final performance of the DNNSvsS is evaluated with a receiver operating char-
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Figure 7.5: NN output variable for DNNSvsS used to classify the data into 𝑐(1)
𝑡𝑢 -

and 𝑐𝑄𝑢-like regions. The background events are shown split into the different
background processes. All background processes tend to be classified more often
into the SR+VRcQu region.

acteristic curve (ROC-curve) for the odd, even and combined trainings. The ROC
curves are shown Figure 7.6. It can be observed that the performance of the odd and
even DNNs are in good agreement. Given the challenging classification task, a good
discrimination power is achieved for the DNNSvsS.
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Figure 7.6: ROC curves for the odd, even and combined trainings of the DNNSvsS.
The performance of the odd and even DNNs is in very good agreement, as indicated
by their overlapping ROC curves. The green dot marks the chosen cut-value for the
DNNSvsS output to define SR+VRctu and SR+VRcQu.

7.1.4 Discrimination of signal and background events

In the next step, a second set of DNNs, referred to as DNNSvsB, is trained to separate
the signal from the background events. Before proceeding with the training of the
DNNs, the regions are split by the total lepton charge into the following four regions:
SR+VRctu++, SR+VRctu−−, SR+VRcQu++ and SR+VRcQu−−. In order to reach the
best possible signal to background discrimination, a split by total lepton charge is
introduced. Due to the large asymmetry in the production cross-sections between
𝑡𝑡 and ̄𝑡 ̄𝑡 signal events and due to their different kinematics, this split increases the
performance of the DNNs2. For each of the four regions, an odd and an even DNN is
separately trained, following the same training setup and DNN architecture as for
the DNNSvsS.

2The split by total lepton charge has not been applied to the DNNSvsS as it was found to have no
effect on the discrimination of signal events.
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The DNNsSvsB are trained using the following six input variables: 𝐻 lep
T , 𝑝jet0

T ,
𝑀T,lep-met, the jet multiplicity 𝑁jets, the 𝑏-tagging scores of the leading jet 𝑆jet0

b-tagging,
and 𝑏-tagging scores of the subleading jet 𝑆jet1

b-tagging. The input variables for these
DNNs were optimized in the same way as for the DNNSvsB by evaluating the per-
formance of the DNNs with different sets of input variables. However, all dilepton
variables were dropped at the start of the optimization process, despite indicating
strong discrimination power. This removal is motivated by the cut on 𝛥𝜙ℓ,ℓ intro-
duced later to define the final SRs and VRs. As most of the signal events fulfill
2.5 < 𝛥𝜙ℓ,ℓ, applying this cut allows increasing the signal to background ratio in
the final SRs, while also providing VRs which mostly contain background events.
The VRs are then used to validate the background estimation by comparing the
predicted background to the observed data. Therefore, all dilepton variables are
dropped, due to being strongly correlated to 𝛥𝜙ℓ,ℓ. After dropping the dilepton
variables, the input variables optimization is performed. The above-given list of input
features was found to be the minimal set of input variables that still yields the same
performance as the full set of input features. The three most discriminating input
variables for the DNNSvsB are 𝐻 lep

T , 𝑝jet0
T and 𝑁jets. The distributions for the six used

input variables and the feature importance ranking plots for the four regions are
shown in the Appendix A.2.

In Figure 7.7 the loss and accuracy curves for the DNNSvsB are shown for the four
SR+VR regions. All trainings show very fast convergence. The ++ SRs show slightly
better performance with respect to the −− regions by reaching approximately 7 %
better validation accuracy in both regions. This performance difference is expected,
as the kinematic differences between the 𝑡𝑡 signal and the background are significantly
larger compared to ̄𝑡 ̄𝑡. Furthermore, it can be seen that the odd and even trainings
behave very similar and achieve similar performance.

In Figure 7.8 the NN-output distributions from the MC samples for the four regions
are shown, where the odd and even events are recombined again. The separation
power 𝑠 is provided in the sub-caption for each region. The separation power is
calculated with the following equation:

𝑠 = 1
2 ∑

𝑖

(𝑁sig(𝑖) − 𝑁bkg(𝑖))2

𝑁sig(𝑖) + 𝑁bkg(𝑖) , (7.3)

where 𝑁sig(𝑖) and 𝑁bkg(𝑖) denote the number of signal and background events in the
𝑖-th bin, respectively. The separation 𝑠 can range from 0 up to 1, where 1 corresponds
to perfect discrimination.

The final performance is evaluated again by using ROC curves for the odd, even and
combined events. The ROC curves split in odd and even are shown in Figure 7.9a,
while the combined ROC curves are shown in Figure 7.9b. The performance of the
odd and even DNNs are in good agreement, and the combined training shows a very
good discrimination power for the DNNSvsB.
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(a) DNNsSvsB for SR+VRctu++ (b) DNNsSvsB for SR+VRctu−−

(c) DNNsSvsB for SR+VRcQu++ (d) DNNsSvsB for SR+VRcQu−−

Figure 7.7: Loss and accuracy curves for the odd and even training for
the DNNsSvsB for SR+VRctu++ (a), SR+VRctu−− (b), SR+VRcQu++ (c), and
SR+VRcQu−− (d) for the training and validation datasets per epoch. The best
epoch is selected based on the lowest validation loss and is marked with a vertical
dashed line.

52



7.1 Definition of signal and validation regions

(a) 𝑠 = 57.3 % (b) 𝑠 = 41.7 %

(c) 𝑠 = 58.8 % (d) 𝑠 = 41.2 %

Figure 7.8: DNNSvsB output distributions for the signal and background events
for SR+VRctu++ (a), SR+VRctu−− (b), SR+VRcQu++ (c), and SR+VRcQu−− (d).
For each subfigure, the separation power, 𝑠, is indicated in its subcaption.
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(a)

(b)

Figure 7.9: ROC curves to evaluate the performance of the DNNSvsB for the
odd, even and combined trainings. The odd and even ROC curves DNNSvsB for
the four SRs are shown in (a), while the combined ROC curves are shown in (b).
The performance of the odd and even DNNs are in good agreement. Very good
discrimination power is achieved for the DNNSvsB.
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7.1.5 Final signal and validation regions

The final SRs and VRs are defined by splitting the SR+VR regions according to the
𝛥𝜙ℓ,ℓ variable. The distribution of 𝛥𝜙ℓ,ℓ for the four preliminary regions is shown in
Figure 7.10.

The 𝛥𝜙ℓ,ℓ distribution shows a relatively strong separation between the signal
and background events. Furthermore, the distribution highlights that most of the
background events are contained in the 𝑐𝑄𝑢-like regions, as the 𝑐𝑡𝑢-like regions barely
contain events with  𝛥𝜙ℓ,ℓ < 2.0. Additionally, the asymmetry for the cross-sections
between the signal events can be observed when comparing the ++ and −− regions.

In all four regions, a cut on 𝛥𝜙ℓ,ℓ > 2.5 is applied to define the final SRs and VRs.
By applying this selection, most of the signal events are kept in the final SRs and
the background contamination is strongly reduced, while the VRs are enriched in
background events and contain only a few signal events. Hence, the VRs are used
later on to validate the background estimation strategy by comparing the predicted
background to the observed data. The VRs are not used to perform the fit. In
detail, applying the 𝛥𝜙ℓ,ℓ cut results in the following rejection rates: 4.1 % (9.0 %)
of the signal events and 24.8 % (24.5 %) of the background events are rejected for
SRctu++ (SRctu−−), while 31.4 % (54.8 %) of the signal events and 85.7 % (85.9 %) of
the background events are rejected for SRcQu++ (SRcQu−−).

The distributions of DNNSvsB-output for SRs and VRs before the likelihood fit (pre-fit)
are shown in Figure 7.12 and Figure 7.11, respectively.

For the four SRs a binning of four bins per region is chosen, while for the VRs the
binning depends on the expected background yields. The VRctu++ and VRctu−− are
used as single bin VRs due to the small number of events, while the VRcQu++ and
VRcQu−− are split into ten bins each. Pre-fit yield tables for the SRs and VRs are
shown in Table 7.2 and Table 7.3, respectively.
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Figure 7.10: 𝛥𝜙ℓ,ℓ distribution in the four preliminary SR+VRctu++ (a),
SR+VRctu−− (b), SR+VRcQu++ (c) and SR+VRcQu−− (d) regions. The ratio
of the data to the total background prediction is shown in the bottom panel.
Two signal samples using the Wilson coefficient values of 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.0,

𝑐(8)
𝑄𝑢 = 0.0 and 𝑐(1)

𝑡𝑢 = 0.0, 𝑐(1)
𝑄𝑢 = 0.1, 𝑐(8)

𝑄𝑢 = 0.2 are shown as a dotted line and
a dashed line, respectively. The combined statistical and systematic uncertainty
in MC simulation is indicated by the hatched band, while the vertical error bars
represent the statistical uncertainty in the data.
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Figure 7.11: Distributions of the NNSvsB output for data and the expected back-
ground before the likelihood fit in the four SRs. In (a) and (b) the number of events
is shown instead of the NNSvsB distribution, due to the small number of events.
The predicted pre-fit background is shown as filled histograms. The ratio of the
data to the total pre-fit background is shown in the lower panel. The combined
statistical and systematic uncertainty in MC simulation is indicated by the hatched
band, while the vertical error bars represent the statistical uncertainty in the data.
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Figure 7.12: Distributions of the NNSvsB output for data and the expected back-
ground before the likelihood fit in the four SRs. The predicted pre-fit background
is shown as filled histograms. The signal distribution using the Wilson coefficient
values 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.1, 𝑐(8)

𝑄𝑢 = 0.1 is shown with a dotted line and corresponds
to a signal of 100 fb. The ratio of the data to the total pre-fit background is shown
in the lower panel. The combined statistical and systematic uncertainty in MC
simulation is indicated by the hatched band, while the vertical error bars represent
the statistical uncertainty in the data.

58



7.1 Definition of signal and validation regions

Table 7.2: Summary of the observed and predicted number of events in the four
SRs. The background prediction is shown before the likelihood fit. The individual
uncertainties are shown for the different background processes. The uncertainties
represent the sum of the statistical and systematic uncertainties.

Process SRctu++ SRctu−− SRcQu++ SRcQu−−

𝑡 ̄𝑡𝑊 90 ± 11 50.3 ± 8.0 85.7 ± 8.3 44.6 ± 4.2
𝑡 ̄𝑡(𝑍/𝛾∗) 21.9 ± 2.9 21.1 ± 2.7 17.0 ± 2.1 16.6 ± 2.1
𝑡 ̄𝑡𝐻 13.1 ± 9.0 13.0 ± 8.6 16 ± 12 16 ± 11
Four top 0.70 ± 0.15 0.68 ± 0.14 4.14 ± 0.83 4.05 ± 0.82
Diboson 27.2 ± 2.1 23.8 ± 1.6 9.36 ± 0.91 6.30 ± 0.58
HFe 8.0 ± 3.5 8.6 ± 3.8 3.4 ± 1.1 5.7 ± 3.4
HF𝜇 14.1 ± 3.5 17.4 ± 4.2 6.9 ± 2.2 6.6 ± 2.1
Mat Conv 6.6 ± 1.4 4.62 ± 0.51 2.27 ± 0.35 2.85 ± 0.72
Int Conv 2.7 ± 1.4 3.1 ± 1.6 2.2 ± 1.2 2.8 ± 1.5
QMisID 8.2 ± 2.2 8.2 ± 2.2 1.49 ± 0.39 1.49 ± 0.39
Other 20.7 ± 5.8 13.8 ± 4.3 9.7 ± 2.9 7.6 ± 2.9

Total Background 213 ± 18 165 ± 15 158 ± 16 115 ± 14

Data 230 162 181 123

Table 7.3: Summary of the observed and predicted number of events in the four
VRs. The background prediction is shown before the likelihood fit. The individual
uncertainties are shown for the different background processes. The uncertainties
represent the sum of the statistical and systematic uncertainties.

Process VRctu++ VRctu−− VRcQu++ VRcQu−−

𝑡 ̄𝑡𝑊 26.7 ± 2.4 15 ± 2.0 465 ± 40 250 ± 23
𝑡 ̄𝑡(𝑍/𝛾∗) 5.34 ± 0.76 5.39 ± 0.71 109 ± 12 104 ± 12
𝑡 ̄𝑡𝐻 2.2 ± 1.6 2.3 ± 1.5 79 ± 56 79 ± 56
Four top 0.288 ± 0.061 0.279 ± 0.058 10.8 ± 2.2 11.1 ± 2.2
Diboson 12.8 ± 1.2 13.6 ± 1.2 98.7 ± 7.4 79.8 ± 5.4
HFe 2.1 ± 1.5 1.75 ± 0.92 34 ± 13 33 ± 13
HF𝜇 5.3 ± 8.8 5.0 ± 1.4 50 ± 13 55 ± 14
Mat Conv 5.2 ± 2.3 3.54 ± 0.45 28.9 ± 3.2 22.3 ± 2.8
Int Conv 1.04 ± 0.56 0.82 ± 0.76 19.4 ± 9.8 23 ± 11
QMisID 2.83 ± 0.77 2.83 ± 0.77 16.9 ± 4.7 16.9 ± 4.7
Others 6.7 ± 1.8 4.3 ± 1.2 64 ± 18 46 ± 15

Total Background 70.4 ± 8.9 54.5 ± 4.6 977 ± 79 720 ± 70

Data 78 55 1093 762
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7.2 Background estimation

Various approaches are utilized in this analysis to perform the background estimation.
The majority of background processes are estimated using Monte Carlo (MC) simula-
tion, while certain background processes are determined through data-driven methods.
The different background processes are sorted into several groups for the purpose
of the background estimation, plotting and the likelihood fit itself. Specifically, the
following groups are defined for this analysis:

• 𝑡 ̄𝑡(𝑍/𝛾∗) includes 𝑡 ̄𝑡𝑍, 𝑡 ̄𝑡𝛾 and 𝑡 ̄𝑡ℓℓ

• Diboson includes 𝑉 𝑉 and 𝑞𝑞𝑉 𝑉

• HFe includes 𝑡 ̄𝑡, 𝑉+jets and single-top production with a non-prompt lepton

• HF𝜇 includes 𝑡 ̄𝑡, 𝑉+jets and single-top production with a non-prompt lepton

• Mat Conv includes 𝑍 → ℓ+ℓ− (Mat Conv) and 𝑡 ̄𝑡 with a photon conversion
candidate within the detector material region

• Int Conv includes 𝑍 → ℓ+ℓ−+(𝛾∗), 𝑊+jets, 𝑍 → ℓ+ℓ−, 𝑡 ̄𝑡, single top and 𝑉 𝛾
with a photon conversion candidate at the IP.

• QMisID is purely data-driven

• Others includes 𝑡(𝑍/𝛾∗), 𝑡 ̄𝑡𝑡, 𝑡 ̄𝑡𝑊𝐻, 𝑡 ̄𝑡𝑊 +𝑊 −, 𝑡 ̄𝑡𝑍𝑍, 𝑡 ̄𝑡𝐻𝐻, 𝑉 𝐻, 𝑉 𝑉 𝑉

Furthermore, the background processes are sorted into two categories, irreducible
and reducible backgrounds. The irreducible backgrounds are defined by being able
to pass the SR selection criteria, while the reducible backgrounds are only able to
pass the SR selection due to misidentified or non-prompt leptons.

7.2.1 Irreducible background processes

Irreducible background processes play a crucial role in the analysis, as they have
the largest contribution to the total background. Irreducible processes produce final
states resembling the signal topology, often involving multiple prompt leptons and
accompanying 𝑏-jets. The primary irreducible backgrounds include 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡(𝑍/𝛾∗)
and 𝑡 ̄𝑡𝐻.

The modeling of these backgrounds is primarily performed using MC simulation.
Hence, precise MC simulations are crucial. The accuracy of MC simulation varies,
with 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡(𝑍/𝛾∗) and 𝑉 𝑉 production being particularly challenging, requiring
additional data-driven techniques to adjust their normalization and improve modeling
precision. For all irreducible backgrounds, potential mismodeling is addressed by a
proper treatment of systematic uncertainties, described in detail in Chapter 8.2.1.
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7.2 Background estimation

𝑡 ̄𝑡𝑊 is the dominant background within this analysis and is known to be mismodeled
in MC simulation. Hence, the 𝑡 ̄𝑡𝑊 processes is treated with great care and uses
the largest set of systematic uncertainties, covering generator modeling, parton
showering, scale and PDF uncertainties. As explained in Section 5.2.2, the QCD and
EW contributions to 𝑡 ̄𝑡𝑊 were simulated separately. Additionally, the systematic
uncertainties are treated separately as well. The normalization of 𝑡 ̄𝑡𝑊 QCD is left
freely floating and is determined via the data within the likelihood fit. The first two
bins of each of the four SRs act as a 𝑡 ̄𝑡𝑊 CR as these bins are used to constrain its
normalization. The first SR bins are enriched in 𝑡 ̄𝑡𝑊 events and contain barely any
signal events, as shown in Figure 7.12.

To improve the estimation of the other irreducible backgrounds, dedicated CRs
have been established for 𝑡 ̄𝑡(𝑍/𝛾∗) and 𝑉 𝑉 processes in order to constrain their
normalization with data. These regions use stringent selection criteria to isolate the
desired backgrounds and minimize contamination from other processes. Events are
required to have three charged leptons, consisting of an opposite-sign (OS) lepton pair
of the same flavor and an additional lepton. The OS pair must satisfy an invariant
mass condition, remaining within 10 GeV of the 𝑍 boson mass. The transverse
momentum thresholds are set to 𝑝T(ℓℓ, OS) > 10 GeV and 𝑝T(ℓℓ, SS) > 20 GeV.
Additionally, both same-sign (SS) leptons have to be categorized as 𝑀inc, according
to the classification outlined in Section 6.4, while the OS lepton has to fulfill the 𝐿inc
category. For the 𝑡 ̄𝑡(𝑍/𝛾∗) CR, events must contain at least four jets, whereas the
𝑉 𝑉 CR requires exactly two or three jets. In both CRs, at least one jet must pass
the 60 % 𝑏-tagging working point (WP), or alternatively, a minimum of two 𝑏-tagged
jets must meet the 77 % WP requirement.

Using these two CRs, the normalization for these two backgrounds is determined
within the upcoming likelihood fit. It should be noted that there is a significant
contamination of 𝑡 ̄𝑡(𝑍/𝛾∗) and Others in the form of 𝑡𝑍𝑞 in the 𝑉 𝑉 CR. This
could be fixed by requiring a stricter selection. Instead, the additional contribution
from 𝑡 ̄𝑡(𝑍/𝛾∗) within the 𝑉 𝑉 CR is used to constrain the 𝑡 ̄𝑡(𝑍/𝛾∗) even further.
Consequently, the Diboson background is slightly worse constrained, but as the
𝑡 ̄𝑡(𝑍/𝛾∗) is contributing significantly more to the total background within the SRs,
this trade-off was accepted. Additionally, 𝑉 𝑉 events undergo specific corrections to
address discrepancies in jet multiplicity observed between data and MC simulation,
following the same approach as in Ref. [119]. These corrections are validated within
another 𝑉 𝑉-enriched region to account for and mitigate potential mismodeling.

7.2.2 Reducible background processes

Reducible backgrounds are characterized in this analysis as events containing at least
one misidentified charged lepton or a lepton that originates from non-prompt sources.
These backgrounds typically arise from 𝑡 ̄𝑡, 𝑉+jets and single-top production and are
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evaluated through a semi-data-driven strategy. Their contributions are estimated
separately for electrons and muons, based on their lepton reconstruction. In addition
to the data-driven estimation, several systematic uncertainties are defined to cover
potential mismodeling of these background, presented in Chapter 8.2.1.

Seven additional CRs are dedicated to reducible background originating from non-
prompt lepton events. Five of these CRs are utilized to estimate the background
contribution originating from decays of heavy-flavor quarks, such as 𝑏, 𝑐, and light
hadrons, and are classified into HF CRs. Specifically, there are two HF CRs for
electrons (HFe) and three for muons (HF𝜇). In these HF CRs, only events are selected
which fulfill the criteria of at least two jets and a same-charge lepton pair, where
each lepton has a 𝑝T > 20 GeV. Events enter of the HF𝜇 CRs if the sub-leading
lepton is a muon (𝜇𝜇 + 𝑒𝜇), while events where the sub-leading lepton is an electron
enter the HFe CRs. Separate CRs are defined according to the lepton categories:
namely, TM, MT, and MM. Consequently, three CRs are used for each lepton flavor:
HFe TM, HF𝜇 TM, HFe MT, HF𝜇 MT, and HF𝜇 TT. However, the HFe MT region
is excluded from the analysis, due to bad agreement between simulation data. Its
removal has a negligible effect on the analysis results, as the HF non-prompt lepton
backgrounds are well constrained by the remaining five CRs.

To mitigate contributions from 𝑡 ̄𝑡𝑊 events in these CRs, the selection criteria are
adjusted to include only events with a single 𝑏-tagged jet that meets the 77 % WP.
Additionally, the transverse mass of the lepton and 𝐸miss

𝑇 system must satisfy the
condition 𝑚𝑇 ,ℓ𝐸miss

𝑇
< 250 GeV, where 𝑚𝑇 represents the transverse mass. The

sub-leading lepton 𝑝T distribution is used in all HF CRs as the distribution in the
upcoming likelihood fit. The normalization factors for both non-prompt electrons
and non-prompt muons are allowed to float freely in the likelihood fit and will be
constrained by the data in these five CRs.

Two additional CRs address backgrounds from lepton events stemming from photon
conversions, such as 𝛾/𝛾∗ → 𝑒+𝑒−. As these secondary leptons can mimic the
signature of prompt leptons from the primary interaction, they contribute to the
reducible backgrounds that must be carefully estimated and mitigated. These two
CRs are referred to the CR for material photon conversions (CR Mat Conv) and
IP photon conversions (CR Int Conv). Both CRs select events with three leptons,
requiring an OS lepton pair of identical flavor, each with 𝑝T > 20 GeV, and a third
lepton with 𝑝T > 10 GeV. The two same-charge leptons must be categorized as
𝑀inc, while the OS lepton must conform to 𝐿inc criteria. Events featuring 𝑏-tagged
jets meeting the 77 % WP are excluded. Additionally, the OS pair’s invariant mass
must be within 10 GeV of the 𝑍 boson mass, and the invariant mass of the three-
lepton system must satisfy |𝑚𝑍 − 𝑚ℓℓ| < 10 GeV and 𝐸miss

𝑇 < 50 GeV. Specific
selection criteria are applied to conversion vertices, distinguishing material conversion
candidates from IP conversions using variables such as vertex distance from the
primary IP and energy-momentum constraints. Specifically, material conversion
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candidates are required to have a conversion vertex with a radial distance from the IP
of 𝑟 > 20 mm and 0 < 𝑚trk−trk,PV < 100 MeV. In contrast, IP conversion candidates
must be rejected as material conversion candidates by not fulfilling the previous
requirement and must additionally satisfy 0 < 𝑚trk−trk,PV < 100 MeV.

Another source of reducible non-prompt lepton background arises from leptons with
an incorrectly assigned charge. This background is particularly relevant for the
2ℓ regions in this analysis and is referred to as charge misidentification (QMisID).
QMisID events mainly originate from the 𝑡 ̄𝑡 process, where one electron undergoes
hard bremsstrahlung followed by an asymmetric conversion (𝑒± → 𝑒±𝛾∗ → 𝑒±𝑒+𝑒−)
or from a mismeasured track curvature. Because high-𝑝T electrons are more likely
to emit bremsstrahlung and exhibit less curved tracks, the QMisID background is
especially pronounced in the high-𝑝T region. Although QMisID events can also occur
for muons, this effect is negligible for medium- to high-𝑝T muons. The QMisID
background is measured in data by using samples of 𝑍 → 𝑒𝑒 events reconstructed as
either SS or OS electrons pairs. In order to subtract non-𝑍 backgrounds, a sideband
method is applied using events outside the Z boson mass window. The QMisID
rates are then extracted with a likelihood approach by using the ratio of SS and OS
events, considering the possibility that both electron charges are misidentified. The
QMisID rates are measured as a function of electron 𝑝T and |𝜂| and vary from 10−5 for
low-𝑝T electrons to 10−4 for high-𝑝T electrons. In all 2ℓ analysis regions the QMIsID
background is then estimated by applying the measured charge misassignment rate
to data events thats pass the selection criteria of the respective regions, except that
the lepton has to be of the opposite charge.

Another source of reducible non-prompt lepton background arises from leptons with
an incorrectly assigned charge. This background is particularly relevant for the
2ℓ regions in this analysis and is referred to as charge misidentification (QMisID).
QMisID events mainly originate from the 𝑡 ̄𝑡 process, where one electron undergoes
hard bremsstrahlung followed by an asymmetric conversion (𝑒± → 𝑒±𝛾∗ → 𝑒±𝑒+𝑒−)
or from a mismeasured track curvature. Because high-𝑝T electrons are more likely
to emit bremsstrahlung and exhibit less curved tracks, the QMisID background is
especially pronounced in the high-𝑝T region. Although similar misidentification can
occur for muons, its effect on medium- to high-𝑝T muons is negligible. To quantify this
background, we analyze data samples of 𝑍 → 𝑒𝑒 events, reconstructing electron pairs
as SS or OS. A sideband method that uses events outside the 𝑍 boson mass window
is employed to subtract non-𝑍 backgrounds. QMisID rates are then extracted with a
likelihood approach based on the ratio of SS to OS events, while accounting for the
possibility that both electron charges are misidentified. These rates are determined
as functions of electron 𝑝T and |𝜂|, varying from 10−5 for low-𝑝T electrons to 10−4

for high-𝑝T electrons. Finally, in all 2ℓ analysis regions, the QMisID background is
estimated by applying the measured charge misassignment rates to data events that
pass the selection criteria, with the only difference being that the lepton in question
is required to have the opposite charge.
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7.2.3 Pre-fit control regions

A summary of the selection criteria for the CRs used in the analysis is provided
in Tables 7.4 and 7.5. These CRs are essential for estimating the background
contributions from irreducible and reducible processes, affecting both the odeling
and normalization. The CRs are designed to isolate specific background components,
allowing for more precise shape and yield estimates. The pre-fit distributions for
these 9 CRs are presented in Figure 7.13 and their corresponding pre-fit yields are
shown in the Tables 7.6 and 7.7. Good pre-fit agreement is observed between data
and the predicted background in all CRs, despite the fact that some background
processes are known to being underestimated in simulation such a 𝑡 ̄𝑡𝑊.

CR HF TM CR HF MT CR HF MM

𝑝lep
T [GeV] >20

BDT WPs (same-charge ℓ pair) TM MT MM
𝑁jets ≥2
𝑁b−tagged jets 1 at 77 %
Total lepton charge ++ or - -
𝑚𝑇(all ℓ, 𝐸miss

T ) < 250 GeV -

Table 7.4: Summary of the event selection applied in the dilepton CRs. The TM,
MT, and MM regions are each split into a separate region for the muon channel
(𝜇𝜇 + 𝑒𝜇) and the electron channel (𝜇𝑒 + 𝑒𝑒). The MT 𝜇𝜇 + 𝑒𝜇 CR is not used.

𝑉 𝑉 CR 𝑡 ̄𝑡𝑍 CR CR Int Conv CR Mat Conv

𝑝lep
T [GeV] > 20 (SS pair), > 10 (OS)

BDT WPs 𝑀inc𝑀inc (SS pair) 𝐿inc (OS)
Total charge ±1
Electron Conv. candidate - Int. Conv. Mat. Conv.
𝑁jets 2 or 3 ≥ 4 ≥0
𝑁b−tagged jets 1 𝑏-tagged jet at 60 % WP || ≥ 2 𝑏-tagged jets at 77 % WP 0 at 77 %
|𝑚𝑆𝐹𝑂𝑆 − 𝑚𝑍| < 10 GeV > 10 GeV
|𝑚(ℓℓℓ) − 𝑚𝑍| - - < 10 GeV

Table 7.5: Summary of the event selection applied in the three-lepton CRs.
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Figure 7.13: Pre-fit distributions for data and the expected background before
the likelihood fit in the nine CRs. The predicted pre-fit background is shown as
filled histograms. The ratio of the data to the total pre-fit background is shown
in the lower panel. The combined statistical and systematic uncertainty in MC
simulation is indicated by the hatched band, while the vertical error bars represent
the statistical uncertainty in the data.
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Table 7.6: Summary of the observed and predicted number of events in the HF
Fakes CRs (2ℓSS). The background prediction is shown before the likelihood fit.
The individual uncertainties are shown for the different background processes. The
uncertainties represent the sum of the statistical and systematic uncertainties.

Process CR HF𝜇 TM CR HF𝜇 MT CR HF𝜇 MM CR HF𝑒 TM CR HF𝑒 MM

𝑡 ̄𝑡𝑊 16.4 ± 2.1 7.64 ± 0.68 2.03 ± 0.30 11.22 ± 0.74 2.03 ± 0.30
𝑡 ̄𝑡(𝑍/𝛾∗) 10.9 ± 1.9 5.59 ± 0.76 1.69 ± 0.30 7.4 ± 1.5 1.69 ± 0.30
𝑡 ̄𝑡𝐻 6.4 ± 4.4 3.4 ± 2.4 0.95 ± 0.70 4.3 ± 2.8 0.95 ± 0.70
Four top 0.106 ± 0.027 0.072 ± 0.017 0.046 ± 0.012 0.067 ± 0.018 0.0364 ± 0.0089
Diboson 16.3 ± 2.1 7.35 ± 0.74 2.04 ± 0.31 12.75 ± 0.90 2.04 ± 0.31
HFe 1.6 ± 1.0 7.0 ± 2.8 5.0 ± 1.8 42 ± 13 5.0 ± 1.8
HF𝜇 82 ± 20 24.9 ± 7.6 4.1 ± 1.3 2.4 ± 0.75 4.09 ± 1.30
Mat Conv 1.3 ± 3.6 1.02 ± 0.41 1.16 ± 0.20 3.0 ± 1.5 1.16 ± 0.20
Int Conv 0.65 ± 0.35 1.82 ± 0.96 0.49 ± 0.28 5.7 ± 2.9 0.63 ± 0.17
QMisID 0.26 ± 0.12 0.76 ± 0.55 1.6 ± 1.1 5.2 ± 2.9 1.6 ± 1.1
Others 5.2 ± 1.5 2.73 ± 0.71 0.63 ± 0.17 4.2 ± 1.1 0.63 ± 0.17

Total Background 141 ± 24 62.3 ± 9.0 19.7 ± 3.1 98 ± 15 19.7 ± 3.1

Data 150 57 28 95 19

Table 7.7: Summary of the observed and predicted number of events for the
Diboson, 𝑡𝑡𝑍 and photon conversion CRs (3ℓ CRs). The background prediction
is shown before the likelihood fit. The individual uncertainties are shown for the
different background processes. The uncertainties represent the sum of the statistical
and systematic uncertainties.

Process CR Int Conv CR Mat Conv CR ttZ CR VV

𝑡 ̄𝑡𝑊 – – 6.4 ± 1.0 18.4 ± 1.1
𝑡 ̄𝑡(𝑍/𝛾∗) – – 334 ± 52 194 ± 29
𝑡 ̄𝑡𝐻 – – 10.8 ± 7.7 6.5 ± 4.7
Four top – – 1.60 ± 0.32 0.09 ± 0.03
Diboson 0.036 ± 0.021 2.03 ± 0.25 43.5 ± 4.5 131.4 ± 5.3
HFe – – 0.59 ± 0.45 9.7 ± 8.3
HF𝜇 – – 1.18 ± 0.43 8.5 ± 2.1
Mat Conv 1.16 ± 0.81 31.5 ± 3.2 0.53 ± 0.33 1.82 ± 0.42
Int Conv 39.9 ± 5.8 14.4 ± 2.3 0.14 ± 0.15 1.75 ± 0.90
QMisID – – 0.24 ± 0.19 0.80 ± 0.41
Others – – 78 ± 24 205 ± 40

Total Background 41.1 ± 6.0 47.9 ± 4.9 476 ± 59 578 ± 51

Data 44 55 494 605
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7.3 Likelihood fit setup

The maximum likelihood fit performed in this analysis is using the RooFit frame-
work [120] with the statistical model implemented in HistFactory format [121]. The
likelihood function ℒ(𝜇, 𝜆⃗, ⃗𝜃) is defined as the product of Poisson probability terms
for all bins and depends on 𝜇, 𝜆⃗, ⃗𝜃. The parameter 𝜇 is the normalization factor for
the signal events. In this specific analysis, 𝜇 is a vector that contains the three WCs
𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, 𝑐(8)

𝑄𝑢. For each WC an EFT parametrization fit is performed in each bin of
each SR, more details are provided in Section 7.4. Using this EFT parametrization
allows predicting the signal yield for each bin in each SR for any given value for
the three WCs. For simplicity, the common non-vector notation for 𝜇 is used. The
parameter 𝜆⃗ represents the normalization factors for the background processes which
are allowed to float freely in the fit and are constrained via their dedicated CRs. The
parameter ⃗𝜃 represents the systematic uncertainties, which are treated as nuisance
parameters (NPs) in the fit. Each NP is linked to a source of systematic uncertainty
described in Chapter 8. The NPs ⃗𝜃 are modeled as Gaussian constraints with a
mean of 0 and a width of 1 and can produce variations in the signal and background
predictions. Statistical uncertainties, due to the limited size of data and simulated
samples, are included in the NPs ⃗𝜃 as dedicated parameters for each bin for every
analysis region separately and are referred to as MC statistical parameters. The
likelihood function for an analysis region is given as:

ℒ(𝜇, 𝜆⃗, ⃗𝜃) =
𝑁

∏
𝑖=1

(𝜇𝑠𝑖( ⃗𝜃) + 𝑏𝑖(𝜆⃗, ⃗𝜃))
𝑛𝑖

𝑛𝑖!
𝑒−(𝜇𝑠𝑖( ⃗𝜃)+𝑏𝑖(𝜆⃗, ⃗𝜃)), (7.4)

where 𝑛𝑖 are the measured yields for a given bin 𝑖 and the signal and background yields
are denoted as 𝑠𝑖 and 𝑏𝑖, respectively. For the CRs only background contributions are
assumed, hence 𝜇 is set to 0 for the CRs. It was tested if the signal can contribute
to the CRs and the results showed that no signal events entered the CRs. Therefore
the likelihood function can be simplified by dropping the terms which are multiplied
with 𝜇 for the CRs as:

ℒ(𝜆⃗, ⃗𝜃) =
𝑀

∏
𝑗=1

𝑏𝑗(𝜆⃗, ⃗𝜃)𝑚𝑗

𝑚𝑗!
𝑒−𝑏𝑗(𝜆⃗, ⃗𝜃). (7.5)

The complete likelihood function is defined as the product of the likelihood functions
for all analysis regions, with all regions sharing the same set of parameters 𝜆⃗ and ⃗𝜃.
The profile likelihood ratio used to test the signal hypothesis for the signal strength
parameter 𝜇 is represented by the test statistic 𝑞𝜇, defined as:
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𝑞𝜇 = −2 ln ⎛⎜⎜⎜
⎝

ℒ(𝜇, ̂𝜆⃗𝜇, ̂⃗𝜃𝜇)

ℒ( ̂𝜇, ̂𝜆⃗𝜇̂, ̂⃗𝜃𝜇̂)

⎞⎟⎟⎟
⎠

, (7.6)

where the ̂𝜇, ̂𝜆⃗𝜇̂, ̂⃗𝜃𝜇̂ parameters maximize the likelihood, while ̂𝜆⃗𝜇, ̂⃗𝜃𝜇 maximize the
likelihood for a given 𝜇 value.

To reduce the computational cost of the profile likelihood fit, a pruning procedure is
applied to all nuisance parameters. Pruning involves removing those parameters that
have a negligible impact on the fit. In this analysis, the impact of each parameter is
measured by the deviation induced in the distributions across each analysis region.
A parameter is removed from the fit if its induced deviation is below a threshold
of 1 %. The effects on shape and normalization are evaluated separately, allowing
a parameter to exceed the threshold for one effect while remaining below it for the
other. In addition, a cross-check is performed by running the fit without any pruning
to confirm that the procedure does not alter the final results.

In the likelihood fit the mean and width of each NP are allowed to change. This
flexibility permits the fit to adjust systematic uncertainties by shifting the parameters
from their nominal values and modifying their uncertainties based on the data. The
pull quantifies the shift of a parameter’s mean relative to its initial uncertainty, so
a pull of +0.5 indicates a 0.5𝜎 deviation from the nominal value. The constraint
reflects how the data have modified the parameter’s uncertainty. A reduction in
the width shows that the data have provided additional information and tightened
the uncertainty, while an increase indicates that the data have loosened the prior
assumption about it. Figure 7.14a shows how the Gaussian constraints of NP might
change within a fit. In contrast, Figure 7.14b illustrates how these changes in the
NP affect an example analysis region used in the fit. In this example, the systematic
uncertainty is increased to cover the discrepancy between the simulation and the
observed data, as reflected by both a shift in the mean and an increase in the width
of the NP.

In this analysis, three different maximum likelihood fits are performed. The normal-
ization factors of the following background processes allowed to freely float in the
upcoming three fits: 𝑡 ̄𝑡𝑊 QCD, 𝑡 ̄𝑡𝑍, Diboson, HF𝜇, HF𝑒, Mat Conv and Int Conv.
The first fit is a background-only fit to all CRs and the first two bins of the SRs
and is presented in Section 9.1. The first two bins of the signal regions are used
for the background-only fit because they serve as a 𝑡 ̄𝑡𝑊 CR used to constrain the
normalization of 𝑡 ̄𝑡𝑊 QCD. This fit is performed to validate the fit setup and the
background estimation strategy within the SRs. The results of this fit are used to
create an Asimov dataset [122] following the background-only hypothesis for the
SRs in the second fit. An Asimov dataset is a synthetic set of data in which the
event counts in each bin are fixed to their expected values, in this case following
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(a) Prior and posterior for a NP (b) Example region with two bins

Figure 7.14: Illustration of pulls and constraints on nuisance parameters.

the background-only fit results. Asimov datasets are commonly used to estimate
the expected sensitivity of a given analysis. The second fit is in this analysis makes
use of an Asimov dataset, but only for the SRs. Hence, the fit is referred to as the
hybrid-Asimov fit, as data is used for all nine CRs while for the SR an Asimov dataset
is used. The hybrid-Asimov fit is shown in Section 9.2 and is performed over the nine
CRs and four SRs, using all four bins of each SR. This fit is used to evaluate the
expected limits on the WCs and the expected cross-section limit. The third and final
fit is the data fit to all analysis regions under the signal+background hypothesis and
is presented in Section 9.3. This fit is used to derive the observed WC limits and
cross-section limits.

7.4 EFT parametrization in the signal regions

For the maximum likelihood fit, the signal strength parameter 𝜇 is parametrized by
the three WCs 𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, 𝑐(8)

𝑄𝑢. In order to be able to predict the signal yield for each
bin in all four SRs for any given value of the three WCs, a EFT parametrization
is performed. However, the framework used to perform the maximum likelihood fit
requires an SM signal sample in order to function properly. Due to the fact that
same-charge top-pair production is strongly suppressed in the SM, no SM signal
sample is available for this process. The SM signal sample is needed as the following
equation is used for the parametrization:

𝑁bin = 𝑁SM + 𝑁SM ⋅ ∑
𝑖

(𝐴𝑖 ⋅ 𝑐2
𝑖 ), (7.7)
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where 𝑁bin represents the number of events in a given SR bin, 𝑁SM is the number
of events from SM signal sample for that bin, 𝐴𝑖 is the fitted EFT parametrization
parameter and 𝑐𝑖 is the WC value for the WC 𝑖. If no SM signal sample is provided,
𝑁SM is 0 and as a consequence the full equation vanishes as the EFT contribution is
multiplied with the SM contribution. Therefore, a workaround is used to be able to
perform the EFT parametrization, by creating an SM ”dummy” signal sample. The
dummy sample is created so that it contains a single event for each bin in each SR. In
order to minimize the impact of the dummy sample on the fit, each event is assigned
an MC weight of 0.0001. However, as this would distort the EFT contribution by a
factor of 0.0001, the EFT contribution is scaled by 104 to compensate for the MC
weight.

To incorporate signal systematics in the maximum likelihood fit, the systematic
uncertainties on the signal have to be propagated to the SM dummy sample, as the
used framework does not allow defining systematic on EFT samples. The signal
systematics were propagated by analyzing the relative impact of each in this analysis
considered signal systematic for the default EFT signal sample, with the following
WC configuration: 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.1, 𝑐(8)

𝑄𝑢 = 0.1. The relative impact of each
systematic is then used to create the systematic variations for the SM dummy sample,
by adjusting the MC weight by the relative impact of the given systematic. This
whole procedure is validated afterward by comparing the relative impact of each
uncertainty between the SM dummy sample and the default EFT signal sample.

Using this technical workaround allows performing the EFT parametrization even
though there is no valid SM signal sample available. For the EFT parametrization
fit all 32 available EFT samples are used, and the parametrization is performed
separately for each bin in each SR. For the EFT parametrization fit the following
parametrization is assumed:

𝜎EFT = 1
Λ4 [𝐴 ⋅ (𝑐(1)

𝑡𝑢 )2 + 𝐵 ⋅ (𝑐(1)
𝑄𝑢)2 + 𝐶 ⋅ (𝑐(8)

𝑄𝑢)2 + 𝐷 ⋅ (𝑐(1)
𝑄𝑢 ⋅ 𝑐(8)

𝑄𝑢)]. (7.8)

The assumed parametrization consists out of three quadratic terms, one for each
WC and one interference term for the WCs 𝑐(1)

𝑄𝑢 and 𝑐(8)
𝑄𝑢. The two other possible

interference terms are expected to be negligible due to the different chirality of 𝒪(1)
𝑡𝑢

compared to 𝒪(1)
𝑄𝑢 and 𝒪(8)

𝑄𝑢. The fit is performed by using the predicted cross-section
𝜎 for each SR bin from the simulated EFT sample for a given WC configuration.
The parametrization fits are shown in Figure 7.15 and Figure 7.16 for the ++ and
−− SRs, respectively. The grey dots in the plots corresponds to EFT samples where
the other WCs are not 0. The fitted parameters for each WCs per bin per SRs in
shown in Table 7.8.

It should be noted that this purely quadratic EFT parametrization only allows for
positive signal yields, as by definition the equation can not yield negative values of
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parameters as the parameters 𝐴, 𝐵 and 𝐶 are only allowed to be positive. However,
the interference term with the parameter 𝐷 can introduce destructive interference,
which can lead to negative signal yields. But, as the total yield is dominated by the
three previous terms, no negative signal yields can be reached.

Fit parameter A(𝑐(1)
𝑡𝑢 )2 B(𝑐(1)

𝑄𝑢)2 C(𝑐(8)
𝑄𝑢)2 D(𝑐(1)

𝑄𝑢 ⋅ 𝑐(8)
𝑄𝑢)

SRctu++ bin0 4.58 ⋅ 107 4.22 ⋅ 106 1.17 ⋅ 106 −1.37 ⋅ 106

SRctu++ bin1 6.92 ⋅ 107 5.48 ⋅ 106 1.42 ⋅ 106 −1.22 ⋅ 106

SRctu++ bin2 1.18 ⋅ 108 8.68 ⋅ 106 2.17 ⋅ 106 −1.46 ⋅ 106

SRctu++ bin3 6.71 ⋅ 108 4.38 ⋅ 107 1.04 ⋅ 107 −3.99 ⋅ 106

SRcQu++ bin0 1.27 ⋅ 107 2.04 ⋅ 106 5.13 ⋅ 105 −3.51 ⋅ 105

SRcQu++ bin1 2.14 ⋅ 107 3.62 ⋅ 106 8.79 ⋅ 105 −4.39 ⋅ 105

SRcQu++ bin2 3.91 ⋅ 107 6.80 ⋅ 106 1.61 ⋅ 106 −5.95 ⋅ 105

SRcQu++ bin3 3.51 ⋅ 108 6.82 ⋅ 107 1.55 ⋅ 107 −2.23 ⋅ 106

SRctu−− bin0 2.53 ⋅ 106 2.16 ⋅ 105 6.44 ⋅ 104 −9.75 ⋅ 104

SRctu−− bin1 4.99 ⋅ 106 3.53 ⋅ 105 9.91 ⋅ 104 −1.24 ⋅ 105

SRctu−− bin2 8.70 ⋅ 106 5.61 ⋅ 105 1.51 ⋅ 105 −1.59 ⋅ 105

SRctu−− bin3 2.56 ⋅ 107 1.55 ⋅ 106 3.94 ⋅ 105 −2.92 ⋅ 105

SRcQu−− bin0 5.58 ⋅ 105 7.18 ⋅ 104 1.91 ⋅ 104 −1.88 ⋅ 104

SRcQu−− bin1 1.09 ⋅ 106 1.40 ⋅ 105 3.55 ⋅ 104 −2.67 ⋅ 104

SRcQu−− bin2 2.09 ⋅ 106 2.80 ⋅ 105 6.84 ⋅ 104 −3.73 ⋅ 104

SRcQu−− bin3 8.66 ⋅ 106 1.34 ⋅ 106 3.14 ⋅ 105 −9.82 ⋅ 104

Table 7.8: Fitted EFT parametrization for equation 7.8 for each bin of the four
SRs: SRctu++, SRctu−−, SRcQu++ and SRcQu−−.
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Figure 7.15: EFT parametrization fit for the SRctu++ and the SRcQu++ for the
three WCs 𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, 𝑐(8)

𝑄𝑢. For the parametrization fits all 32 available EFT samples
were used. The grey dots corresponds to EFT samples where the other WCs are
not 0.
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Figure 7.16: EFT parametrization fit for the SRctu−− and the SRcQu−− for the
three WCs 𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, 𝑐(8)

𝑄𝑢. For the parametrization fits all 32 available EFT samples
were used. The grey dots corresponds to EFT samples where the other WCs are
not 0.
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8 Systematic uncertainties
Several systematic uncertainties are considered in this analysis to take into account
the imperfect modeling of the physics processes and of the detector response. System-
atic uncertainties affect the signal and background events acceptance and selection
efficiencies in the signal, validation and control regions, but also the shape of the
kinematic distributions and therefore also the DNNSvsB output distributions.

The systematic uncertainties are divided into three categories for this analysis. The
first category includes all experimental uncertainties and is described in Section 8.1.
The experimental uncertainties represent the uncertainties in the reconstruction of
the physics objects that are used in this analysis, namely jets, 𝑏-tagged jets, leptons
and 𝐸miss

T .

The second category contains the modeling uncertainties, which are estimated by
comparing different MC generators, parton shower algorithms, and hadronization
models. Additionally, uncertainties are derived by comparing MC samples with
different simulation settings, such as the renormalization 𝜇R, the factorization scale
𝜇R, or the choice of PDFs. The modeling uncertainties are presented separately for the
irreducible background processes and the reducible non-prompt lepton backgrounds
in Section 8.2 in their respective subsections.

All of these systematic uncertainties are incorporated in the likelihood function
as NPs. Each systematic uncertainty is described by one or multiple NPs. The
pre-fit mean values and standard deviations of the experimental uncertainties are
provided by dedicated studies from the ATLAS Collaboration performance groups.
The maximum-likelihood fit used to determine the best estimate the best set of fit
parameters, including all NPs and NFs.

All systematic uncertainties in this analysis are smoothed with the MaxVariation
algorithm. The MaxVariation smoothing algorithm reduces statistical fluctuations
in histograms by iteratively minimizing the largest variations between neighboring
bins while preserving the overall distribution shape. At each step, bin contents are
adjusted to reduce large differences, ensuring that the underlying shape remain intact.
The process stops when variations fall below a predefined threshold, which is set to
40 % for this analysis.

Additionally, all systematic uncertainties are symmetrized following specific sym-
metrization methods, depending on the availability of the up- and down-variations.
For systematic uncertainties that only have an up- or down-variation, the missing
variation is set to the mirrored version of the provided variation. For systematic un-
certainties that have both up- and down-variations, the symmetrization is applied by
taking the average of the up- and down-variations. Another symmetrization method
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is applied to the 𝑡 ̄𝑡𝑊 PDF uncertainties, mirroring the larger absolute variation of
the up- and down-variations. Lastly, for a few systematic uncertainties that have
both up- and down-variations, no symmetrization is applied to keep the exact shape
of the systematic uncertainty.

Several systematic uncertainties in this analysis are used as normalization-only uncer-
tainties, meaning that they only affect the normalization of the fitted distributions and
not the shape. For normalization-only uncertainty, no symmetrization or smoothing
is applied.

In Table 8.1 a summary of all experimental and background modeling uncertainties
is given with the associated number of NPs. The applied symmetrization method is
indicated in the table using different labels. Sym(2) represents the mirroring of the
missing up- or down-variation, Sym(3) corresponds to the averaging of the up- and
down-variations, and Sym(Max) denotes the mirroring of the larger absolute variation
of the up- and down-variations. For systematic uncertainties without symmetrization
applied, the respective column is left empty and normalization-only uncertainties are
marked with ”(N)”.

Systematic uncertainty Symmetrization Components
Luminosity (N) 1
Pile-Up reweighting 1
Physics Objects

Electron Sym(3) 5
Muon Sym(3) 12
Jet energy scale Sym(3) 30
Jet energy resolution Sym(3) 13
Jet vertex fraction 1
Jet flavour tagging 85
𝐸miss

T Sym(2/3) 3
Total (Experimental) 151
Non-prompt-lepton backgrounds

Electron Non-prompt BDT Sym(2) 14
Muon Non-prompt BDT Sym(2/3) 20
Mat Conv SR extrapolation (N) 1
Int Conv SR extrapolation (N) 1
QMisID normalization (N) 1
QMisID uncertainty 4
HF𝑒/𝜇 uncertainties Sym(2) 10
HF𝑒/𝜇 SR extrapolation (N) 2

Total (Non-prompt-lepton backgrounds) 53

Systematic uncertainty Symmetrization Components
Signal modeling

Scale uncertainties Sym(2) 1
Flavour tagging extrapolation Sym(2) 2

𝑡 ̄𝑡𝑊 modeling
Normalization uncertainty (N) 1
Generator modeling Sym(2) 2
Parton Showering Sym(2) 2
Scale uncertainties 2
PDF uncertainties Sym(Max) 2

𝑡 ̄𝑡𝐻 modeling
Normalization uncertainty (N) 2
Generator modeling Sym(2) 1
Parton Showering Sym(2) 1
Scale uncertainties 1

𝑡 ̄𝑡𝑍 modeling
Parton Showering Sym(2) 1
Parton Showering Var3c 1
Scale uncertainties 1

Diboson
Jet multiplicity mismodeling 1
Scale uncertainties 1

Other background modeling
Normalization uncertainty (N) 8

Total (Modeling) 30
Total (Overall) 234

Table 8.1: Sources of systematic uncertainty considered in the analysis. All
uncertainties affect also the shape of the fitted distributions and/or the acceptance
in the fit categories, expect NPs marked ”(N)” which indicates that only the
normalization is affected. Some systematic uncertainties are split into several
components, as indicated by the number in the rightmost column.
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8.1 Experimental uncertainties

Several experimental uncertainties are considered in this analysis to account for the
imperfect object reconstruction, identification and calibration, as well as the detector
response and resolution.

Starting with the luminosity uncertainty, it was found to have an uncertainty of
0.83 % [45] and was determined using the LUCID-2 detector [123] by performing van-
der-Meer scans. This uncertainty is applied to all simulated samples and is considered
as a normalization uncertainty. The MC samples are reweighted to reproduce the
observed pileup distribution in the data. The pileup-related uncertainty is derived
by varying the reweighting factors, ensuring the difference between the theoretical
predictions and measured data is captured [124].

Experimental uncertainties to account for differences between simulated and data
events in the reconstruction, identification, calibration, trigger, and isolation efficien-
cies for electrons and muons are applied as scale factors to simulations. The scale
factors and their corresponding systematic uncertainties are derived by the ATLAS
performance groups in 𝑍 → 𝑒𝑒(𝜇𝜇) and 𝐽/𝜓 → 𝑒𝑒(𝜇𝜇) [101, 102, 125, 126]. The
scale factors are evaluated for electrons and muons separately as a function of the
transverse momentum 𝑝T or the pseudorapidity 𝜂 using tag-and-probe techniques.
 

Uncertainties for the reconstruction of 𝐸miss
𝑇 are also considered. Since for the recon-

struction of 𝐸miss
𝑇 all reconstructed objects are used, the corresponding uncertainties

on the objects are propagated to the estimation of the 𝐸miss
T . Additionally, uncer-

tainties for the soft term of 𝐸miss
T are considered, by comparing the measured soft

terms in data and simulation. These uncertainties are implemented as three separate
NPs [108], where one NP describes the scale uncertainty on 𝐸miss

T and the other two
NP resolution uncertainty parallel and perpendicular to 𝐸miss

T .

The jet energy scale (JES) is calibrated using a combination of test beam data,
simulations, and in-situ methods [107]. The associated uncertainty involves 30 inde-
pendent components, addressing factors like pileup modeling, jet flavor composition
and response, and differences between jets originating from 𝑏-quarks or gluons and
those outside the calorimeter. The uncertainty in jet energy resolution (JER) is
evaluated by smearing the resolution of either the simulation or data to match the
lower resolution between the two. The JER uncertainty is characterized through
13 orthogonal components, in different bins of 𝑝T and 𝜂 [107]. Uncertainties re-
lated to the jet vertex tagger (JVT) efficiency are derived from 𝑍(→ 𝜇+𝜇−)+jets
events [127].

The 𝑏-tagging efficiency of true 𝑏-jets and the mistagging rates for light-flavor and
𝑐-jets are also sources of uncertainty. The 𝑏-tagging efficiencies are measured in
dileptonic 𝑡 ̄𝑡 events as functions of jet 𝑝T, and discrepancies between simulation and
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data are corrected using scale factors. The uncertainty associated with these scale
factors is distributed across 45 distinct components [128]. The mistagging probability
for 𝑐-jets as 𝑏-jets is evaluated in semileptonic 𝑡 ̄𝑡 events where a 𝑊-boson decays to a 𝑐-
quark and a light-flavor quark [129]. The rate is expressed as a function of jet 𝑝T, with
an overall uncertainty between 3 % and 17 %, divided into 20 components. Similarly,
the mistagging rate for light-flavor jets is broken into 20 NPs. The uncertainties
are represented by scale factors that are obtained through techniques described in
Ref. [130].

8.2 Modeling uncertainties

There are numerous uncertainties in the modeling of background processes that are
considered in the analysis.

Starting with the normalization uncertainties, for both the reducible and irreducible
backgrounds. Global normalization uncertainties are included for all processes
without free-floating normalization factors, following the measured cross-section
uncertainties by other measurements or using conservative estimates. As a reminder,
the normalization factors of the following processes allowed to freely float in the fit:
𝑡 ̄𝑡𝑊 QCD, 𝑡 ̄𝑡𝑍, diboson, HF𝜇, HF𝑒, Mat Conv and Int Conv.

A 20 % uncertainty is applied to the NLO EW diagrams contributing to 𝑡 ̄𝑡𝑊 [131],
as only the QCD component of 𝑡 ̄𝑡𝑊 is free-floating in the fit. For 𝑡 ̄𝑡𝑡 ̄𝑡, 𝑡 ̄𝑡𝐻, and 𝑡𝑍
processes, normalization uncertainties of 20 % [132], 11 % [80], and 20 % [133] are
assigned, respectively. Additionally, 50 % normalization uncertainties are assigned to
𝑡𝑍, 𝑡 ̄𝑡𝐻 and 𝑡 ̄𝑡 events containing additional heavy-flavor jets [134]. These additional
normalization uncertainties are taken into account, as the modeling of processes with
additional heavy-flavor jets is challenging and known to exhibit inaccuracies. All other
minor irreducible background processes, which are grouped in Others are assigned
a conservative 50 % normalization uncertainty. No normalization uncertainties are
considered for 𝑡 ̄𝑡, single-top-quark, 𝑍+jets and 𝑊+jets production, as all of these
processes exclusively contribute to the reducible non-prompt lepton backgrounds,
HF𝜇, HF𝑒, Mat Conv and Int Conv which are free-floating in the fit. For the purely
data-driven QmisID background, a normalization uncertainty of 20 % is applied, to
cover potential shortcomings in the data-driven approach.

8.2.1 Irreducible background modeling uncertainties

Primarily for the dominant irreducible background processes, additional modeling
uncertainties are introduced, utilizing the alternative samples specified in paren-
theses in Table 5.1. These comparisons across different generator configurations
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account for acceptance effects, event category migrations, and impacts on kine-
matic distributions. The generator choice contributes as a systematic uncertainty
for 𝑡 ̄𝑡𝑊 and 𝑡 ̄𝑡𝐻. In the case of 𝑡 ̄𝑡𝑊 production, this uncertainty is assessed by
comparing the default Sherpa 2.2.10 sample to alternative samples generated using
MadGraph5_aMC@NLO with Pythia 8. For 𝑡 ̄𝑡𝐻, the default Powheg Box sam-
ple is compared against an alternative MadGraph5_aMC@NLO sample interfaced
to Pythia 8.

Uncertainties in PS and hadronization modeling are also considered for 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝐻,
and 𝑡 ̄𝑡𝑍. In the case of 𝑡 ̄𝑡𝐻 and 𝑡 ̄𝑡𝑍, these uncertainties are estimated by comparing
the default samples with alternatives where the ME generators use Herwig 7 instead
of Pythia 8. For 𝑡 ̄𝑡𝑊 production, two distinct alternative samples provide the
comparison: one where the matrix element is interfaced with Pythia 8 and another
with Herwig 7. The relative variations between these samples are calculated across
all bins of the analysis and then applied to the default Sherpa 2.2.10 𝑡 ̄𝑡𝑊 sample.

The uncertainties arising from variations in the factorization scale 𝜇F and renor-
malization scale 𝜇R for matrix element calculations are also evaluated for the 𝑡 ̄𝑡𝐻,
𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, and 𝑉 𝑉 processes. These scales are varied independently by factors of 0.5
and 2.0. For 𝑡 ̄𝑡𝑊, separate scale uncertainties are computed for the QCD and EW
components.

For the signal samples, the impact of 𝜇F and 𝜇R variations is calculated at the
generator level. This is then propagated to the NN-output distributions in the
SRs, resulting in shape uncertainties that vary between 2 % and 25 %, depending
on the SR and NN-output bin. Additionally, high-𝑝T flavour tagging extrapolation
uncertainties are applied to the signal samples separately in the form of two NPs,
one for 𝑏/𝑐-tagging and one for light-jet tagging.

Uncertainties from initial-state radiation are considered for 𝑡 ̄𝑡𝑍 events by applying
the Var3c variation of the A14 tune [58] to 𝛼ISR

s . For 𝑡 ̄𝑡𝑊, additional uncertainties
from PDFs are included. The first is derived by comparing the nominal PDF with
𝛼s = 0.118 to variations using 𝛼s = 0.117 and 𝛼s = 0.119. The second is based on
comparisons of the nominal PDF set NNPDF3.0nlo with alternative sets such as
CT14nnlo [135] and MMHT2014nnlo68cl [61]. Lastly, the statistical uncertainty
on the fitted parameters for the diboson jet-multiplicity correction is considered as
an additional uncertainty [119].

Table 8.2 summarizes the uncertainties associated with the normalization, generator
configurations, parton showering, and scale choices for the different background pro-
cesses, for the irreducible backgrounds, excluding the non-prompt lepton backgrounds
which are discussed in more detail in the next section.
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Process Normalization Generator Parton Shower Scale variations
uncertainty (alternative) (alternative)

𝑡 ̄𝑡𝑊 QCD − MadGraph5_aMC@NLO + Pythia 8 with FxFx 3

merging scheme Powheg+Pythia8 vs Powheg+Herwig7
𝑡 ̄𝑡𝑊 EW ± 20 % MadGraph5_aMC@NLO + Pythia 8 3

Powheg+Pythia8 vs Powheg+Herwig7
𝑡 ̄𝑡𝑍 − − MG5 + Herwig 7.1.3 3

𝑡 ̄𝑡𝐻 ± 11 % (± 50 %) MadGraph5_aMC@NLO + Pythia 8 Powheg+Herwig 7.1.3 3

Diboson − − − 3

Four top ± 20 % − − −
𝑡𝑍 ± 20 % (± 50 %) − − −

Others ± 50 % − − −

Table 8.2: Summary of modeling uncertainties for the MC predictions for different
processes. The normalization factors for 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, and Diboson are all freely floating
and determined via CRs and therefore do not have normalization uncertainty. The
normalization uncertainties given in parentheses are related only to events with
additional heavy-flavor jets.

8.2.2 Reducible background modeling uncertainties

The reducible non-prompt lepton backgrounds are mostly estimated using data-driven
techniques in this analysis, by having the NFs freely floating for HF𝜇, HF𝑒, Mat Conv
and Int Conv. However, the estimation of these background also rely significantly
on the used non-prompt lepton BDT. Consequently, mismodeling in the BDT input
variables used for the training and differences between the BDT WPs are sources of
systematic uncertainties are considered in the upcoming statistical analysis.

Starting with the uncertainties that arise due to the imperfect modeling of the variables
used in the non-prompt lepton BDT. To address this, systematic uncertainties are
introduced based on discrepancies observed between data and simulation for the
BDT input variables. These uncertainties are modeled as 34 NPs that only affect
the shape of the distributions without altering their normalization and are provided
by the ATLAS performance groups.  Furthermore, five NPs are included for HF𝜇,
HF𝑒, to account for shape differences in the five most important BDT input variables
distributions between the M and T BDT WPs.

Additional uncertainties are included to account for potential differences in the
efficiencies of the non-prompt lepton BDT WPs when alternative simulations are
used. For the M and T BDT WPs, these uncertainties are estimated by comparing
efficiencies derived from the nominal Powheg+Pythia 8 𝑡 ̄𝑡 simulation against those
from alternative 𝑡 ̄𝑡 simulations, either Herwig 7 or Sherpa 2.2.10, as functions of
the lepton 𝑝T. This results in the assignment of a 20 % normalization uncertainty to
both HF𝑒 and HF𝜇 in the SRs, referred to as HF𝑒/𝜇 SR extrapolation.

To account for possible discrepancies between data and simulation in the rate of
photon conversions, additional uncertainties are incorporated. These uncertainties
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8.2 Modeling uncertainties

are derived by comparing photon conversion rates in data and simulation within
dedicated 2ℓ validation regions, which require two T same-charge leptons, one of
which is identified as a conversion candidate. Interaction-based and material-based
photon conversion extrapolation uncertainties of 50 % and 10 %, respectively, are
assigned to the conversion rates in the SRs.

Systematic uncertainties are also assigned to the data-driven QMisID background
process, with four uncertainties contributing to the overall uncertainty. These
include differences in rates between misidentified electrons and positrons, as well as
variations in the charge misidentification rates within the 𝑚𝑍 window. Additionally,
they encompass discrepancies between rates obtained using the likelihood method
and those derived from matching reconstructed to generated 𝑍 → 𝑒+𝑒− events in
simulation, along with statistical uncertainties associated with the likelihood method.
The total uncertainty varies with kinematic properties, increasing as a function of
the electron 𝑝T while decreasing with |𝜂|, and ranges between 10 % and 60 %. This
uncertainty is calculated and implemented as four separate NPs for the analysis
regions that require MM, MT, TM and TT BDT WPs.
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9 Results
In the following three sections, the results of this thesis are presented. Three different
maximum likelihood fits were performed. The three different fit setups and the
general likelihood fit setup are described in detail in Section 7.3. The EFT signal
parameterization that is used for the fits including signal is described in Section 7.4.

First, the background-only fit, the hybrid-Asimov fit and the fit to data are shown,
followed by Section 9.4, in which the results of the hybrid-Asimov fit and the data
fit are used to constrain the WCs and the associated same-charge top-quark pair
production cross-section. In the final Section 9.5 of this chapter, the results of
this analysis are compared to the previous best limits on the three considered EFT
operators derived from other analyses. As the main result of this analysis is the
signal+background fit to data, the results of the background-only and hybrid-Asimov
fit are only briefly discussed.

9.1 Background-only fit to all CRs and first signal region bins

In order to validate the background estimation strategy of this analysis, a maximum
likelihood fit is performed to the data events in the nine CRs and the first two bins
of all four SRs. The fit is performed under the background-only hypothesis, where all
three WCs are set to 0, while the normalization factors for the background processes
𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, diboson and the non-prompt lepton backgrounds are free to float. The first
two bins of the SRs are included as they serve as a CR for 𝑡 ̄𝑡𝑊 and are shown to
contain only a negligible amount of signal. Having good control of the 𝑡 ̄𝑡𝑊 background
is crucial for this analysis, as it is the dominant background in the bins with the
highest signal contribution in each SR. Furthermore, in previous measurements of
the 𝑡 ̄𝑡𝑊 cross-section an excess with respect to the SM theory prediction was found
by the ATLAS Collaboration [69] as well as by the CMS Collaboration [136]. Hence,
the normalization factor for 𝑡 ̄𝑡𝑊 is expected to be larger than the SM prediction.
However, the newest NNLO predictions for the 𝑡 ̄𝑡𝑊 cross-section [137] decreases the
tension between the SM prediction and the measured values, but does not fully resolve
it. In order to stay consistent with the latest ATLAS 𝑡 ̄𝑡𝑊 cross-section measurement
and due to the fact that updating the cross-section prediction does not impact the
final result, the SM prediction is not altered in this analysis.

In Figure 9.1 a summary plot of the nine CRs after performing the background-only
fit is shown.

The post-fit background predictions are shown as the filled histograms, while the
pre-fit background predictions are shown as dashed lines. The bottom panel compares
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Figure 9.1: Comparison between the event yields in data and the background
expectation for the nine CRs after the background-only fit. The post-fit background
expectations are shown as filled histograms, the combined pre-fit background ex-
pectations are shown as dashed lines. The ratio of the data to the total post-fit
background is shown in the lower panel. The combined statistical and systematic
uncertainty in the simulation is indicated by the hatched band, while the vertical
error bars represent the statistical uncertainty in the data.

the predicted post-fit background with the data. The post-fit background predictions
are in very good agreement with the data in all CRs. However, the pre-fit background
predictions were already in good agreement with the data within the uncertainties.
The fitted normalization factors for the background processes are shown in Figure
9.2. The normalization factors are consistent with the predictions of the SM for
all processes, except for 𝑡 ̄𝑡𝑊. However, the measured normalization factor for 𝑡 ̄𝑡𝑊
is consistent with the found excess from the ATLAS and CMS measurements [69,
136].

The different post-fit distributions for the four CRs with multiple bins are shown
separately in Figure 9.3. Good bin-wise agreement between the predicted background
and the data is observed in these CRs.

The post-fit distributions of the NNSvsB output in the first two bins of the four SRs
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are shown in Figure 9.4. The post-fit background predictions are in good agreement
with the data for each bin in all four SRs.

Very good agreement between the data and the post-fit background predictions
is observed in all CRs and the SRs considered in this fit. This indicates that the
background estimation strategy in combination with the set of systematic uncertainties
is able to describe the data well. Additional plots for the background-only fit can be
found in Appendix B.1, including the post-fit distributions for the VRs, and the pull
and constraint plots for the NPs. The effect of pulls and constraints of NPs in the
likelihood was explained in Section 7.3. No significant pulls or constraints on the
NPs are observed in the fit.
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Figure 9.2: Normalization factors for the background processes for the background-
only fit to the CRs and first two SR bins with statistical and systematic uncertainties.
The deviation for the 𝑡 ̄𝑡𝑊 NF is in agreement with the latest cross-section measure-
ments [69, 136].
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Figure 9.3: Comparison between the event yields in data and the background
prediction after the background-only fit for the four multiple-bin CRs. The ratio of
the data to the total post-fit background is shown in the lower panel. The combined
statistical and systematic uncertainty in the simulation is indicated by the hatched
band, while the vertical error bars represent the statistical uncertainty in the data.
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Figure 9.4: Distributions of the NNSvsB output for data and the expected back-
ground after the background-only fit in the first two bins of the four SRs. The
post-fit background expectations are shown as filled histograms, the combined pre-fit
background expectations are shown as dashed lines. The ratio of the data to the
total post-fit background is shown in the lower panel. The combined statistical and
systematic uncertainty in MC simulation is indicated by the hatched band, while
the vertical error bars represent the statistical uncertainty in the data.
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9.2 Hybrid-Asimov fit to all analysis regions

In the following, the fit is performed under the signal+background assumption but
the SR bins are blinded. Instead of data, an Asimov dataset [122] is used for all
SR bins that follows the fit results of the background-only fit. For the CRs data is
used, and therefore this fit is also referred to as hybrid-Asimov fit, as it only uses an
pseudo-data for the SRs. The same normalization factors as for the background-only
are free to float, while additionally the WCs are also allowed to vary in this fit. By
evaluating the results of this fit, the sensitivity of the analysis to the WCs can be
tested and the expected limits on the WCs and the cross-section for same-charge
top-quark pair production can be determined.

In Figure 9.5 the normalization factors for the background processes and the fitted
WCs values for the hybrid-Asimov fit to all analysis regions are shown. The normal-
ization factors are consistent with the fitted NFs from the previous background-only
fit. Since, the post-fit distributions for the CRs barely change, they are not shown for
this fit again here. Instead, the CRs and additional figures showing for the constraints
and correlations between the NPs can be found in Appendix B.2. It is expected that
the NFs for the hybrid-Asimov fit are consistent with the background-only fit, as the
Asimov dataset is constructed to follow the background-only fit results. However, by
adding additional degrees of freedom in the form of two additional bins per SR and
by including signal parameters in the fit, minor changes are also possible.

It should be noted that in this fit the first two bins of each SR are blinded again,
which could impact the expected results. Therefore, an alternative fit setup was
tested to investigate the impact of this reblinding. For the test setup, each SR was
split into two separate regions, one containing the first two bins and the other the
last bins. By introducing this split, it was possible to use the data in the first two
SR bins, while keeping the last two bins blinded. It was found that the reblinding of
the first two SR bins has a negligible impact on the expected limits, and therefore
the original fit setup was chosen.

The fitted WC values are consistent with the SM predictions and were fitted close
to 0, indicating that a negligible amount of signal was fitted. This is in agreement
with the expected behavior, as the hybrid-Asimov dataset is constructed to follow
the background-only fit results. In an alternative fit setup, the Asimov dataset was
constructed to follow an signal+background hypothesis, where the WCs were set to
𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.1, and 𝑐(8)

𝑄𝑢 = 0.1. The fitted WCs were found to be consistent
with these values, indicating that the analysis is able to extract the signal contribution
from the data.

The post-fit distributions of the NNSvsB output for the four SRs are shown in
Figure 9.6. As all bins of each SR are blinded, no data is shown in the post-fit
distributions and therefore the agreement of the MC predictions can not be evaluated.
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Figure 9.5: Normalization factors for the background processes and the fitted
WCs values for the the hybrid-Asimov to all analysis regions with statistical and
systematic uncertainties.

Instead, for this fit the post-fit distributions for the VRs are presented in Figure 9.7.
The VRs are not included in the fit, but the fitted NPs and NFs are propagated
to the VRs. The VRs show decent agreement between data and simulation. Some
disagreement in form of statistical fluctuations are observed for the last two bins in
the VRcQu++.

In the upcoming Section 9.4, the results of the hybrid-Asimov fit are used to extract
the expected limits on the WCs by performing a likelihood scan over a range of values
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Figure 9.6: Distributions of the NNSvsB output in the four SRs the expected
background after the hybrid-Asimov fit. The data is blinded in this fit, instead
an Asimov dataset is used that follows the fit results of the background-only fit.
The post-fit background expectations are shown as filled histograms, the combined
pre-fit background expectations are shown as dashed lines. The combined statistical
and systematic uncertainty in MC simulation is indicated by the hatched band.

for each WCs separately. The expected limits on the WCs are also used to constrain
the production cross-section of same-charge top-quark pairs.
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Figure 9.7: Distributions of the NNSvsB output in the VRs for data and the
expected background after the hybrid-Asimov fit to all analysis regions. The post-
fit background expectations are shown as filled histograms, the combined pre-fit
background expectations are shown as dashed lines. The ratio of the data to the
total post-fit background is shown in the lower panel. The arrows in the ratio plot
indicate that the ratio is outside the range of the plot. The combined statistical and
systematic uncertainty in MC simulation is indicated by the hatched band, while
the vertical error bars represent the statistical uncertainty in the data.

9.3 Fit to data in all analysis regions

The final maximum likelihood fit is performed under the signal+background hypoth-
esis using the data for all analysis regions. As for the previous fits, the VRs are not
considered in the fit. Similar to the hybrid-Asimov fit, all background NFs and the
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WCs are free to float.

No deviation from the SM was found in this fit, hence no significant signal contribution
was fitted. A post-fit summary plot for the nine CRs is shown in Figure 9.8, and
the post-fit distributions of the NNSvsB output for the four SRs are shown in Figure
9.9.
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Figure 9.8: Comparison between the event yields in data and the background
expectation for the nine CRs after the data fit. The post-fit background expectations
are shown as filled histograms, the combined pre-fit background expectations are
shown as dashed lines. The ratio of the data to the total post-fit background is
shown in the lower panel. The combined statistical and systematic uncertainty
in the simulation is indicated by the hatched band, while the vertical error bars
represent the statistical uncertainty in the data. This plot was published in Ref. [1].
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Figure 9.9: Distributions of the NNSvsB output in the four SRs for data and the
expected background after the data fit. The post-fit background expectations are
shown as filled histograms, the combined pre-fit background expectations are shown
as dashed lines. The signal distribution using the WC values 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.1,

𝑐(8)
𝑄𝑢 = 0.1 is shown with a dotted line, normalized to the same number of events as

the background. The ratio of the data to the total post-fit background is shown
in the lower panel. The combined statistical and systematic uncertainty in MC
simulation is indicated by the hatched band, while the vertical error bars represent
the statistical uncertainty in the data. These figures were published in Ref. [1].
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As in the previous fits, very good agreement between data and the SM predictions
is observed in the CRs. In the SRs the data and SM predictions agree within their
uncertainties, while high NNSvsB bins tend to contain less data than predicted by the
SM, hence leaving less room for signal. Consequently, this will lead to the observed
limits being slightly more strict compared to the expected limits. The next section
discusses both the derivation of the limits and the limits themselves.

The fitted normalization factors and WC values are shown in Figure 9.10. All three
WCs were fitted to a value of ≤ 10−5. The fitted signal contribution is found to be
≤ 0.001 events in all SRs, resulting in rounded yields of zero. Therefore, instead of
showing the fitted signal yields in Figure 9.9 the signal distribution using the WC
values 𝑐(1)

𝑡𝑢 = 0.04, 𝑐(1)
𝑄𝑢 = 0.1, 𝑐(8)

𝑄𝑢 = 0.1 is shown, normalized to the same number of
events as the background.

The fitted NFs for the background processes are consistent with the previous fits.
The already observed excess for the 𝑡 ̄𝑡𝑊 NF did increase further from 1.27+0.23

−0.23 in
the hybrid-Asimov to 1.37+0.26

−0.26 in this fit. This shift is caused by unblinding the
remaining SR bins. Notably, the third bin in both the SRctu++ and SRcQu++ regions
drives an increase in the 𝑡 ̄𝑡𝑊 NF. This occurs because these bins are predominantly
populated by 𝑡 ̄𝑡𝑊 events, and the observed data exceed the predictions. Moreover,
the ++ SRs contain roughly twice as many 𝑡 ̄𝑡𝑊 events as the −− regions, making the
𝑡 ̄𝑡𝑊 NFs more sensitive in the ++ regions. The fitted NF corresponds to a measured
𝑡 ̄𝑡𝑊 cross-section of ≈ 972 fb. This measured 𝑡 ̄𝑡𝑊 cross-section is still consistent with
the ATLAS and CMS measurements [69, 136].

The data fit to all analysis regions is further validated by checking the post-fit
agreement in the VRs, by propagating the fitted NFs and NPs to the VRs. The VRs
are presented in Figure 9.11 as a summary plot. The post-fit background predictions
are in good agreement with the data in all VRs.

The post-fit event yields after performing the data fit to all analysis regions are
reported in the Tables 9.1, 9.2, 9.3 and 9.4, for the SRs, VRs, 2ℓ CRs and 3ℓ CRs,
respectively.

Since no significant signal contribution is observed in the fit to data, observed
upper limits on three WCs and the cross-section for same-charge top-quark pair
production are derived by running 1D- and 2D-likelihood scans, presented in the
next section. The results of this fit to data is publicly available in the HEPData
repository [31]. Additional plots for the data fit to all analysis regions can be found
in the Appendix B.3.
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Figure 9.10: Post-fit normalization factors for the background processes (top) and
the fitted WCs values (bottom) for the data fit to all analysis regions. The upper
plot was published in the auxiliary material of Ref. [1].
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Figure 9.11: Comparison between data and the background expectation after the
data fit for the four VRs. The post-fit background expectations are shown as filled
histograms, the combined pre-fit background expectations are shown as dashed lines.
The ratio of the data to the total post-fit background is shown in the lower panel.
The combined statistical and systematic uncertainty for MC is indicated by the
hatched band, while the vertical error bars represent the statistical uncertainty on
the data. This figure was published in the auxiliary material of Ref. [1].
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Table 9.1: Summary of the observed and predicted number of events in the four SRs.
The background prediction is shown after the combined likelihood fit to data under
the signal-plus-background hypothesis across all CRs and SRs. The uncertainties
in the total yields are smaller than the sum in quadrature of the uncertainties in
the individual contributions due to anti-correlations between parameters in the
likelihood fit. This table was published in Ref. [1].

Process SRctu++ SRctu−− SRcQu++ SRcQu−−

𝑡 ̄𝑡𝑊 114 ± 15 62 ± 10 110 ± 15 56.9 ± 8.9
𝑡 ̄𝑡(𝑍/𝛾∗) 25.5 ± 3.0 24.1 ± 2.6 19.5 ± 2.0 19.1 ± 2.1
𝑡 ̄𝑡𝐻 12.4 ± 7.5 12.3 ± 7.1 15.1 ± 9.6 15.1 ± 9.2
Four top 0.72 ± 0.15 0.69 ± 0.14 4.16 ± 0.83 4.07 ± 0.82
Diboson 18.1 ± 9.3 15.9 ± 8.1 6.3 ± 3.2 4.2 ± 2.1
HFe 6.5 ± 2.9 7.6 ± 3.0 3.0 ± 1.1 4.9 ± 2.5
HF𝜇 12.6 ± 2.7 15.7 ± 3.2 6.3 ± 1.8 5.7 ± 1.7
Mat Conv 7.6 ± 2.5 5.5 ± 1.6 2.73 ± 0.83 3.3 ± 1.2
Int Conv 2.7 ± 1.6 3.0 ± 1.7 2.1 ± 1.2 2.7 ± 1.6
QMisID 8.1 ± 2.2 8.1 ± 2.2 1.48 ± 0.39 1.48 ± 0.39
Other 20.3 ± 5.5 13.3 ± 4.0 9.3 ± 2.8 7.0 ± 2.7

Total Bkg. 228 ± 11 167.7 ± 7.9 180 ± 10 124.5 ± 6.3

Data 230 162 181 123

Table 9.2: Summary of the observed and predicted number of events in the four VRs.
The background prediction is shown after the combined likelihood fit to data under
the signal-plus-background hypothesis across all CRs and SRs. The uncertainties
in the total yields are smaller than the sum in quadrature of the uncertainties in
the individual contributions due to anti-correlations between parameters in the
likelihood fit.

Process VRctu++ VRctu−− VRcQu++ VRcQu−−

𝑡 ̄𝑡𝑊 35.4 ± 5.7 18.9 ± 3.5 602 ± 83 322 ± 54
𝑡 ̄𝑡(𝑍/𝛾∗) 6.15 ± 0.89 6.10 ± 0.90 125 ± 16 120 ± 15
𝑡 ̄𝑡𝐻 2.2 ± 1.4 2.2 ± 1.3 75 ± 47 75 ± 46
Four top 0.289 ± 0.058 0.280 ± 0.056 10.8 ± 2.2 11.1 ± 2.2
Diboson 8.7 ± 4.4 9.2 ± 4.7 67 ± 34 54 ± 27
HFe 1.9 ± 1.2 1.66 ± 0.79 30 ± 11 29 ± 10
HF𝜇 5.2 ± 8.5 4.6 ± 1.1 45 ± 10 50 ± 11
Mat Conv 6.1 ± 3.0 4.3 ± 1.2 34.2 ± 9.7 26.5 ± 7.6
Int Conv 1.01 ± 0.61 0.71 ± 0.69 19 ± 11 22 ± 13
QMisID 2.82 ± 0.74 2.82 ± 0.74 16.8 ± 4.6 16.8 ± 4.6
Others 6.6 ± 1.7 4.2 ± 1.1 63 ± 17 44 ± 14

Total Background 76.3 ± 8.0 54.9 ± 4.1 1087 ± 55 770 ± 36

Data 78 55 1093 762
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Table 9.3: Summary of the observed and predicted number of events in the
five 2ℓ CRs. The background prediction is shown after the combined likelihood
fit to data under the signal-plus-background hypothesis across all CRs and SRs.
The uncertainties in the total yields are smaller than the sum in quadrature of
the uncertainties in the individual contributions due to anti-correlations between
parameters in the likelihood fit. This table was published in Ref. [1].

Process CR HF𝜇 TM CR HF𝜇 MT CR HF𝜇 MM CR HF𝑒 TM CR HF𝑒 MM

𝑡 ̄𝑡𝑊 24.0 ± 4.9 10.3 ± 2.0 3.73 ± 0.86 15.1 ± 2.9 2.76 ± 0.59
𝑡 ̄𝑡(𝑍/𝛾∗) 13.6 ± 2.6 6.2 ± 1.1 2.59 ± 0.58 8.4 ± 1.8 1.90 ± 0.37
𝑡 ̄𝑡𝐻 6.6 ± 4.0 3.2 ± 1.9 1.28 ± 0.79 4.1 ± 2.4 0.90 ± 0.58
Four top 0.113 ± 0.028 0.071 ± 0.017 0.046 ± 0.012 0.069 ± 0.019 0.036 ± 0.009
Diboson 11.9 ± 6.1 4.9 ± 2.5 2.2 ± 1.1 8.6 ± 4.4 1.35 ± 0.71
HFe 1.6 ± 1.1 5.9 ± 2.9 1.71 ± 0.97 37 ±12 4.5 ± 1.6
HF𝜇 80 ± 14 21.9 ± 5.6 13.7 ± 3.2 2.20 ± 0.66 3.62 ± 0.99
Mat Conv 2.0 ± 7.1 1.20 ± 0.56 1.62 ± 0.51 3.7 ± 2.1 1.38 ± 0.43
Int Conv 0.68 ± 0.41 1.7 ± 1.0 0.30 ± 0.18 5.5 ± 3.2 0.48 ± 0.31
QMisID 0.28 ± 0.13 0.75 ± 0.54 0.38 ± 0.26 5.2 ± 2.9 1.6 ± 1.0
Other 5.6 ± 1.5 2.71 ± 0.68 0.81 ± 0.22 4.2 ± 1.1 0.63 ± 0.17

Total Bkg. 147 ± 12 59.0 ± 5.1 28.4 ± 3.4 94.4 ± 9.2 19.1 ± 2.2

Data 150 57 28 95 19

Table 9.4: Summary of the observed and predicted number of events in the
four 3ℓ CRs. The background prediction is shown after the combined likelihood
fit to data under the signal-plus-background hypothesis across all CRs and SRs.
The uncertainties in the total yields are smaller than the sum in quadrature of
the uncertainties in the individual contributions due to anti-correlations between
parameters in the likelihood fit. This table was published in Ref. [1].

Process CR Int Conv CR Mat Conv CR ttZ CR VV

𝑡 ̄𝑡𝑊 – – 8.4 ± 1.8 24.5 ± 4.7
𝑡 ̄𝑡(𝑍/𝛾∗) – – 378 ±32 230 ±28
𝑡 ̄𝑡𝐻 – – 10.0 ± 6.3 6.3 ± 4.0
Four top – – 1.61 ± 0.32 0.092± 0.020
Diboson 0.025 ± 0.019 1.40 ± 0.72 29 ±15 90 ±45
HFe – – 0.47 ± 0.35 9.2 ± 6.8
HF𝜇 – – 1.04 ± 0.35 7.5 ± 1.8
Mat Conv 1.3 ± 1.1 37.6 ± 8.6 0.59 ± 0.40 2.19 ± 0.77
Int Conv 42.5 ± 6.8 15.6 ± 4.3 0.14 ± 0.15 1.66 ± 0.96
QMisID – – 0.22 ± 0.17 0.83 ± 0.41
Other – – 74 ±23 218 ±41

Total Bkg. 43.9 ± 6.6 54.6 ± 7.3 503 ±22 590 ±23

Data 44 55 494 605
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9.4 Upper limits on SMEFT wilson coefficients

Upper limits on the considered SMEFT operators are derived in this section. These
limits are obtained by performing likelihood scans over the three WCs 𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, and

𝑐(8)
𝑄𝑢, using both the fit to data and the fit to hybrid-Asimov data. For each WC

a separate likelihood scan is performed. The EFT parameterization presented in
Section 7.4 allows any value of the WCs to be injected during the likelihood scans.
In these scans the WCs are varied in the ranges [−0.01, 0.01] for 𝑐(1)

𝑡𝑢 , [−0.03, 0.03]
for 𝑐(1)

𝑄𝑢, and [−0.06, 0.06] for 𝑐(8)
𝑄𝑢, with 60 scanned points for each scan. Different

ranges are used to reflect the different expected sensitivities of the three WCs. For
each scanned point the likelihood value quantifies the agreement between data and
the prediction including signal according to the injected WC value. Since the SRs are
already in good agreement with the SM predictions, the likelihood is expected to reach
its minimum with the WCs being zero and to increase as the WC deviates further
from zero. In the likelihood scans all NPs, NFs, and the other two WCs are allowed
to vary freely. However, the freely floating WCs tend to be fitted towards zero, as the
data are consistent with the SM predictions and barely leave room for signal events.
Consequently, additional signal events lead to worse agreement with the data and
are therefore penalized in the likelihood. Furthermore, the contribution of the signal
cannot reach negative values due to the purely quadratic EFT parameterization.

The observed and expected limits on the WCs are then determined by identify-
ing the intersection points between the likelihood scan curve and the 1𝜎 and 2𝜎
threshold lines. Under Wilks’ theorem [138] and the asymptotic approximation,
these thresholds correspond to changes in the likelihood associated with one and
two standard deviations from the best-fit value, which represent confidence levels
(CLs) of approximately 68 % and 95 %, respectively. Wilks’ theorem states that,
in the large sample limit, the distribution of the log-likelihood ratio test statistic
approaches a 𝜒2 distribution with degrees of freedom equal to the number of free
parameters being tested. Hence, the 1𝜎 and 2𝜎 threshold lines correspond to 1 and
3.84 for one degree of freedom, respectively, for the negative log-likelihood ratio test
statistic in Equation 7.6. As in the likelihood scans the negative log-likelihood ratio
test statistic is used without the factor of 2, the 1𝜎 and 2𝜎 threshold lines are set to
0.5 and 1.92, respectively. The observed limits are determined by the intersection
points with the likelihood scan curve from the fit to data, while the expected limits
are determined by the intersection points with the likelihood scan curve from the fit
to hybrid-Asimov data.

Following this strategy, in Figure 9.12 likelihood scans for three WCs and their
observed and expected limits at 68 % and 95 % CL are shown. The observed (expected)
limits at 95 % CL in (TeV/Λ2) are 𝑐(1)

𝑡𝑢 < 0.0068 (0.0071), 𝑐(1)
𝑄𝑢 < 0.020 (0.022) and

𝑐(8)
𝑄𝑢 < 0.041 (0.046). These WC limits can be translated into observed (expected)

99



9 Results

cross-section limits. For all three WCs this results in the same observed (expected)
cross-section limit at 95 % CL of 1.6 (2.0) fb, when applying proper rounding.

(a) 𝑐(1)
𝑡𝑢 (b) 𝑐(1)

𝑄𝑢

(c) 𝑐(8)
𝑄𝑢

Figure 9.12: Limits for the three different WCs: (a) 𝑐(1)
𝑡𝑢 , (b) 𝑐(1)

𝑄𝑢, and (c) 𝑐(8)
𝑄𝑢.

The observed and expected limits at 68 % and 95 % confidence level (CL) can be
read off by finding the intersection of the likelihood scan curve with the 1𝜎 and
2𝜎 lines. The observed limits are shown numerically in the respective legend. The
new-physics scale is set to Λ = 1 TeV. These figures were published in the auxiliary
material of Ref. [1].

However, it should be noted that the presented results violate Wilks’ Theorem by
the quadratic EFT terms, according to Ref. [139]. This violation arises because
the quadratic EFT terms do not allow negative signal contributions, which creates
a boundary in the parameter space at the SM hypothesis. As a consequence of
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9.4 Upper limits on SMEFT wilson coefficients

violating Wilks’ Theorem, the derived confidence intervals (CIs) may be over- or
underestimated, as the log-likelihood ratio test statistic is not guaranteed to follow a
𝜒2 distribution. Hence, it has to be carefully checked if and how the results of this
analysis are affected by this violation. The limits are validated by comparing them
to the limits derived from MC pseudo-experiments, referred to as toy experiments
in the following. The toy experiments are generated by varying the post-fit NFs
and NPs using the results from the fit to data according to its standard deviation.
Separate toy experiments are created for each WCs separately. The true value of the
considered WC is set to the observed limit value, while the other two WCs are set to
zero for the toy creation. For each WC 25000 toy experiments were generated. The
goal of this approach is to check the coverage of the CI. Therefore, for each toy the
fit procedure and the likelihood scans are performed and the CI for the non-zero WC
is determined. Then for each toy, it is checked if the injected WC value is covered by
the derived CIs. By definition, a CI at 95 % CL is expected to cover the true value
in 95 % of the cases, while a CI at 68 % CL is expected to cover the true value in
68 % of the cases. Deviations from these expected coverages are referred to as over-
or undercoverage.

Following this cross-check, slight overcoverage for both the 68 % and 95 % CIs are
observed for all three WCs using their respective observed limits as the injected true
value for the toy experiments. To correct the limits for the overcoverage, the 1𝜎
and 2𝜎 lines are shifted downwards until the expected coverage is achieved for the
toy experiments. The shifted 1𝜎 and 2𝜎 lines are then propagated to the likelihood
scans from the fit to data. Consequently, the corrected limits at 95 % CL are slightly
stricter with 𝑐(1)

𝑡𝑢 < 0.0065, 𝑐(1)
𝑄𝑢 < 0.018 and 𝑐(8)

𝑄𝑢 < 0.037. These corrected limits are
at most 9 % more strict than the uncorrected limits. However, the shifted 1𝜎 and
2𝜎 lines are only valid for the injected WC values used for the generation of the toy
experiments. Therefore, this procedure needs to be repeated for the all WCs values
considered in the likelihood scans in order to get the fully corrected 1𝜎 and 2𝜎 lines,
which is computationally very expensive, especially for multidimensional scans.

As the presented check shows, the derived CIs are only affected by overcoverage.
Hence, the non-corrected results are considered as valid as they are slightly less strict.
Additionally, deriving the corrected limits for the upcoming 2D-likelihood scans would
be computationally very expensive and complex. Lastly, during the finalization of this
analysis the discussion about the validity of Wilks’ Theorem in the context of EFTs
was ongoing within the ATLAS Collaboration. Furthermore, computing the corrected
limits is computationally very expensive. Hence, the non-corrected limits are used
for the final results, as they were shown to be conservative. Additional information
about the coverage check for Wilks’ Theorem is given in the Appendix C.

The observed CIs at 95 % CL on the three WCs for different sets of uncertainties
are summarized in Table 9.5. The first row presented the CIs when considering only
statistical uncertainties, in the second row the modeling uncertainties are added and
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the last row shows the CIs using all uncertainties. The table clearly shows that
the sensitivity of this analysis is limited by the available number of events. The
observed limits are degraded by about 3 % when including all systematics. The
largest degradation is caused by the 𝑡 ̄𝑡𝑊 modeling uncertainties, namely the ME
and PS uncertainties. As 𝑡 ̄𝑡𝑊 is the dominant background processes in the signal
sensitive SR bins, this behavior is expected.

Table 9.5: Observed 95 % CL confidence intervals on the three WCs for different
sets of uncertainties. The first, second and third rows show the limits obtained
by considering, respectively: only the statistical uncertainties, both the statistical
and modeling uncertainties, and all uncertainties. The new-physics scale is set to
Λ = 1 TeV. This table was published in Ref. [1]

Wilson Coefficient CIs at 95 % CL (×10−2)

Uncertainties 𝑐(1)
𝑡𝑢 𝑐(1)

𝑄𝑢 𝑐(8)
𝑄𝑢

Statistical uncertainty only [-0.65, 0.65] [-1.9, 1.9] [-3.9, 3.9]
Statistical + modeling uncertainties [-0.67, 0.67] [-1.9, 1.9] [-4.0, 4.0]

Total uncertainty [-0.68, 0.68] [-2.0, 2.0] [-4.1, 4.1]

In Figure 9.13 two-dimensional-likelihood scans are performed for the different
combination of the three WCs. As for the 1D-scans, the NPs, NFs and the remaining
WC is allowed to vary freely. In the 2D-scans, the 1𝜎 and 2𝜎 contour lines correspond
to higher likelihood values, due to the additional degree of freedom in the 2D-scans
compared to the 1D-scans. This results in larger limits within the 2D-likelihood-scans
compared to the individual limits from the 1D scans. In order to resolve the 2D-scans
properly, the scanned range of WCs values is increased by a factor of ≈ 1.5 for the
2D scans.
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(a) (b)

(c)

Figure 9.13: 2D likelihood scans for the different combinations of WCs: (a) 𝑐(1)
𝑡𝑢

versus 𝑐(1)
𝑄𝑢, (b) 𝑐(1)

𝑡𝑢 versus 𝑐(8)
𝑄𝑢, and (c) 𝑐(1)

𝑄𝑢 versus 𝑐(8)
𝑄𝑢. The observed limits at

68 % and 95 % CL are represented by solid and dashed lines, respectively, while the
expected limits are illustrated by the inner and outer shaded regions. The best fit
value is marked with a black cross. The SM prediction is marked with a white star.
The new-physics scale is set to Λ = 1 TeV. These figures were published in Ref. [1].
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9.5 Comparison to previous analyses

The resulting limits of the previous section are now compared to the limits of previous
analyses. The previous best limits were achieved by an ATLAS Run 1 analysis of
events with 𝑏-tagged jets and a same-charge lepton pair [30]. The analysis used the
Run 1 dataset with a center-of-mass energy of 8 TeV and an integrated luminosity of
20.3 fb−1 and interpreted the results using several BSM models. As this analysis did
only provide cross-section limits at 95 % CL for same-charge top-quark pair production
for different chiralities, the cross-section limits are translated to constraints on the
WCs by using the fitted EFT parameterization of this analysis.

The results are compared in two separate ways in Figure 9.14 and Figure 9.15.

Figure 9.14: Comparison of the observed limits on the three WCs of this analysis
to the limit obtained by the ATLAS Run 1 analysis of events with 𝑏-tagged jets
and a same-charge lepton pair [30]. The cross-section limits from the Run 1 search
are converted to the limits on the WCs by using the fitted EFT parametrization.
The bounds on the WCs are shown at the 68 % CL (solid) and/or 95 % CL (dashed)
levels. For the ATLAS Run 1 analysis, only the limits at 95 % CL are available. The
vertical bar represents the SM prediction. The new-physics scale is set to Λ = 1 TeV.
This figure was published in Ref. [1].

In Figure 9.14 the direct WC limits are compared. As the ATLAS Run 1 analysis only
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Figure 9.15: Observed lower limits at 95 % confidence level on the scale of new
physics Λ for WC values of 0.01, 1 and 4𝜋2. The limits are compared with the
results of other analyses. This plot was published in Ref. [1].

provides limits at 95 % CL, no limits at 68 % CL are available for the comparison. For
the second comparison limits are set on the new-physics scale Λ and instead the WCs
values are set to a constant value of 0.01, 1 or 4𝜋2. These WC values correspond to a
weak coupling, strong coupling and a value where the SMEFT breaks down. Limits
on Λ have emerged to be the gold standard for comparing different analyses, as this
also allows for a comparison of analyses which do not consider the same value for Λ.
However, in this case, the same value of Λ = 1 TeV is used for both analyses.

In both comparisons, it can be seen that the limits of this analysis are significantly
stricter than the previous best limits from the ATLAS Run 1 analysis. Consequently,
the ATLAS Run 1 analysis measured observed cross-section limits for same-charge
top-quark pair production of 51 fb for left-right handed chirality and 38 fb for right-
right handed chirality at 95 % CL. This analysis significantly improves these limits,
reducing the cross-section limit to 1.6 fb.

Therefore, this analysis improves on the previous best limits by roughly a factor of 10.
A significant part of this improvement stems from the increased dataset size, but the
dedicated analysis strategy also plays a crucial role. In particular, the optimized SR
definitions using DNNs, the refined background estimation focused on non-prompt
leptons, and the improved 𝑡 ̄𝑡𝑊 modeling are the key contributors. A simplified
analysis that excluded the DNN-based SR definitions indicates that their inclusion
alone enhances the limits by approximately 250 %.
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10 Summary and Conclusion
In this thesis, the search for the production of same-sign top-quark pairs with identical
electric charges using data collected during the full Run 2 period of the ATLAS
detector at the LHC was presented. The dataset used corresponds to an integrated
luminosity of 140 fb−1, gathered at a center-of-mass energy of

√
𝑠 = 13 TeV from

2015 to 2018. The analysis was performed in the framework of the Standard Model
Effective Field Theory (SMEFT), focusing on the operators 𝒪(1)

𝑡𝑢 , 𝒪(1)
𝑄𝑢, and 𝒪(8)

𝑄𝑢
with a new physics scale set to Λ = 1 TeV. The three EFT operators can generate
same-charge top-quark pair production, which is otherwise strongly suppressed in the
SM. In this analysis, only the dilepton channel is considered, where both top quarks
decay via 𝑡 → 𝑊𝑏 → ℓ𝜈𝑏. Consequently, the final state signature is characterized by
two leptons with the same electric charge, at least two jets, and missing transverse
momentum from the two neutrinos. Even though this signature is rarely produced in
SM processes, several processes may mimic this final state due to misreconstruction
of physics objects or due to detector inefficiencies. Therefore, an accurate background
estimation and estimation of systematic uncertainties are crucial to obtaining a
reliable result.

Numerous mutually exclusive analysis regions are defined, each enriched in either
signal or background events. All analysis regions are used in a profile likelihood fit
to extract the signal strength in the form of the three considered Wilson coefficients
(WCs).

To optimize the sensitivity, two sets of Deep Neural Networks (DNNs) are employed
in the analysis. Initially, a preliminary event selection is applied to reduce background
contamination by imposing strict requirements on the 𝑏-tagging of jets, the presence
of exactly two isolated, same-charge leptons, and a large amount of missing transverse
energy. The first set of DNNs is used to create separate signal regions (SRs), each
enriched in signal events associated with different EFT operators. Subsequently,
these preliminary SRs are further split by the sign of the same-charge lepton pair.
A second set of DNNs is then trained to perform signal-background discrimination
within each region. This two-step DNN approach enhances the separation between
signal and background while allowing for the identification of contributions from
different EFT operators. Finally, the regions are divided into validation regions (VRs)
and SRs by requiring the azimuthal distance between the lepton pair, 𝛥𝜙ℓ,ℓ, to be
larger than 2.5 to enter the final SRs. Events that do not meet this requirement are
used in the VRs to validate the background estimation.

The background estimation strategy combines data-driven and simulation-based
methods. Nine control regions, carefully designed to be orthogonal to the SRs,
are defined to constrain several background processes. The dominant backgrounds
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include 𝑡 ̄𝑡𝑊, 𝑡 ̄𝑡𝑍, and non-prompt lepton sources. Consequently, these backgrounds
are treated with great care. This analysis applies a comprehensive set of system-
atic uncertainties to account for detector inefficiencies, modeling uncertainties, and
statistical uncertainties, ensuring the robustness of the results.

No evidence for deviations from SM predictions was observed. Consequently, upper
limits were set at the 95 % CL for the WCs and the cross-section of same-sign
top-quark pair production. The observed limits on the WCs were |𝑐(1)

𝑡𝑢 | < 0.0068,
|𝑐(1)

𝑄𝑢| < 0.020, and |𝑐(8)
𝑄𝑢| < 0.041 ([TeV/Λ]2), with expected limits of 0.0071, 0.022,

and 0.046 respectively. Additionally, the production cross-section 𝜎(𝑝𝑝 → 𝑡𝑡) was
constrained to be less than 1.6 fb (observed) and 2.0 fb (expected) at 95 % CL. These
results provide the strongest constraints to date for these coefficients and improve
previous limits by approximately a factor of 10. This is the first search for same-
charge top-quark pair production using SMEFT within the ATLAS Collaboration.
The results of this search were also published in Ref. [1].

The sensitivity of this analysis is clearly limited by the amount of available data.
Future analyses using the data collected during the LHC Run 3 period, possibly in
combination with the Run 2 dataset, are expected to significantly improve the results.
Moreover, the analysis could be further refined by dropping the flavor universality
assumption for the EFT operators, thereby allowing separate constraints on the
WCs for different quark flavors. Such an approach would enable a more detailed
exploration of the flavor structure underlying potential new physics. Additionally,
the analysis could be extended to include the two other four-fermion operators,
𝒪(1)

𝑄𝑞 and 𝒪(3)
𝑄𝑞, which can also contribute to same-charge top-quark pair production.

Although the corresponding WCs are already strongly constrained by other analyses,
the constraints from this analysis are expected to provide even tighter limits.
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A Input variables for the Neural
Networks

In the following appendix chapter the input variables for the Neural Networks used in
this analysis are shown. The input variables are shown for the DNNSvsS and DNNSvsB

trainings. The input variables are shown for the two EFT signals separately and the
background is shown as the sum of all background processes. The distributions are
normalized to unity and the first and last bins contain the underflow and overflow
events, respectively. Additionally, the feature importance ranking plots are shown
for the DNNSvsS and DNNSvsB trainings.

The Section A.1 shows the input variables and ranking plots for the DNNSvsS training
and the Section A.2 the DNNSvsB trainings.

A.1 DNNSvsS input variables

In the following figures the nine input variables used for the DNNSvsS training and
the permutation feature importance ranking plot are shown.

Figure A.1: Permutation feature importance ranking plot for the DNNSvsS training.
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Figure A.2: Kinematic distributions for the first 3 of the 9 input variables that
are used for the DNNSvsS training. The two EFT signals are shown separately
for 𝑐(1)

𝑡𝑢 and 𝑐(1)
𝑄𝑢 + 𝑐(8)

𝑄𝑢 and the background is shown as the sum of all background
processes. All distributions are normalized to unity. The first and last bins contain
the underflow and overflow events, respectively.
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Figure A.3: Kinematic distributions for the last 6 of the 9 input variables that
are used for the DNNSvsS training. The two EFT signals are shown separately
for 𝑐(1)

𝑡𝑢 and 𝑐(1)
𝑄𝑢 + 𝑐(8)

𝑄𝑢 and the background is shown as the sum of all background
processes. All distributions are normalized to unity. The first and last bins contain
the underflow and overflow events, respectively.
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A.2 DNNSvsB input variables

In Figure A.4 the input variables for the DNNSvsB training for the SR+VRctu region
are shown. The input variables are shown before applying the split by the total lepton
charge. The signal is shown separately for 𝑡𝑡 and ̄𝑡 ̄𝑡 and the background is shown
as the sum of all background processes. The distributions are normalized to unity
and the first and last bins contain the underflow and overflow events, respectively.
The feature importance ranking plots for the DNNSvsB training in the SR+VRctu++
and SR+VRctu−− regions are shown in Figure A.5 and Figure A.6, respectively. The
same is shown for the SR+VRcQu region in Figure A.7, Figure A.8 and Figure A.9.
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Figure A.4: Kinematic distributions for the 6 input variables that are used for the
DNNSvsB training for the SR+VRctu region, before applying the split by the total
lepton charge. The signal is shown separately for 𝑡𝑡 and ̄𝑡 ̄𝑡 and the background is
shown as the sum of all background processes. All distributions are normalized to
unity. The first and last bins contain the underflow and overflow events, respectively.
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A.2 DNNSvsB input variables

Figure A.5: Permutation feature importance ranking plot for the DNNSvsB trained
in the SR+VRctu++ region.

Figure A.6: Permutation feature importance ranking plot for the DNNSvsB trained
in the SR+VRctu−− region.
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Figure A.7: Kinematic distributions for the 6 input variables that are used for the
DNNSvsB training for the SR+VRcQu region, before applying the split by the total
lepton charge. The signal is shown separately for 𝑡𝑡 and ̄𝑡 ̄𝑡 and the background is
shown as the sum of all background processes. All distributions are normalized to
unity. The first and last bins contain the underflow and overflow events, respectively.
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Figure A.8: Permutation feature importance ranking plot for the DNNSvsB trained
in the SR+VRcQu++ region.

Figure A.9: Permutation feature importance ranking plot for the DNNSvsB trained
in the SR+VRcQu−− region.
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B Additional plots for the analysis
results

The following appendix chapter contains additional plots for the three likelihood fits
performed in this analysis, that are not shown in the main body of the thesis. In the
following three sections, additional plots are shown for the background-only fit, the
hybrid-Asimov fit, the data fit.

The additionally shown plots primarily focus on giving more details about the behavior
of the nuisance parameters in the fit. Therefore, the pulls and constraints resulting
from each fit are shown in form of bar plots for the respective nuisance parameters
categories, namely electron, muon, data-driven, instrumental, and theory. It should
be noted that if a NP is not present in a given plot, this means it was pruned during
the fit.

B.1 Background-only fit to all control regions and first signal
region bins
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Figure B.1: Distributions of the NNSvsB output for data and the expected back-
ground after the background-only fit. The post-fit background expectations are
shown as filled histograms, the combined pre-fit background expectations are shown
as dashed lines. The ratio of the data to the total post-fit background is shown
in the lower panel. The combined statistical and systematic uncertainty in MC
simulation is indicated by the hatched band, while the vertical error bars represent
the statistical uncertainty in the data.

119



B Additional plots for the analysis results

2− 1− 0 1 2

θ∆)/
0

θ-θ(

PLIV Electron Jet Modeling [M]
PLIV Electron Jet Modeling [T]
PLIV Electron Pileup [M]
PLIV Electron Statistical [M]

Electron

2− 1− 0 1 2

θ∆)/
0

θ-θ(

PLIV Muon Sherpa vs. Powheg [M]
PLIV Muon Sherpa vs. Powheg [T]
PLIV Muon Statistical [M]

Muon

2− 1− 0 1 2
θ∆)/

0
θ-θ(

QMisIDReco MM
QMisIDReco MT
QMisIDReco MincMinc
QMisIDReco TM
QMisIDReco TT

DataDriven

Figure B.2: Pulls and constraints on the electron (top), muon (middle), and
data-driven (bottom) nuisance parameter for the background-only fit.
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Figure B.3: Pulls and constraints on the instrumental (left) and theory (right)
nuisance parameter for the background-only fit.
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Figure B.4: Comparison between the event yields in data and the background
expectation after the hybrid-Asimov fit for the nine CRs. The post-fit background
expectations are shown as filled histograms, the combined pre-fit background ex-
pectations are shown as dashed lines. The ratio of the data to the total post-fit
background is shown in the lower panel. The combined statistical and systematic
uncertainty in the simulation is indicated by the hatched band, while the vertical
error bars represent the statistical uncertainty in the data.
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Figure B.5: Comparison between the event yields in data and the background
prediction after the hybrid-Asimov fit for the five single-bin CRs. The ratio of the
data to the total post-fit background is shown in the lower panel. The combined
statistical and systematic uncertainty in the simulation is indicated by the hatched
band, while the vertical error bars represent the statistical uncertainty in the data.
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Figure B.6: Comparison between the event yields in data and the background
prediction after the hybrid-Asimov fit for the four single-bin CRs. The ratio of the
data to the total post-fit background is shown in the lower panel. The combined
statistical and systematic uncertainty in the simulation is indicated by the hatched
band, while the vertical error bars represent the statistical uncertainty in the data.
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Figure B.7: Pulls and constraints on the electron (top), muon (middle), and
data-driven (bottom) nuisance parameter for the hybrid-Asimov fit.
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Figure B.8: Pulls and constraints on the instrumental (left) and theory (right)
nuisance parameter for the hybrid-Asimov fit.
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Figure B.9: Pulls and constraints on the electron (top), muon (middle), and
data-driven (bottom) nuisance parameter for the data fit.
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Figure B.10: Pulls and constraints on the instrumental (left) and theory (right)
nuisance parameter for the data fit.
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C Details on the check for Wilks’
Theorem

In this appendix chapter, additional information and plots for the check of Wilks’
Theorem is presented. As presented in the results chapter, the quadratic EFT terms
in this analysis violate Wilks’ Theorem. Hence, the coverage for the derived CIs in
this analysis is not guaranteed to be as expected. Therefore, the coverage of the
CIs is checked using toy experiments generated around the best-fit values of the
Wilson coefficients. For each toy experiment, the likelihood is scanned for different
WC values, to determine the CIs. Then each toy experiment is checked, if the CI
contains the true WC value that was used for the generation of the pseudo-data.
Once this is done for all toy experiments, the coverage is calculated as the fraction
of toy experiments where the true WC value is contained in the CI. Following this
procedure for each of the three WCs separately with their observed limit at 95% CL
as the true value, it was checked how valid the results of this analysis are.

For all three WCs overcoverage is observed. In detail, the coverage for the CIs at 95%
CL is found to be 96.48%, 97.39%, and 97.78% for 𝑐(1)

𝑡𝑢 , 𝑐(1)
𝑄𝑢, and 𝑐(8)

𝑄𝑢, respectively.
For generation of toy experiments for each of these coverage checks, two WCs are set
to zero and the third one is set to the observed limit value at 95% CL. In detail, the
following values were used as true values for the WCs: 𝑐(1)

𝑡𝑢 = 0.0068, 𝑐(1)
𝑄𝑢 = 0.020,

and 𝑐(8)
𝑄𝑢 = 0.040. By using true values which are very close to the observed limits, the

coverage is checked in the region where the approximation is valid. In Figure C.1 the
likelihood scans are for the hybrid-Asimov fit and data fit, but with the uncorrected
and corrected 2𝜎 lines. The corrected 2𝜎 lines are derived, by shifting down the line
until the coverage agrees with the expected coverage of 95%. Due to the 2𝜎 lines
only being valid exactly around the injected WCs value, it loses its validity when
moving away from the injected value. Hence, the corrected 2𝜎 lines are only plotted
in the range where the approximation is expected to be valid.

However, it is possible to derive a corrected sigma line that is valid for the full range
of scanned WCs values, by repeating running toy experiments for different injected
WCs values. This has to be done in small steps to ensure validity in the full range of
WC values. An example plot using such corrected 𝜎 lines from an ATLAS analysis is
shown in Figure C.2.
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(a) (b)

(c)

Figure C.1: Limits for the three different Wilson coefficients: (a) 𝑐(1)
𝑡𝑢 , (b) 𝑐(1)

𝑄𝑢,
and (c) 𝑐(8)

𝑄𝑢. The corrected and uncorrected observed and expected limits at 95%
confidence level (CL) can be read off by finding the intersection of the likelihood
scan curve with the corrected or uncorrected 2𝜎 line. The observed limits are shown
numerically in the respective legend. The new-physics scale is set to Λ = 1 TeV.
The corrected 2𝜎 line is found by using toy experiments and shifting the line until
the expected coverage in the toy experiments is reached. It should be noted that
the corrected sigma lines are only valid around the WC value that was used for the
generation of the toy experiments, which are the uncorrected observed limits. To
indicate the range of validity, the corrected sigma lines are only plotted in the range
where the approximation is valid.
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C Details on the check for Wilks’ Theorem

Figure C.2: Example plot from the ATLAS search for off-shell Higgs boson
production for a fully corrected 2𝜎 line.
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