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Abstract

In the Standard Model of particle physics with massless neutrinos, charged lepton flavour is exactly
conserved in weak interactions. Although the observation of neutrino oscillations establishes that
lepton flavour is not a fundamental symmetry of nature, the corresponding rates for charged lepton
flavour violating processes induced by non-zero neutrino masses are suppressed to an unobservable
level. Consequently, the detection of charged lepton flavour violation in processes involving charged
leptons would constitute unambiguous evidence for physics beyond the Standard Model and provide
direct insight into the flavour structure of new interactions.

This thesis presents a direct search for charged lepton flavour violation in top-quark processes
using proton—proton collision data recorded by the ATLAS detector at the Large Hadron Collider
between 2015 and 2018, corresponding to an integrated luminosity of 140 fb~! at a centre-of-mass
energy of v/s = 13 TeV. The analysis targets two complementary production modes: top-quark
pair production (¢7), where one top quark decays into an electron—-muon pair and an up-type quark
(t — eugq), and single top-quark production in association with an electron—-muon pair. In the 7
channel, the event topology is defined by requiring the Standard Model W boson from the second top
quark to decay hadronically, thereby enhancing the sensitivity to the charged lepton flavour violating
signature; an analogous hadronic requirement is imposed in the single top-quark case to suppress
backgrounds.

Signal discrimination is achieved through the implementation of a multivariate classifier based on a
boosted decision tree, optimised to exploit the kinematic and topological differences between signal
and the dominant Standard Model backgrounds. A binned profile-likelihood fit to the discriminant
distribution is performed to extract the signal strength, with systematic uncertainties incorporated as
nuisance parameters. No significant deviation from the Standard Model expectation is observed. Upper
limits at 95% confidence level are set on the branching fraction B(r — euq) < 1.12 % 1077, which
are translated into constraints on the relevant dimension-6 Wilson coefficients within the Standard
Model Effective Field Theory framework. These results significantly improve upon previous bounds
and further constrain scenarios predicting flavour-violating interactions in the top-quark sector.

Keywords: charged-lepton-flavour violation, top quark, ATLAS experiment, Standard Model
Effective Field Theory
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Zusammenfassung

Im Standardmodell der Teilchenphysik mit masselosen Neutrinos ist die Flavourzahl geladener Leptonen
in schwachen Wechselwirkungen exakt erhalten. Obwohl die Beobachtung von Neutrinooszillationen
zeigt, dass Leptonflavour keine fundamentale Symmetrie der Natur darstellt, sind die entsprechenden
Raten fiir durch nichtverschwindende Neutrinomassen induzierte Prozesse mit Flavourverletzung
geladener Leptonen auf ein nicht beobachtbares Niveau unterdriickt. Folglich wiirde der Nachweis einer
Flavourverletzung in Prozessen mit geladenen Leptonen einen eindeutigen Hinweis auf Physik jenseits
des Standardmodells liefern und direkten Einblick in die Flavourstruktur neuer Wechselwirkungen
ermoglichen.

Diese Dissertation présentiert eine direkte Suche nach Flavourverletzung geladener Leptonen in
Top-Quark-Prozessen unter Verwendung von Proton-Proton-Kollisionsdaten, die zwischen 2015 und
2018 mit dem ATLAS-Detektor am Large Hadron Collider aufgezeichnet wurden und einer integrierten
Luminositit von 140 fb™"! bei einer Schwerpunktsenergie von v/s = 13 TeV entsprechen. Die Analyse
untersucht zwei komplementire Produktionsmodi: die Top-Quark-Paarproduktion (¢7), bei der eines
der Top-Quarks in ein Elektron-Myon-Paar und ein Up-Typ-Quark zerfillt (t — eugq), sowie die
Einzel-Top-Quark-Produktion in Assoziation mit einem Elektron-Myon-Paar. Im ¢7-Kanal wird die
Ereignistopologie dadurch definiert, dass das Standardmodell-W-Boson des zweiten Top-Quarks
hadronisch zerfallen muss, wodurch die Sensitivitit gegeniiber der Signatur mit Flavourverletzung
geladener Leptonen erhdht wird; eine analoge hadronische Anforderung wird im Einzel-Top-Quark-Fall
angewendet, um Untergrundprozesse zu unterdriicken.

Die Signaltrennung erfolgt durch die Implementierung eines multivariaten Klassifizierers auf
Basis eines Boosted-Decision-Tree-Algorithmus, der darauf optimiert ist, die kinematischen und
topologischen Unterschiede zwischen Signal und den dominanten Standardmodell-Untergriinden
auszunutzen. Zur Bestimmung der Signalstirke wird eine gebinnte Profile-Likelihood-Anpassung an
die Verteilung der Diskriminante durchgefiihrt, wobei systematische Unsicherheiten als Nuisance-
Parameter beriicksichtigt werden. Es wurde keine signifikante Abweichung von der Erwartung des
Standardmodells beobachtet. Es werden obere Grenzen auf dem 95%-Konfidenzniveau fiir das
Verzweigungsverhiltnis B(r — eug) < 1.12 X 107’ gesetzt, die in Einschriankungen der relevanten
Wilson-Koeffizienten der Dimension-6 im Rahmen der Standardmodell Effektiven Feldtheorie libersetzt
werden. Diese Ergebnisse stellen eine deutliche Verbesserung gegeniiber friiheren Suchen dar und
schrianken Szenarien mit flavourverletzenden Wechselwirkungen im Top-Quark-Sektor weiter ein.

Schliisselworter: Flavourverletzung geladener Leptonen, Top-Quark, ATLAS-Experiment, Stand-
ardmodell Effektiven Feldtheorie
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CcHAPTER 1

Introduction

The endeavour of particle physics in investigating the fundamental constituents of matter can be traced
back to the early tradition of philosophical atomism. This philosophy has found its most successful
application as a metaphysical thesis in the natural sciences starting in the nineteenth century with
the emergence of atomic chemistry and the kinetic theory of gases. Further scientific findings on
the structure of matter would force atomic models to evolve. Atoms were no longer considered
indivisible: J. J. Thomson’s discovery of the electron [1] revealed the existence of particles with
masses much smaller than the lightest atom, and Rutherford’s scattering experiment [2] proved the
atom had substructure, namely, a nucleus.

The enormous development of particle physics as a field of research that took place in the 20th
century is unquestionably coupled with the rapid technological developments. Most notably, the
increase in the energies accessible by particle accelerators would often be followed by the discovery of
new particles. This era witnessed numerous profound achievements: the detection of the positron [3],
the antiparticle of the electron; the discovery of the neutron [4], a neutral constituent of the nucleus
alongside the positive proton; the theoretical proposition [5, 6] and ensuing experimental evidence [7,
8] in favour of the quark model; in addition to the detection of a multitude of short-lived particles.

The current, best theory that describes the behaviour of electrons, quarks, and the other fundamental
particles of the Universe is referred to as the Standard Model (SM) of particle physics. The SM
is the culmination of almost a century of theoretical and experimental development and has shown
itself to be both fantastically predictive and accurate throughout the years. This is best exemplified
by achievements such as the SM prediction for the electron anomalous magnetic moment, which
matches experiment to ten significant figures [9, 10], and the discoveries of many particles that were
first predicted by the SM, such as the discovery of the W and Z bosons at SPS in the early 1980s, and
more recently the discovery of the Higgs boson by the ATLAS [11] and CMS experiments [12] at the
LHC in 2012.

The field of high-energy physics, however, aims to tackle the unsolved questions of the Universe,
either by directly searching for particles that are not predicted by the SM or by high-precision
measurements looking for deviations from SM predictions. For instance, a description of gravity is
not included in the SM: it is still an open problem to seamlessly combine a quantum theory like the
SM to the current theory of gravity, Einstein’s General Relativity. The exclusion of gravity in the
SM framework is not its only shortcoming as this becomes evident when the theory clashes with
cosmological evidence. A number of astronomical observations in the last hundred years have led to



Chapter 1 Introduction

the hypothesis that the particles described by the SM constitute but a small fraction of the total mass
content of the Universe. The current estimate for the fraction of the total mass that is composed of
‘ordinary matter’ is ~ 16% [13]; the remaining mass is in the form of ‘dark matter’, of which very little
is known. Another gap in the model consists of the mystery behind baryogenesis, i.e., the imbalance
between matter and antimatter in the observed universe.

A finding that would unambiguously hint at physics beyond the Standard Model (BSM) is the
observation of sizeable charged-lepton-flavour violation (cLFV). In the SM with massless neutrinos,
the flavour of charged leptons is strictly conserved in weak interactions. However, the observation of
neutrino oscillations [14, 15] confirms the existence and the mixing of massive neutrinos, and it also
indicates that lepton flavour violation (LFV), meaning a local interaction that alters lepton flavour, is
expected to occur in the charged-lepton sector. Although minimal extensions to the SM, required in
order to accommodate massive neutrinos, allow for these processes, they are so highly suppressed
that it would be impossible to detect them with our current experimental sensitivity. Thus, any such
evidence would imply new physics.

Searches for cLFV processes involving many different particles have been going on for decades,
nonetheless, it was only more recently with the advent of the LHC that such investigations in the
heavy sector gained prominence. Channels involving the top quark, for example, have already shown
themselves as a viable playground [16—19]. In this context, the search presented in this work represents
a step towards enhancing the sensitivity for these channels.

This thesis is organised as follows. Chapter 2 presents an overview of the SM and the mechanisms
by which charged-lepton-flavour violation can occur. It also outlines the theoretical motivation for
the analysis and reviews the current status of cLFV searches in the top-quark sector. Chapter 3
describes the ATLAS detector and its main subcomponents. Chapter 4 provides more technical details,
including the simulation of physics events, an overview of top-quark physics, and a description of the
statistical analysis employed. Finally, Chapter 5 presents in detail the full analysis strategy, including
the definition of the signal and control regions, the event selection criteria, and the modelling of
the dominant background contributions. Particular emphasis is placed on the signal discrimination
technique, where multivariate classifiers are employed to optimise the separation between the charged
lepton flavour violating signal and SM backgrounds. The statistical interpretation is then described,
outlining the construction of the likelihood function, the treatment of systematic uncertainties as
nuisance parameters, and the fitting procedure used to extract the final results. The chapter concludes
with the presentation of the fit outcomes and the corresponding constraints on the relevant dimension-6
operators within the Standard Model Effective Field Theory framework.

The work presented in this thesis is currently under review within the ATLAS collaboration.



CHAPTER 2

Theoretical and Experimental Overview

This chapter provides the theoretical background and experimental context underpinning the work
presented in this thesis. It begins with an outline of the Standard Model in Section 2.1, followed by a
brief introduction to effective field theory in Section 2.2. Finally, Section 2.3 presents a summary of
cLFV, starting with general theoretical considerations, then detailing the effective operators relevant
to this study, and concluding with a review of existing cLFV searches, with a particular focus on the
top quark sector.

2.1 The Standard Model

2.1.1 Constituents and interactions

The SM of particle physics is a relativistic quantum field theory constructed to respect the symmetries of
the gauge group SU(3)-® SU(2)y, ® U(1l)y. The subscripts indicate the conserved charges associated
with each group: C denotes colour charge, W refers to weak isospin, and Y corresponds to weak
hypercharge. This gauge structure forms the basis for a unified description of three of the four known
fundamental interactions in nature: namely, the strong, weak, and electromagnetic forces. The fourth
fundamental interaction, gravity, remains unincorporated within the SM, as a consistent and complete
quantum theory of gravity has not yet been formulated [20].

While quantum fields are the fundamental objects in the theory, their properties are revealed through
the study of their excitations: namely, the particles associated with each field. These particles are
characterised by their quantum numbers and, when on shell, by a well-defined mass. Since the theory
is required to be consistent with special relativity, it must be invariant under Lorentz transformations,
which include spatial rotations and Lorentz boosts. The transformation properties of particles under
these symmetries are determined by their intrinsic angular momentum, or spin, which leads to a
classification of all fundamental particles into two broad categories: fermions and bosons.

According to the SM, the matter content of the Universe consists of twelve fundamental fermions,
along with their associated antiparticles, arranged into three generations. In addition to these matter
particles, the model includes four gauge bosons that mediate the strong, weak, and electromagnetic
interactions. Furthermore, the SM predicts the existence of the Higgs boson, a scalar particle associated
with the Higgs field, which is responsible for the mechanism of electroweak symmetry breaking and
for investing particles with mass. Figure 2.1 provides an overview of all particles in the SM, including
their masses, electric charges, and spin quantum numbers.
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Figure 2.1: Diagram of the elementary particles of the SM and their physical properties [21].

The twelve matter particles are spin—% fermions, meaning they obey Fermi-Dirac statistics and
the Pauli exclusion principle. These are categorised into six quarks, which participate in the strong
interaction, and six leptons, which do not. The leptons are further divided into charged leptons and
neutrinos, with the latter interacting exclusively via the weak force. The column arrangement in
Figure 2.1 reflects an additional classification into three generations, also referred to as ‘flavours’.
While all generations carry identical quantum numbers, only the first-generation fermions contribute
to stable matter in the Universe; the heavier generations appear only in high-energy processes. Each
fermion also has a corresponding antiparticle with the same mass and lifetime but opposite quantum
numbers.

Quarks experience the strong interaction due to their colour charge, which can take one of three
values: red, green, or blue. The strong force is described in the SM by the SU(3) gauge symmetry,
with its dynamics governed by Quantum Chromodynamics (QCD). In this framework, the interaction
is mediated by massless spin-1 bosons called gluons, which themselves carry colour charge. This
self-interaction leads to a distinctive feature of QCD: the coupling strength increases with distance,
resulting in colour confinement. Consequently, quarks and gluons are never observed in isolation but are
bound into colour-neutral composite states called hadrons. These typically manifest as either mesons
(quark—antiquark pairs) or baryons (three-quark combinations), although more exotic multi-quark
states, such as tetraquarks and pentaquarks, have also been experimentally confirmed [22, 23].
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In the SM, the electromagnetic and weak forces are unified into the electroweak (EW) theory [24-26],
also known as the Glashow-Weinberg-Salam model, based on the SU(2)y, ® U(1), gauge symmetry.
The electromagnetic interaction is mediated by the massless photon (y), while the weak interaction
proceeds via the massive spin-1 bosons W* and Z, which obey Bose-Einstein statistics. The observed
mass of the weak bosons, or equivalently, the short range of the weak force, poses a theoretical
challenge, as explicit mass terms for gauge bosons violate gauge invariance. This issue is resolved
through the Higgs mechanism, independently proposed by Brout and Englert [27], Higgs [28], and
Guralnik, Hagen, and Kibble [29]. In this framework, all particles are massless at high energies, with
masses dynamically generated below the electroweak scale via spontaneous symmetry breaking of
SUQR)w® U(l)y.

2.1.2 The mathematical formalism

Having outlined the particle content and interaction structure of the SM, it is now instructive to present
its underlying mathematical formulation. The complete dynamics of the SM are encapsulated in its
Lagrangian, which encodes the gauge symmetries, particle interactions, and mechanisms for mass
generation within a single relativistically invariant framework. This Lagrangian is constructed from
quantum field operators constrained by the SU(3)- ® SU(2)y,® U(1)y gauge symmetry, Lorentz
invariance, and renormalisability. In what follows, the various components of the SM Lagrangian are
introduced, highlighting their physical interpretation and role in describing the observed phenomena
of the strong, weak, and electromagnetic interactions. It is naturally organised into several distinct
sectors:

Gauge sector This includes the kinetic and self-interaction terms for the gauge fields associated
with the SU(3), SU(2)y,, and U(ly symmetries. These are expressed using the corresponding field
strength tensors: GZV for SU3)c, WLV for SU2)y,, and B v for U(1)y. The gauge sector Lagrangian
is given by

1 1 1
Lopuee = —ZGZVGZ" - Zw;,vwg‘v - ZBWB“", (2.1

where the indices a and i run over the eight gluons and three weak bosons, respectively. These terms
describe the propagation of the gauge bosons and, in the non-Abelian cases, their self-interactions.

Fermion sector The kinetic terms for the quarks and leptons are included, with each fermion field
minimally coupled to the gauge fields through covariant derivatives that reflect their gauge charges.
The fermionic part of the Lagrangian takes the form

‘Lfermion = Z lleﬁ% 2.2)
W

where ¢ denotes each left- or right-handed fermion field, and I} = y*D . contains the covariant
derivative D, appropriate to the fermion’s gauge representation. This term ensures that fermions
interact with the gauge bosons according to their transformation properties under SU(3), SU(2)yy,,
and U(1)y.
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Higgs sector The scalar field responsible for electroweak symmetry breaking is introduced as an
SU(2)y, doublet with hypercharge Y = +%:

¢ ) : (2.3)

The Lagrangian for the Higgs field includes a kinetic term and a potential term that induces spontaneous
symmetry breaking:

Lijiges = (D, @) (D'®) - V(®), V(@) =p’0'0+ (' D), (24)

where /12 < 0 causes the Higgs field to acquire a non-zero vacuum expectation value. This spontaneous
symmetry breaking reduces the electroweak gauge symmetry SU(2)y, ® U(1)y to the electromagnetic
subgroup U(1)gy,, associated with Quantum Electrodynamics (QED). As a consequence, the weak
interaction becomes short-ranged due to the generation of masses for the W* and Z bosons, while the
photon remains massless and mediates a long-range force.

Yukawa sector To generate fermion masses, gauge-invariant Yukawa interactions are introduced
between the Higgs field and the fermion fields. These interactions couple left-handed SU(2) doublets
to right-handed singlets via the Higgs field:

Lyukawa = _yuQ_L(i)uR - de_Lq)dR —y. L ®ep +he., (2.5)

where Q; and L; denote left-handed quark and lepton doublets, up, dg, and ep the corresponding
right-handed singlets, and ® = io,®" is the conjugate Higgs doublet. After spontaneous symmetry
breaking, these terms give rise to fermion mass terms proportional to their respective Yukawa
couplings.

Combining all these components, the full SM Lagrangian is given by

LSM = Lgauge + Lfermion + LHiggs + 'LYukawa' (26)

This Lagrangian successfully describes all observed non-gravitational interactions in terms of a
renormalisable, gauge-invariant quantum field theory. The phenomena of particle masses, electroweak
symmetry breaking, and the unification of electromagnetic and weak forces all emerge naturally within
this formalism.

2.2 Effective field theory

The concept of effective interactions dates back nearly a century, beginning with Fermi’s introduction
in 1933 [30] to describe nuclear § decay. Modern effective interaction theory relies on the principle of
energy scale separation between different physical phenomena. At low energies, heavy mediators can
be approximated as point-like, enabling their description via effective couplings. More specifically, 5
decay, at energies much lower than my;,, can be represented as a point-like four-fermion interaction for
the process d — ue v,. This general approach, known as effective field theory (EFT), has historically
proven invaluable in simplifying calculations and achieving high precision in low-energy experiments.
More recently, EFT frameworks have also been applied to processes where the relevant energy scale
significantly exceeds the experimental sensitivity.
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The SM itself can be regarded as an EFT, given the consensus that it is not valid up to arbitrarily
high energy scales. Within this context, an EFT facilitates predictions of rates and kinematics for
BSM processes without requiring detailed knowledge of the underlying high-energy theory. This
perspective underpins the Standard Model Effective Field Theory (SMEFT), which systematic-
ally incorporates higher-dimensional operators built from SM fields. These operators respect the
SU3)¢c ® SUR)w ® U(1l)y gauge symmetry and extend the SM Lagrangian as follows:

1 1
Lowrr = L + KC(S)O(S) e >0+ 2.7)
i

Here, Lé?\/){ represents the renormalisable SM Lagrangian, as denoted in Eq. 2.6, while 0™ denotes

non-renormalisable operators of mass dimension n.! The Wilson coefficients (WCs) C™ are complex
parameters controlling the strength of new interactions and are free parameters of the theory [31],
while the operators are suppressed by powers of the mass scale A, representing the energy scale
at which new physics may emerge. Physically, A could correspond to the mass of a new particle
mediating the interaction.

The SMEFT framework will be used to interpret the results of the search for charged-lepton-flavour-
violating interactions in eugt discussed in Chapter 5.

2.3 Charged-lepton-flavour violation

2.3.1 Theoretical framework

As previously discussed, the leptons shown in Figure 2.1 acquire definite masses through their
interaction with the Higgs boson. These masses correspond to freely propagating particles with
well-defined quantum numbers, known as mass eigenstates. For charged leptons, the three flavours
coincide with their mass eigenstates, ensuring that charged-lepton flavour is conserved in weak
interactions.

In contrast, neutrino flavour eigenstates do not align with their mass eigenstates. As a result,
neutrinos can oscillate between different flavours as they propagate through space. This phenomenon,
neutrino oscillation, implies that neutrinos have mass and that individual lepton flavour numbers are
not conserved. These flavour transitions (e.g., v, <> v,,) violate lepton flavour in the neutral sector
and provide a resolution to the solar neutrino problem [20].

In the SM, lepton flavour conservation is an accidental symmetry that emerges from its gauge
structure, the minimal Higgs sector, and, notably, the absence of right-handed neutrinos. Numerous
theoretical models have been proposed to explain the origin of neutrino masses and mixing, yet no
single framework has been conclusively favoured by experimental evidence. While the mechanism
responsible for LFV in the neutral sector remains uncertain, it is also unclear whether charged-lepton
flavour is strictly conserved. The simplest extension of the SM that accommodates neutrino mass, by
introducing right-handed Dirac neutrinos with a Yukawa coupling to the conjugate Higgs doublet ®,
naturally predicts cLFV.

In this scenario, neutrino mixing is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix, which encapsulates the mismatch between neutrino flavour and mass eigenstates. This mixing

! Dimension here corresponds to the mass dimension, equivalent to @ in natural units with ¢ = h = 1.
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allows processes such as the loop-induced decay u — ey via virtual neutrino exchange and a W boson,
as illustrated in Figure 2.2. The corresponding branching fraction, given by Eq. 2.8 [32, 33], is of
the order 107*-107°, approximately 40 orders of magnitude below current experimental sensitivity.
This extreme suppression arises from the tiny neutrino masses relative to the W boson mass, despite
the sizeable PMNS matrix elements.

Y
w
H Vi e
S e
Vl‘k V;cke

Figure 2.2: One-loop Feynman diagram that contributes to u — ey in the SM extended with right-handed
(Dirac) neutrinos. V., Vi, are PMNS matrix elements, that account for neutrino flavour mixing. Additionally,
one must consider other one-loop Feynman diagrams with the photon line attached to the external leptons.

2

(2.8)

)
I'u — 3 Vi V m;,
B(u — ey) ~ Flu—ey) _ 3 § (Vews ) ok (Vewins ) ek 71y,

5~ 327 2
I'lg — evv) 321 S my

Despite this suppression, it is often hypothesised that observable cLFV rates may lie just beyond
current experimental limits. This expectation stems from the belief that the mechanism responsible for
electroweak symmetry breaking operates at a mass scale around O (1) TeV, making it accessible to
present or near-future collider experiments [20]. Therefore, any experimental observation of cLFV
would unambiguously signal new physics BSM and its minimal extensions, namely the inclusion
of non-zero neutrino masses and lepton mixing. Many BSM models that introduce additional
interactions involving lepton fields naturally predict cLFV at potentially observable rates. These
include supersymmetric see-saw mechanisms [34, 35], two-Higgs-doublet models (2HDM) [36-38],
and leptoquark scenarios [39].

In recent years, several measurements of B meson decays initially showed indications of lepton
universality violation (LUV) [40—42]. However, some of these deviations have gradually diminished
with more data and refined analyses. Despite this, models proposed to explain the original LUV
anomalies often predict accompanying LFV effects [43]. Furthermore, many of the new physics
scenarios that aimed to address anomalies in the b-quark sector also suggest similar signatures in the
top-quark sector. For example, certain leptoquark models designed to explain the R+ anomaly predict
branching fractions for processes such as t — £7¢” ¢ reaching values as high as O (10_6), where ¢
denotes a charged lepton [44].

Given this connection, searches for cLFV processes involving the top quark provide a promising
avenue to explore the physics underlying the anomalies observed in B meson decays.

2.3.2 EFT operators for 2£2q contact interactions

Following the SMEFT framework, introduced in Section 2.2, at dimension-five, the Weinberg
operator [45] is the sole gauge-invariant operator in the SM. It is responsible for generating Majorana
mass terms for the neutrinos by coupling the left-chiral neutrino field to the Higgs field and is therefore
not of interest for cLFV. In contrast, many dimension-six operators satisfy SM gauge invariance
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and can be organised into the Warsaw basis [46]. These operators are central to this thesis, as
they include those facilitating cLFV four-fermion interactions involving two up-type quarks and two
leptons (2£2¢q) [47], detailed in Table 2.1. Here, the indices i, j, k, 1 € {1,2, 3} represent the flavours
of the fermion fields, making the operators flavour-dependent since new physics may couple differently
to various fermion generations. While dimension-8 operators also induce cLFV, their contributions
are suppressed by an additional factor of 1/ A% in the Lagrangian, as shown in Eq. 2.7. Consequently,
this analysis focuses solely on dimension-6 operators.

O = (l_ﬂ"l j) (fikqu)

o )
Oe(;jkl) — (e_l-’}"uej) (ék)’y‘h)
oukD  _ (l_l.y'ul j) (ﬁkmuz)
Oé;jkl) — (e—l.y'“e]) ﬁky,,uz)
Oian’ = (le)) )
ol = (l_io-’uvef) € (q_"‘ff”u’)

Table 2.1: SMEFT operators capable of introducing two quark-two lepton cLFV interactions involving a top
quark in the Warsaw basis. The indices ij and k[ represent the lepton and quark generations respectively. The
superscripts 1 and 3 are simply notations, corresponding to operators that could be combined as a linear sum (see
e.g. Ref. [46]). In the convention used, [ and ¢ are the left-handed lepton and quark doublets, while # and e are
the right-handed up-type quark and charged lepton singlets. ol are the Pauli matrices with I € {1,2,3},& = i’
and o, = % [yﬂ, yv] where y,, are the Dirac gamma matrices. The * symbol marks non-hermitian operators.

The operators can be combined into one single operator [47]:

Ol—q(ijkl) _ Ollq(ijkl) B Ol3q(ijkl)' (2.9)

Thus, Table 2.2 displays the corresponding WC and Lorentz structure to each operator.

Operator Wilson coefficient Lorentz structure

o; k) ¢ kD Vector
lq lq .

Oe(lq’kl) c((fq’k D Vector
(ijkl) (ijkl)

Olu L Vector

Ok c kD) Vector

;Oll(l]kl) Cl(l]kl) Scalar

$ 36(?['4kl) ée(?"dkl)

*Oleqju c lquL , Tensor

Table 2.2: Relevant SMEFT operators for this thesis and the corresponding WCs and Lorentz structures.

A WC is assigned to each of the operators shown in Table 2.1. Unlike the vector operators,

Olle(;{l ) and O;e(;Ju k1) are not Hermitian so their Hermitian conjugate must also be considered, with
corresponding WCs clle(é lulk) and c?e(‘; ;lk)
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The operators defined in Table 2.2 give rise to four-fermion interactions involving a top quark, either
an up or charm quark, and two charged leptons of different flavours. These interactions enable rare
flavour-violating decay modes of the top quark, such as t — ££’q, where £ # ¢’ and g € {u, c} [48].
Beyond decays, cLFV interactions can also mediate the production of single top quarks in association
with a pair of charged leptons of different flavour. Representative Feynman diagrams for both the
cLFV decay of a top quark in ¢f production and single-top production via cLFV operators alongside
more top quark details are discussed in Section 4.4.

Importantly, the cross-section for cLFV single-top-quark production increases quadratically with the
size of WCs. As a result, even modest non-zero values can lead to sizeable production rates, making
this process the dominant contribution to the search sensitivity. Nevertheless, it is still instructive to
express the total top-quark decay width I" in terms of the EFT contributions, which can be parametrised
using eight degrees of freedom [47] by:

_ 4 2 ) a2 )
[(t— 5%u) = T (Ze) g |G 4 ]G 4 g U] 4 g |Gk
k 3\UA Ig eq Tu eu
6144x (2.10)
a2 a2 ) a2 ’
Pletmf |60 gl 20 | gg | e
equ equ equ equ

Still according to Ref. [47], the WCs are assumed to be real, which implies that:

C—(jilk) _ C—(ijkl) C(jilk) — C(ijkl) (jilk) _ c(ijkl)

lq ~ Vg > veq eq °>"lu T lu ’
cUilk) _ (ijkD) L(jilk) _ 1(ijkl) 3(jilk) _ 3(ijkl)
eu ~ Teu  Tlequl T Tlequ ’“lequ ~ “lequ

The observable final states are determined by the flavours of the charged leptons (£ and £’) as well
as the decay mode of the W boson from the top decay. When the W decays hadronically, it produces
two quarks that hadronise into jets.

For this search, the scale of new physics, A, is fixed at 1 TeV and the interpretation is performed in
terms of the dimensionless WCs. Since the final discriminant used in the profile likelihood fit cannot
distinguish between contributions from different EFT operators, the analysis considers each operator
independently. In doing so, the WCs of all other operators are set to zero to isolate the contribution
from the operator under study.

2.3.3 Experimental searches

Experimental searches for cLFV span a wide range of energy scales, from low-energy precision
experiments to high-energy collider studies. The most stringent limits to date come from low-
energy processes involving muon decays. The MEG Collaboration has set an upper limit on the
branching ratio of u* — ey at 4.2 x 107"3 [49] in 2016, while the SINDRUM experiment reported
B(ut — etete) < 1.0x 1072 [50] in 1988, both at 90% confidence level. Figure 2.3 shows the
history of cLFV searches in muons. Further constraints arise from u — e conversion in nuclei, as
well as rare decays of mesons such as &, K, D, and B [20, 51].
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Figure 2.3: The history of cLFV searches in muons (not including muonium) [52]. One sees a steady improvement
in all modes and then a flattening of the rate improvement throughout the 1990s. MEG has upgrade plans for
the u — ey search. The two next generations of uN — eN, Mu2e/COMET at FNAL and J-PARC are labelled,
and possible extensions at Project X and PRIME are shown.

At high energies, cLFV searches targetting 7 leptons has been very prolific. An overview of the
current status of the observed upper limits on the branching fractions of cLFV 7 decays is reported in
Figure 2.4.

In addition, Z boson, Higgs boson, and top quark, as well as more exotic processes have been
explored by high-energy experiments. ATLAS has contributed significantly to this programme through
dedicated searches involving the 7 lepton [53], the Z boson [54, 55], the Higgs boson [56], the top
quark, and other exotic scenarios [57, 58]. CMS has also pursued similar channels.
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Figure 2.4: Current status of the observed upper limits on cLFV 7 decays at CLEO, BaBar, Belle, LHCb,
ATLAS, and CMS [59]. In addition, projections for Belle II are reported.
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For instance, cLFV decays of the Higgs boson to et and ut have been studied at v/s = 13 TeV,
yielding upper limits of B(H — e1) < 0.20% and B(H — ut) < 0.18% at 95% CL [60]. Similar
searches by CMS report comparable bounds [61]. In the case of the Z boson, ATLAS sets limits of
B(Z — et) <5.0x% 107 and B(Z — ur) < 6.5% 107 [62], with no significant excess observed.

The Belle and BaBar experiments have also placed competitive limits on 7 — 3u decays, at
2.1x 10 and 3.3 x 1075, respectively [63, 64]. The current most stringent constraint is provided by
the LHCb experiment, which sets B(t~ — u u ' u~) < 4.6 X 107 [65].

Searches involving the top quark are comparatively less developed but are gaining attention due
to their sensitivity to flavour-violating couplings at high energies. Previous efforts include single
top production via cLFV interactions at the HERA ep collider [66]. ATLAS and CMS have more
recently extended this programme to top-quark decays, exploring rare modes such as t — £¢’q, where
¢ # ¢ and g € {u, c}. So far, no significant excess over the SM predictions has been reported, and the
observations from the ATLAS and CMS experiments are interpreted using the SMEFT framework.
Brief reviews of some of these recent analyses are given below.

Preliminary ey trilepton ATLAS analysis The ATLAS Collaboration conducted the first direct
search for flavour-violating eugt interactions in Refs. [16, 67], using proton—proton collision data
collected at 4/s = 13 TeV during 2015-2017, corresponding to an integrated luminosity of 79.8 !
The analysis focused on final states containing three leptons and at least two jets, considering only the
signal topology in which the top quark undergoes a cLFV decay. The contributions from different
Lorentz structures associated with dimension-6 SMEFT operators were not probed separately.

To enhance sensitivity, a boosted decision tree (BDT) classifier was trained using kinematic variables
such as the transverse momentum (py) of the leptons. The resulting BDT discriminant distribution,
shown in Figure 2.5, was used to extract limits on potential signal contributions.
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Figure 2.5: Fitted BDT discriminant distribution in the signal region [16]. The left (right) histogram shows the
distribution of the pre-fit (post-fit) targeting the cLFV top quark decay.
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2.3 Charged-lepton-flavour violation

No significant deviation from SM expectations was observed. A 95% confidence level upper limit
of B(t — euq) < 6.6 107 was set using the CL prescription [68], improving upon a previous
indirect bound by three orders of magnitude [48].

CMS ey dilepton analysis The CMS Collaboration subsequently conducted a dedicated search for
e1qt interactions using proton—proton collision data collected between 2016 and 2018, corresponding
to an integrated luminosity of 137 fb~! [18]. In contrast to the earlier ATLAS study, this analysis
focused on final states with two charged leptons and a hadronically decaying top quark. Both cLFV top
quark production and decay processes were considered, providing broader sensitivity to new physics.
Furthermore, the analysis explicitly distinguished between operators with different Lorentz structures:
vector, scalar, and tensor.

To optimise signal discrimination, a BDT was trained using a range of kinematic variables. The
resulting BDT output distributions, shown in Figure 2.6, were used to extract exclusion limits on
the branching fractions for each operator type. The most stringent limit was obtained for the scalar
operator, yielding 8(r — euu) <7 X 107® at 95% confidence level. This result improved upon the
ATLAS limit by nearly two orders of magnitude.
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Figure 2.6: BDT discriminant distributions for the CMS ey dilepton cLFV search. The left (right) histogram,
taken from [18], shows the distribution of the BDT discriminant in regions with exactly (more than) one b-tagged
jet. The middle (bottom) panel shows the ratio of data events and the pre-fit (post-fit) predictions.

CMS ey trilepton analysis The CMS Collaboration later on extended its cLFV programme with a
new search targeting final states containing exactly three charged leptons [69], closely resembling the
earlier ATLAS analysis [16]. In addition to probing cLFV top-quark decays, this analysis also included
cLFV top-quark production, a signal topology first explored by CMS in Ref. [18]. To maximise
sensitivity, separate signal regions were defined for the decay and production modes, as illustrated by
Figure 2.7.

Operators were analysed individually according to their Lorentz structure (scalar, vector, tensor)
and quark flavour. For each SR, a dedicated binary BDT was trained to discriminate signal from
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Chapter 2 Theoretical and Experimental Overview

background. The contribution from non-prompt leptons was estimated using a data-driven method.
No significant excess was observed, and the most stringent constraint was placed on the scalar operator,
yielding an upper limit on the branching fraction of B(r — euu) < 1.2 X 107% at 95% confidence
level. This result improved upon the previous CMS limit [18] by nearly a factor of six.
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Figure 2.7: Distributions of the post-fit BDT discriminant targeting the cLFV top-quark decay (left) and
production (right) signal [69]. Contributions from the two signal modes (production and decay) are combined
within each SR and are shown as the solid red line.

ATLAS put trilepton analysis The ATLAS Collaboration has also performed the first direct search
for a urqt cLFV interaction using 140 fo~! of proton—proton collision data collected between 2015 and
2018 [17]. The analysis targets final states containing two same-sign muons, one hadronically decaying
tau lepton, and at least one jet. Both single top-quark production and top-quark decay channels are
considered, with different Lorentz structures for the effective operators analysed separately.

Due to limited statistics, the observed event yields in the signal region are used directly to interpret
the results, as shown in Figure 2.8. An upper limit at 95% confidence level is set on the branching
fraction, yielding B(t — urq) < 8.7 % 107",
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Figure 2.8: Observed event yields in CR#7u (a) and the signal region (SR) (b) are shown as a function of
the scalar sum of lepton and jet transverse momenta, Hy, and are compared to the post-fit expectations from
simulations [17].
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2.3 Charged-lepton-flavour violation

CMS urt dilepton analysis The CMS Collaboration recently presented a dedicated search for
charged-lepton-flavour violation in top-quark interactions, as reported in Ref. [70]. The analysis targets
final states containing two oppositely-charged ut leptons accompanied by hadronic activity consistent
with top-quark production. Following the other recent searches, this study simultaneously probes
flavour-violating top-quark production and decay within a unified EFT framework, thereby increasing
sensitivity to a broader class of cLFV operators. Events were categorised according to lepton flavour
combinations and jet multiplicities, allowing the analysis to exploit the distinct kinematic features of
each signal topology.

The interpretation was performed in terms of dimension-six operators contributing to flavour-
violating top interactions, considered individually to avoid cancellations among WC. A dedicated
deep neural network (DNN) classifier was trained for each signal category to exploit correlations
among multiple kinematic observables, significantly improving the discrimination between flavour-
violating signal hypotheses and the dominant SM backgrounds. No statistically significant deviation
from the SM expectation was observed. The upper limits at 95% confidence level are set at
B(t — ptu) < (0.04,0.08, and 0.12) x 10°°, and B(r — urc) < (0.81,1.71, and 2.05) x 107° for
scalar, vector, and tensor-like operators, respectively.
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Figure 2.9: Combined distributions in the DNN score after the profile likelihood fit for all data-taking periods
for the vector operators with pttu (left) and pttc (right) couplings.
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CHAPTER 3

The ATLAS Experiment

This chapter details the LHC operation and specifications in Section 3.1 and an overview of the key
detector systems within ATLAS in Section 3.2. Information on the LHC is mainly derived from
Ref. [71], whereas concerning ATLAS it was extracted from Ref. [72] .

3.1 The Large Hadron Collider

Operated by the European Organisation for Nuclear Research (CERN), the Large Hadron Collider
(LHC) is the world’s largest and most powerful particle accelerator, a 27 km circular collider located
between 45 and 170 m deep under the Franco-Swiss border in the vicinity of Geneva, Switzerland.
It is a two-ring hadron accelerator and makes use of hundreds of superconducting magnets to bend
(1232 dipole magnets) and focus (392 quadrupole magnets) particles’ trajectories. Moreover, it is
primarily designed to collide a pair of proton beams, pp collisions, travelling at almost the speed of
light at centre-of-mass energies, /s, of up to 14 TeV, as well as lead ion beams up to an energy of
2.8 TeV per nucleon. The energy is a crucial parameter for it determines the mass threshold of the
particles that can be produced.

The LHC is the final step in a long chain of particle accelerators required to boost particle energies
up to the TeV range. A comprehensive illustration of the accelerator complex is shown in Figure 3.1. In
the first step of the chain, protons, produced by ionising hydrogen, are accelerated in a linear accelerator,
LINACH4, to an energy of 160 MeV. Next up, the beam is injected into a sequence of successively
larger circular accelerators: the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS), and
the Super Proton Synchrotron (SPS), which raise the beam energy to 2 GeV, 26 GeV, and 450 GeV
respectively. After exiting the SPS, the beam is split in two; the resulting beams are then transferred to
the LHC beam pipes, in which they circle in opposite directions. The two beams afterwards accelerated
up to their individual collision energies: in 2011, this energy was 3.5 TeV per beam; in 2012, 4 TeV;
between 2015-2018, 6.5 TeV; finally, starting in 2022, the beam energy reached 6.8 TeV.

The LHC beams are not continuous but rather are composed of a number of proton bunches, with a
designed maximum of 2808 bunches per beam, each bunch containing o@1o' protons. The minimum
spacing between bunches is 25 ns, corresponding to a bunch crossing frequency of 40 MHz. The
two beams are made to collide at four points around the LHC ring where each of the four major
LHC experiments are located. ATLAS and CMS (Compact Muon Solenoid) are the two independent,
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The CERN accelerator complex
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Figure 3.1: The CERN accelerator complex and its experiments [73].

general-purpose detectors with wide-ranging physics programs, including Higgs, top, and electroweak
physics, but also direct searches for beyond-SM physics, such as extra dimensions and dark-matter
particles. ALICE (A Large Ion Collider Experiment) is dedicated to strongly-interacting matter
at extreme energy densities, where a phase of matter called quark-gluon plasma is formed during
heavy-ion collisions. At last, the LHCb (Large Hadron Collider beauty) experiment is focused on
the study of decays of heavy-flavoured hadrons and the search for indirect evidence of non-SM
physics via precision measurements of observables such as CP asymmetries, angular observables, and
unitarity-triangle parameters.

Besides the beam energy, an important parameter for a collider is the instantaneous luminosity £,
related to the number of events per second generated in the collisions R by R = Lo,,, where 07, is
the cross-section of pp collisions. For a collider using bunched beams, such as the LHC, under the
assumption that the beam has a Gaussian profile, the instantaneous luminosity can be expressed as

2
_ npnbfy

 dne, B

F, 3.1

where n » is the number of protons per bunch; n,,, the number of bunches per beam; f, the revolution
frequency; vy, the relativistic factor accounting for length contraction; €,,, the normalised transverse
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beam emittance; ”, the beta function at the collision point; and F, the geometric factor arising
from the beams colliding at an angle to one another. The maximum design instantaneous luminosity
is ~ 10**cm ™57, although operations to date have seen the machine achieve peak instantaneous
luminosities of approximately double this number.

The main data-taking periods to date have been 2011-2012 and 2015-2018, known as Run 1 and
2, respectively, whereas Run 3, started in 2022 and is currently planned to end in 2026. The long
shutdowns between Runs were necessary to prepare the machine for operation at higher energies and
overall renovation work, such as the trigger system upgrade and the New Small Wheel installation,
for example. A third shutdown, Long Shutdown 3, will follow Run 3 and lay the groundwork for the
High-Luminosity LHC operations.

The integral of the delivered luminosity over time is called integrated luminosity. It is a measurement
of the collected data set size, and it is an important value to characterise the performance of an
accelerator. It is frequently expressed in terms of inverse cross-section, most commonly inverse
femtobarn, fb™'. Figure 3.2 shows the cumulative integrated luminosity delivered to ATLAS by LHC
during Run 2.
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Figure 3.2: Cumulative luminosity versus time: 156 fb~! delivered to ATLAS (green), 147 fb~! recorded by
ATLAS (yellow), 140 fb~! and certified to be good quality data (blue) during stable beams for pp collisions at
13 TeV in LHC Run 2.

3.2 The ATLAS detector

The ATLAS experiment is a multi-purpose particle detector with a forward—backward symmetric
cylindrical geometry and a nearly 47 coverage in solid angle around the interaction point. Components
of the sub-detectors are divided between the barrel and end-cap regions which refer to the curved
face and flat ends of the cylindrical geometry, respectively. A diagram of the ATLAS detector is
shown in Figure 3.3. It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three
large superconducting toroidal magnet systems. All of the sub-detectors are cooled to maintain
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stable operating temperatures for its detectors and electronics, using advanced liquid and gas-based
systems to dissipate heat efficiently even under high radiation and thermal loads. Moreover, a trigger
system, used for filtering the data to be kept for further processing, operates in combination with the
sub-detectors. The detector has a total length of about 44 m, a diameter of about 25 m and weighs
around 7,000 tonnes.

44m

25m

Tile calorimeters
LAr hadronic end-cap and

forwcrd calorimeters

Pixel detector

LAr electfromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 3.3: Cut-away view of the ATLAS detector [72].

The coordinate system

At this point, it is convenient to define the coordinate system used by ATLAS. It is right-handed with
its origin at the nominal interaction point (IP) in the centre of the detector and the z-axis along the
beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards,
therefore defining the xy plane as the transverse plane to the beam direction. Spherical coordinates are
adopted as well: the azimuthal angle ¢ is defined on the transverse plane and by convention ranges
between —r and 7; the polar angle 8 is measured from the positive direction of the z-axis, but it is
conveniently expressed in terms of the pseudorapidity as

7=—1n [tan(g)].

For a massless particle, 7 is equal to the rapidity y, defined as
1 E+p
=1 2, 3.2
y=3ln ( E-p. ) (3.2)

where E is the particle energy and p, its longitudinal momentum. Differences in rapidity y
are Lorentz invariant under boosts along the longitudinal axis, unlike the polar angle 6 and the
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pseudorapidity 1 gives a good approximation to y for an ultra-relativistic particle. Furthermore,
angular distances between two particles in the n¢-plane can be measured by the approximately

boost-invariant variable
_ 2 2
AR = +/(An)” + (A®)”.

The projection of a particle’s momentum vector on the transverse plane,

pr=+/Ps+D5 (3.3)

is called transverse momentum. The transverse energy is then defined as E% = p% +m?. Since the
momentum of the incoming partons is, at first approximation, only directed along the longitudinal axis,
the transverse momenta of all the outgoing particles should sum to zero unless any particles escape
undetected. Therefore, the quantity

Y™ ==> P (3:4)
i

called missing transverse momentum, can be used to estimate the vector sum of undetected particles,
such as neutrinos. The missing transverse energy is in turn defined as ET"*° = |p1™|.

3.2.1 The tracking system

The Inner Detector (ID) is the closest sub-detector to the interaction point and consists of silicon pixel,
silicon micro-strip, and transition-radiation detectors, as illustrated in Figure 3.4. Silicon sensors
measure particles by detecting the ionisation they cause when passing through the silicon material.
The ionised electrons and holes are separated by an applied electric field, creating a measurable
current or voltage signal proportional to the deposited energy. The inner detector has a geometrical
coverage of || < 2.5 and is immersed in a 2 Tm axial magnetic field provided by the surrounding
superconducting solenoid. The tracker aims to reconstruct the curved trajectories of charged particles
in order to measure their momenta as well as to determine the primary and secondary vertices. These
trajectories are reconstructed using position measurements (“hits”) in the three sub-detectors and
the direction in which the track is bent allows the charge of the particle to be identified. The ID
components, as seen in detail in Figure 3.5, are described as follows from inner to outer radii.

The innermost component is the silicon pixel detector, which provides high-granularity hits that
are essential for distinguishing the numerous tracks produced by LHC collisions and identifying the
primary collision vertex. At high operating luminosity, events typically contain multiple pp collisions
per bunch crossing, a phenomenon known as pile-up. During Run 2, the ATLAS detector recorded an
average of 33.7 interactions per bunch crossing, as illustrated in Figure 3.6. To mitigate the effects of
pile-up, it is crucial to accurately measure the primary vertex position and associate particle tracks to
it. In addition, the pixel detector plays an integral role in reconstructing the position of secondary
vertices to detect in-flight decays of short-lived particles, such as B-mesons, which is of particular
importance for identifying events involving top quark decays.

Closest to the beam pipe are four layers of 1744 silicon pixel detectors and the innermost layer,
called Insertable B-Layer (IBL), has been installed before Run 2 to increase the tracking resolution.
The IBL takes advantage of recent technological advancements [76], utilising both 3D and planar
silicon sensors. It employs hybrid pixels with dimensions of 50 x 250 um2 connected to specialised
front-end chips created with 130 nm CMOS technology, which are capable of enduring an ionising
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Figure 3.4: Cut-away view of the ATLAS inner detector [72].
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Figure 3.5: The structure of the ATLAS Inner Tracking Detector [74].
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Figure 3.6: Luminosity-weighted distribution of the mean number of interactions per crossing during 2015 —
2018 [75].

dose of 250 mrad. In contrast, the three outer layers and three endcap discs use 50 x 400 um2 planar
pixels linked to readout chips made with 0.25 um CMOS technology. The IBL achieves a position
resolution of 8 um in the r¢-plane and 40 um along the longitudinal direction, while the other pixel
layers have resolutions of 10 pm and 115 pm, respectively [77].

Surrounding the pixel detector, the semiconductor tracker (SCT) is installed. It is made up of
~4088 modules, each containing 12 chips with 128 ~12 cm-long silicon microstrip, amounting to
~6.2 million read-out channels in total. In the central region, the SCT consists of four barrel layers
and is complemented in each endcap region by nine discs, all of them using pairs of sensors arranged
back-to-back to provide two-dimensional position information. The spatial resolution is 17 um in
the r@-plane and 580 wum in the z (r) direction for the central (endcap) region. On average, charged
particles are expected to leave four (eight) hits in the pixel (SCT).

The outermost component of the tracking system is the transition radiation tracker (TRT) which
covers the || < 2.0 region. It consists of alternating layers of drift tubes and transition radiation
material. Such radiation is produced via avalanche gas ionisation, where charged particles traversing
the tubes ionise the gas within, liberating electrons which drift in an electric field and are read out
from a wire in the centre of the tube. In the central region, the TRT is made of 52544 144 cm long
straw drift tubes collected in 73 concentric layers. In each endcap, the tubes are shorter (37 cm) and
radially oriented. Each tube consists of a polyamide pipe 4 mm in diameter filled with a xenon-gas
mixture. The tubes are interleaved with polypropylene fibres which serve as the transition radiation
material. When a charged particle traverses the polypropylene it emits radiation proportionally to the
Lorentz factor y = E /m, particularly high for electrons. The TRT thus provides additional tracking
information and contributes to the electron identification. It complements precision measurements
from the pixel and SCT with in excess of 30 additional hits to radial distances of just over a meter.

3.2.2 The calorimeter system

Represented in Figure 3.7, calorimeters provide a destructive measurement of the energy of all incident
particles, with the exception of muons and neutrinos.

The electromagnetic calorimeter (ECAL), positioned just outside the tracker solenoid, is designed to
capture electromagnetic showers primarily from electrons and photons. Covering the region || < 3.2,
the ECAL features active liquid argon (LAr) layers interleaved with passive lead absorbers arranged in
an accordion geometry. The high-density lead absorbers promote the development of showers upon
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interaction with incident particles. The ionised charge in the LAr, proportional to the energy deposited
by traversing particles, is collected by electrodes within the LAr gap. Each electrode consists of three
conductive copper layers separated by insulating polyamide sheets, with the outer layers at high voltage
and the inner layer used for signal readout via capacitive coupling. The barrel section of the ECAL,
extending to |n| < 1.475, is segmented into three layers: the first layer, with the highest granularity,
resolves incoming particles; the second, thickest layer collects the majority of the energy deposit;
and the third layer captures the tail of the electromagnetic shower. The endcap section comprises
an outer wheel (1.375 < || < 2.5) and an inner wheel (2.5 < || < 3.2). Both the barrel and endcap
calorimeters are equipped with a presampler, an additional LAr volume placed in front of the first
layer, to correct for energy lost in upstream materials (ID, cryostats, coil). Depending on the r region,
the ECAL components correspond to between 23 and 39 radiation lengths.1

Particles that are not fully absorbed in the ECAL continue into the hadronic calorimeter (HCAL),
which is designed to measure the energy of neutral and charged particles that interact via the strong
force. This capability is crucial for reconstructing hadronic showers, known as jets, and for determining
missing transverse energy. The HCAL primarily detects charged and neutral hadrons; as well as muons.
It is composed of three subdetectors: the tile calorimeter, the LAr hadronic end-cap calorimeter (HEC),
and the LAr forward calorimeter (FCal). The tile calorimeter, a sampling calorimeter utilizing steel as
the absorber and scintillating tiles as the active medium, is situated in the region || < 1.7, directly
surrounding the ECAL. It is segmented into three layers, each azimuthally divided into 64 modules.
These modules contain the tiles, absorbers, optic fibres, photomultipliers, and front-end electronics.
The front-end electronics can provide analogue channel sums, known as trigger towers, which are
relayed to the trigger system. The HEC, covering the region 1.5 < |n| < 3.2, is a copper/LAr sampling
calorimeter positioned behind the electromagnetic endcap calorimeter, sharing its cryostat.

The FCal extends the coverage of both the ECAL and HCAL to the region 3.1 < || < 4.9. The
first layer, optimised for electromagnetic measurements, is a LAr sampling calorimeter with copper
absorber plates. The second and third layers, designed for hadronic measurements, use tungsten
absorbers to contain the lateral spread of hadronic showers.

Tile barrel Tile extended barrel

Jpaiase TN

LAr hadronic
end-cap (HEC)

LAr electiromagnetic
barrel

Figure 3.7: Cut-away view of The ATLAS Calorimeter detector [72].

! A radiation length is defined as the mean distance at which a high-energy electron loses its energy due to bremsstrahlung
by a factor of 1/e.
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3.2.3 The muon system

Muons, which deposit only a small fraction of their energy in the calorimeters, traverse the entire
detector and reach the muon spectrometer (MS), the outermost detector system in ATLAS. As
illustrated in Figure 3.8, it surrounds the calorimeters and uses large toroid magnets to create a
magnetic field integral of 2.0 to 6.0 Tm, which deflects the particles, allowing their trajectories to be
measured in tracking chambers. The MS consists of two main detector types: monitored drift tubes
(MDTs) covering |n| < 2.7, and cathode-strip chambers (CSC) in the region 2.0 < || < 2.7. MDT
chambers are composed of three to eight layers of drift tubes, achieving an average resolution of 80 um
per tube and approximately 35 um per chamber. The CSCs, located in the endcaps, are multi-wire
proportional chambers with cathode planes segmented into orthogonal strips, providing a resolution of
40 pm in the bending plane and about 5 mm in the transverse plane.

To enable trigger capabilities to the MS, additional detectors with response times under 25 ns are
included. resistive plate chambers (RPCs) are used for || < 1.05, while thin-gap chambers (TGC)
cover 1.05 < |n7| < 2.4. RPCs consist of small gas volumes equipped with two sets of orthogonal cathode
strips, offering a resolution of about 10 mm in both the bending and non-bending directions. TGCs
are multi-wire proportional chambers with a smaller wire-to-cathode distance than wire separation.
They provide muon track information with a precision of 2 to 7 mm in the n7 coordinate and 3 to 7 mm
in the ¢ coordinate.

Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

" Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.8: Cut-away view of the ATLAS muon detector [72].

3.2.4 The trigger system

LHC collisions occur at the bunch crossing rate of 40 MHz with an average of 30 interactions per
bunch-crossing. The kind of events typically searched for are rare and have high-p leptons, photons
miss

or very high-py jets, large E1 ', b-jet signatures and high jet multiplicity. To select events with such
interesting physics signatures given the maximum event rate is determined by the transfer bandwidth
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of ~1 GB/s and the event size of ~1.3 MB/event and to reduce the data-taking rate to levels which
can be read-out and stored, a trigger system [78, 79] is required. The trigger system also ensures that
signals in each of the detector systems are associated with the correct bunch crossings. This is a key
consideration since the muon time-of-flight typically exceeds the time between bunch crossings, as
does the signal persistence in the calorimeter.

A two-level trigger system is employed in the ATLAS detector. The first level, known as the Level-1
(L1) trigger, operates within a 2.5 ps decision window and generates an output event rate of 100 kHz.
The L1 trigger is composed of four modules: L1Calo, L1Muon, L1Topo, and the Central Trigger
Processor (CTP).

L1Calo processes energy depositions in the calorimeter towers to identify and construct jets,
electron/photon candidates, and 7-lepton candidates. L.1Muon identifies and classifies muon candidates
based on their momentum, using hits from the RPC and TGC, with tracks required to be consistent
with originating from the interaction vertex. L1Topo receives the identified objects, collectively known
as Trigger Objects (TOBs), from both L1Calo and L1Muon. It then applies selection criteria based
on geometric and kinematic parameters, such as estimating the angular distance between objects,
removing overlaps, and calculating global quantities like total or missing transverse momentum. The
CTP processes the outputs from L.1Calo, L1Muon, and L1Topo to issue the final L1 trigger decision.
If an event is accepted, the L1 trigger initiates detector readouts and transfers the information to the
High-Level Trigger (HLT).

While the L1 trigger relies on FPGAs and custom electronics, the HLT is powered by a computer
farm with approximately thirty thousand cores. The HLT reconstructs objects starting from the L1
TOBs, utilizing finer-granularity calorimeter data, tracking information, and precision measurements
from the muon system. This partial reconstruction applies object identification criteria similar to those
used in offline analysis. When the HLT accepts an event, the complete event data is transferred to
permanent storage, with an average accepted event rate of 1 kHz.
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CHAPTER 4

Common Elements in Top-Physics Analysis

The LHC generates large quantities of hadronic collisions during each bunch crossing, producing a vast
number of final-state particles from interactions between constituent partons. This complexity poses
significant challenges for the simulation and analysis of physics events. Simulating LHC collisions
involves intricate processes, as the relevant energy scales span both perturbative and non-perturbative
QCD regimes and produce high particle multiplicities. In this high-multiplicity environment, advanced
algorithms are required to trigger and reconstruct the processes of interest amidst pile-up noise while
preventing double-counting of detector signals. This chapter provides an overview of LHC event
structures and examines their impact on simulation and reconstruction, with a particular focus on
reconstructing leptons and hadrons in the ATLAS detector. Finally, a discussion about top-quark
physics is included as well as a description of the statistical analysis framework implemented.

4.1 Hadron-collider physics

Protons are composed of two u-quarks and one d-quark, collectively referred to as valence quarks,
held together by the strong interaction. This interaction is mediated by a continuous exchange of
gluons, giving rise to a sea of virtual quarks. The behaviour of these proton components lies outside
the scope of QCD at energy scales below Agcp. At LHC energy levels, a proton can be described as
a collection of partons, each representing a portion of the proton’s total momentum. When protons
A and B collide, the hard scattering occurs between two partons, a and b, which carry momentum
fractions x, and x,,, as shown in Figure 4.1.

pa

ZaPA

ZypB

pB

Figure 4.1: Schematic view of a hard scattering process. The incoming protons have momenta p 4 and pz and
the interacting partons carry the momentum fractions x, and x,,.
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The centre-of-mass energy available for the hard scattering is given by § = x,x, s, where s represents
the pp centre-of-mass energy. The probability of finding a parton carrying a fraction x of the proton’s
momentum is characterised by a parton distribution function, f;(x). The index i identifies the various
parton species within the proton, namely u, d, c, s, g, and, in some cases, b, all treated as massless [80].
The cross-section for a process pp — X can therefore be expressed as

1 1
O ppoX (/anuR) = ‘/0 dxa/o dx,, Z fi (xa’:uF) f] (xb’/JF) a'ij (f’ :anuR)ab—>X . 4.1)
ij

Parton distribution functions (PDFs) exhibit distinct behaviours, as illustrated in Figure 4.2: the
valence quark PDF peaks near x ~ 1/3, while the gluon PDF dominates at small x. PDFs are typically
regarded as process-independent properties of the hadron, an assumption based on the ability to
factorise the partonic interaction from the proton structure. This factorisation assumes the two are
independent.
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Figure 4.2: Parton distribution functions computed at next to next to leading order (NNLO) precision in QCD by
the NNPDF group [81] at scales ;12 = 10GeV? (left) and U= 10* GeV>. The distributions are shown for the sea
quarks and the valence up and down quarks (u,, d,). For s, ¢ and b quarks, the PDFs are approximately equal
for the corresponding quark and anti-quark.

Since PDFs cannot be calculated perturbatively, they are derived through global fits to experimental
data, guided by assumptions about their analytical form. Key datasets include deep inelastic scattering
(DIS) data from the HERA ep collider at DESY [82], which provide highly sensitive inputs across a
broad phase space. Additionally, data from the LHC and the Tevatron pp collider at Fermilab [83] are
crucial for constraining the gluon PDF at high x. A comprehensive review of the datasets used to
construct PDFs is available in Ref. [84].

The partonic cross-section § and the PDFs also depend on the factorisation scale up and the
renormalisation scale p. Intuitively, up represents the scale that delineates long- and short-distance
physics, particularly in relation to substructures like quark loops. Conversely, 1 corresponds to the
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scale of the QCD running coupling [85], reflecting how the cross-section varies with the choice of
renormalisation scale. In collider cross-section calculations, these two scales are generally chosen to
be equal and set to a value representative of the interaction under study. However, the choice of scales
introduces theoretical uncertainties into predictions for cross-sections and other observables at the
LHC, as will be elaborated in Section 5.6.2.

The remaining partons not involved in the hard scattering process give rise to the underlying event.
This component of the collision is characterised by additional soft radiation, independent of the primary
hard interaction, yet integral to the overall event dynamics. Both the hard scattering and underlying
event produce coloured particles, such as quarks and gluons, which radiate gluons themselves. These
emissions generate further QCD radiation, culminating in the development of a parton shower.

As the parton shower progresses, the energy of its constituents diminishes with each successive
gluon emission. When the energy scale drops below the perturbative QCD threshold, the interaction
enters the non-perturbative regime. At this stage, hadronisation occurs, a complex process where
coloured partons recombine into colour-neutral hadrons, such as protons, neutrons, and mesons. These
hadrons, being stable or long-lived, are detected as the observable final states of the collision. This
transition from partons to hadrons is fundamental in particle physics experiments at the LHC, as it
defines the measurable outcomes of proton-proton collisions.

4.2 Physics simulation

Event simulation

Analyses conducted at the LHC experiments rely extensively on simulations. Monte Carlo (MC)
simulation event generators are employed to simulate physics processes, providing signal and
background expectations for comparison with observed data. The use of MC generators is crucial
due to the inherently stochastic nature of quantum mechanical processes. MC simulations are also
indispensable for modelling the complex variations in the efficiency of the ATLAS detector and the
analysis itself, which depend on factors such as angle, momentum, and other kinematic variables.
In summary, MC simulations are used to design analysis strategies, estimate efficiencies, evaluate
background levels, and assess the sensitivity of the analysis.

Given a physical process of interest pp — X, the MC generators must account for several key
steps [86], described as follows:

o The first step involves computing the quantum mechanical matrix element (ME) for the hard
scatter of partons within the incoming protons. This computation is performed to a specified
order in perturbative QCD: typically leading order (LO), next to leading order (NLO), or NNLO.

¢ To determine the cross-section of the physical process, the PDFs of the incoming protons must be
incorporated. The ME calculation is convoluted with the PDFs and integrated over the available
phase space using MC integration techniques. The PDFs are factorised at a specific resolution
scale, known as the factorisation scale, as briefly discussed in Section 4.1. These PDFs are
then estimated at different energy scales using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) [87] evolution equations, which can be applied at LO or NLO.

¢ The strong coupling constant (ag), typically quoted at a renormalisation energy scale Q = M,
is incorporated using the Renormalisation Group Equations. These equations allow ag to be
evaluated at different energy scales relevant to the generated process.
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¢ Uncertainties arising from missing higher-order terms in the perturbative expansion of the ME,
as well as in the DGLAP evolution of the PDFs, are addressed by varying the renormalisation
and factorisation scales used in the calculations. This scale variation provides an estimate of the
theoretical uncertainties associated with the process.

¢ High-energy partons produced in the initial hard collision emit additional partons as they
propagate through space-time. Quarks can emit gluons (g — g¢), and gluons can undergo
splitting into quark-antiquark pairs (g — ¢¢g), provided the partonic energy is sufficient to
prevent confinement. These processes result in the formation of cascades of coloured particles,
referred to as parton showers (PSs). Parton showers are modelled using perturbative QCD, with
corrections often applied via (next-to-)next-to-leading-logarithmic resummation [88, 89] to
address divergences that arise from the radiation of "soft and collinear" low-p gluons.

o Radiation occurs in two main forms. initial state radiation (ISR) consists of emission of hard
radiation from the incoming partons prior to the hard scatter, typically leading to the production
of additional jets; whereas final state radiation (FSR) concerns emission from outgoing partons,
which contributes to the internal structure of jets. Additionally, photons or other bosons can be
radiated from either the initial or final states, further enriching the complexity of the event.

¢ Partons within the incoming protons that do not directly contribute to the primary physics
process under investigation may engage in additional interactions, collectively referred to as the
underlying event.

o As partons propagate and their energy drops below approximately 1 GeV, the strong interaction
becomes confining, leading to the non-perturbative process of hadronisation. During hadronisa-
tion, partons are transformed into colour-neutral hadrons, predominantly light mesons, resulting
in the formation of hadronic jets.

¢ The parton shower and fragmentation processes are parametrised using assigned renormalisation
and factorisation scales, which influence the modelling of these phenomena.

¢ For unstable particles, such as heavy (b- or c-) hadrons, secondary decays may occur, producing
additional particles. These decays can result in the formation of a secondary vertex within a jet
composed primarily of light hadrons.

Figure 4.3 depicts the progression from the hard scatter to hadronisation, including potential
secondary hadronic decays.

The following provides a brief review of the generators commonly used by the ATLAS Collabora-
tion [91]. PyTHia [92], a widely used general-purpose event generator, was developed over 30 years
ago and remains integral to particle physics simulations. Unlike automated code generation approaches,
PytHia relies on an extensive collection of hardcoded processes. It is capable of simulating complete
events, encompassing the hard process (at LO QCD accuracy), parton showers, the underlying event,
hadronisation, and particle decays. Frequently, PyTHia is interfaced with a ME generator to focus
solely on the parton shower stage. Various merging schemes exist to ensure consistency between
partonic emissions from the ME and the parton shower. Unstable particle decays, particularly those of
b- and c-quark hadrons, can be handled by external tools like EvTGeN [93], which specialises in heavy
hadron decays. Hadronisation in PyTtHia is fully modelled using the Lund string model [94, 95].
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Figure 4.3: Illustration depicting the formation of a parton shower [90]. Partons originating from incoming
protons generate the hard scatter (highlighted in red). These partons subsequently emit gluons, forming a parton
shower/QCD bremsstrahlung (represented in blue). At lower energies and larger distances, partons undergo
hadronisation, recombining into colour-neutral hadrons (shown in green). Some hadrons may further decay
(dark green), potentially emitting QED bremsstrahlung (depicted in yellow). The underlying event, initiated by
the hard process, is illustrated in purple.

SHERPA is also a general-purpose event generator that can compute MEs at NLO accuracy in
QCD. It can generate all SM processes and supports many BSM extensions. SHERPA implements the
CKKW [96] and MENLOPS [97] merging schemes, with hadronisation based on the cluster model [98].

MapGrapa5_aMC@NLO [99] is another versatile ME event generator, computing amplitudes on
the fly from automatically generated code. Through the FEyNRULEs utility [100], the SM Lagrangian
can be modified, and the resulting physics supplied to MG_aMC @NLO' as a Universal FEyNRULEs
Output (UFO) [101] model. MG_aMC@NLO is capable of generating the hard process at LO or NLO,
but it does not include PS algorithms; thus, it must be interfaced with a generator such as PyTtHia. The
output events from MG_aMC@NLO are encoded in the Les Houches Event format [102].

Pownec-Box [103] is also an NLO-capable ME event generator, offering features similar to
MG_aMC@NLO from the user’s perspective. The primary differences lie in the internal calculations
and the parton shower matching/merging approach: Powneg-Box adopts the PowHEG method [104]
by default, whereas MG_aMC@NLO uses the MC@NLO scheme [105]. Technical details on these
two approaches can be found in Ref. [106].

Finally, HErwic [107, 108] is a general-purpose event generator that simulates high-energy particle
collisions, focusing on the hard scattering process, parton showers, hadronisation, and particle decays.
Developed as an alternative to PyTHia, HErRwIG employs a different approach to modelling QCD

1 MabpGraprHS_aMC@NLO has been shortened to MG_aMC@NLO.
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dynamics, particularly in the area of parton showers and hadronisation. Unlike PyTHiA, which uses the
Lund string model for hadronisation, HErwiG relies on the cluster model, where hadrons are formed
through the cluster decay of a colour-singlet state. HERwIG also includes more detailed treatments
of the angular ordering in parton showers and allows for a range of processes and particle decays to
be simulated, including those involving heavy quarks. Like PyTH1A, HERWIG can be interfaced with
ME generators to simulate the hard scattering process, after which it handles the parton shower and
hadronisation.

Pileup and underlying event modelling

To accurately simulate LHC events, numerous parameters governing parton-shower modelling are
tuned based on experimental data. For PyTHia 8, the so-called A14 tune [109] is used in conjunction
with the NNPDF 2.3 LO PDF set [110] in ATLAS event simulations. Events generated with SHERPA
and Herwig use their respective default tunes [111].

In addition, jets arise not only from partons produced in the hard-scatter interaction but also from
multiple parton interactions and pile-up, all of which must be included to properly model the particle
multiplicity in LHC events. Pile-up is accounted for by overlaying samples of inelastic pp scattering
events on top of the hard-scatter process. These are generated with Pytaia 8.186, using the NNPDF
2.3 LO PDF and the dedicated A3 tune [112]. To reflect differences in detector and machine conditions,
ATLAS MC simulation production for Run 2 is split into three data-taking periods: 2015+2016,
2017, and 2018. The MC simulated samples in each period are then corrected to match the pile-up
distribution observed in the corresponding data.

Detector simulation

To accurately model LHC events, the outputs of parton-shower generators (generator-level events)
must be passed through a simulation of the ATLAS detector. The GEanT4 toolkit [113] is used to
simulate both the interaction of particles with detector material and the digitisation of detector signals.
Consequently, this simulation accounts for the detector’s geometrical acceptance and finite resolution,
providing a model that can be directly compared with ATLAS data. The same particle-reconstruction
techniques used on real data are then applied to the detector-simulated events. Moreover, some
MC simulated samples employed for systematic uncertainty evaluations related to physics-process
modelling rely on a fast-simulation of the calorimeter system [114, 115].

Information on the simulation of the samples used in this analysis is provided in Sections 5.1 and 5.2

4.3 Physics object reconstruction and identification

To analyse the events selected by the trigger menu discussed in Section 3.2.4, the signals recorded by
the ATLAS detector must be reconstructed into well-identified “physics objects.” This section focuses
on the objects used in the analysis presented in Chapter 5, namely electrons, muons, and jets. The
reconstruction of charged tracks is introduced first, both because it is relevant to all of these objects
and because it is used to identify the primary vertex. Finally, important algorithms are introduced
such as overlap removal.
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4.3.1 Track reconstruction

In the inner detector, signals recorded by adjacent pixel and SCT channels are assembled into clusters,
which reflect energy deposits left by individual charged particles passing through [72]. Pairs of
one-dimensional SCT clusters on opposite sides of a sensor module, or single pixel clusters, are
subsequently converted into three-dimensional space-points, with position uncertainties determined
by the detector geometry and sensor pitch. Sets of three space-points are then combined to form
numerous preliminary track seeds. Each seed’s quality is determined by its extrapolated distance from
the principal interaction point (impact parameter), its momentum, and the pattern of hits. Using a
combinatorial Kalman filter [116], these seeds are extended both outwards and inwards in radius along
‘search roads’, while the filter also smooths the evolving track trajectory [117].

When multiple viable space-point extensions arise on the same detector layer, the filter creates
several track candidates from a single seed. Each candidate is then assigned a score determined by the
cluster multiplicity, the number of holes?, the track momentum, and the )(2 of the track fit. This score
serves as the primary criterion for resolving ambiguities caused by clusters shared among multiple
track candidates.

All track candidates must exhibit a transverse momentum greater than 400 MeV, lie within the
region |n| < 2.5, and include at least seven associated clusters, with at most two of these clusters shared
with other tracks. Any candidate containing more than one hole in the pixel detector or more than
two holes overall in the combined pixel plus SCT detectors is discarded. In addition, the transverse
displacement from the beam-line must remain under 2 mm, and the longitudinal displacement must
be less than 3 mm/ cos #. Following the initial track-building procedure, each candidate undergoes
a further refinement stage to resolve cluster-to-track association ambiguities. Subsequently, several
algorithms attempt to extend the track outwards to the TRT. A Kalman filter is employed once again to
incorporate the TRT hits, and each track is then globally refitted with a Xz—based approach [118].

Candidate primary vertices are formed from reconstructed tracks that lie within the luminous
interaction region, defined by the average collision point and the beam sizes of the two protons at
the interaction point. The primary vertex (PV) associated with the hard-scattering process is chosen
to be the one with the largest . p%, where the sum spans all associated tracks carrying pp >
0.5GeV [119]. At least two tracks are required to form the PV. The vertex position is typically
determined with a precision of around 20 pm in the transverse plane and 40 pm along the beam axis. A
well-reconstructed PV is indispensable for nearly all physics analyses and performance measurements.

Each reconstructed track is described by five perigee parameters measured relative to the PV. Among
these parameters, the transverse impact parameter, d, and the longitudinal impact parameter,z,
denote the minimal transverse and longitudinal distances of the track with respect to the vertex. The
remaining three parameters are: the azimuthal angle ¢, the polar angle 6 of the track momentum at the
PV, and the ratio g/|p|, representing the track charge divided by its total momentum [120]. Figure 4.4
provides a schematic depiction of these geometric definitions.

2 Holes are defined as intersections of the reconstructed track trajectory with a sensitive detector element that does not
contain a matching cluster.
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track

Figure 4.4: The perigee parameters which characterise the track at its point of closest approach to the PV. The
parameter d,, quantifies the transverse impact parameter in the x-y plane, while z,, captures the longitudinal
displacement along z [120].

4.3.2 Electrons

Reconstruction Electron candidates are reconstructed by matching localised energy deposits in
clusters of electromagnetic calorimeter cells with charged-particle tracks in the inner detector [121—
123]. Such candidates are required to have p > 10 GeV and |77c1u| < 2.47. Any candidate found within
1.37 < |77c1u| < 1.52 is discarded, as this interval marks the transition between the barrel and endcap
regions of the ECAL. The presence of cables and other instrumentation in this zone degrades energy
resolution for candidates reconstructed there [72].

If multiple tracks are associated with the same energy deposit in the calorimeter, the one closest in
AR is selected; if no matching track is found, the electron candidate is reclassified as a photon. All
electron candidates must be consistent with originating from the primary vertex. In particular, the
significance of d, must satisfy |d0| / T4, < 5. Moreover, the nominal longitudinal impact parameter
criterion, |z0 sin(0)| < 0.5 mm.

The electron reconstruction efficiency depends on both || and E. This efficiency is determined via
a tag-and-probe technique [122, 124]. Samples of electrons originating from Z — ee and J /¢y — ee
decays are used, with the latter providing lower-p electrons. Events are selected based on the
electron-positron invariant mass, designating one electron as the “tag” if it passes a strict set of
criteria, while the other, the “probe”, follows looser requirements. To extract the efficiency for a
particular selection, that criterion is applied to the probe electron. For electrons with Et > 15 GeV,
the reconstruction efficiency reaches approximately 99%.

Identification Electron candidates reconstructed in this manner often include a sizeable fraction of
hadronic jets or converted photons. To ensure that only true electrons are selected, an identification
algorithm is applied. This algorithm computes a multivariate likelihood ratio, drawing on 20 input
variables derived from track, calorimeter, and TRT measurements [121]. For each variable x; in the
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4.3 Physics object reconstruction and identification

set X, separate probability density functions Pg ; and Py ; describe the distributions for real-electron
(signal) and non-electron (background) hypotheses, respectively. The resulting discriminant d ,
assigned to each candidate is defined by:

-L . n
dy= FS'L:B where  Lgp (3) = ]:1[ Pg(sy.i (1) - 4.2)

Different analyses place varying requirements on electron selection efficiency versus background
rejection, which motivates defining multiple working points (WPs) based on different thresholds
for d . These likelihood thresholds are adjusted according to the electron candidate’s p and [n],
ensuring that selection efficiency changes smoothly with momentum. In this study, the TightLH and
LooseAndBLayerLH WPs are employed. The latter extends the LooseLH WP by also requiring a hit
in the IBL, thereby reducing contamination from photon conversions [125].

Figure 4.5 illustrates the p1 and 7 dependence of the most frequently used WPs, derived via a tag-and-
probe technique from Z — ee events. For TightLH electrons, the identification efficiency deteriorates
below about 50 GeV in momentum or energy, whereas the LooseLH WP retains approximately 90% of
low-energy electrons, indicating that most electrons are accepted by this looser criterion.
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Figure 4.5: Identification efficiencies for various working points utilised in Run 2 [126], plotted as a function of
(left) the electron transverse energy Et and (right) the electron pseudorapidity 7. In the top panels, the inner
and outer error bars represent the statistical and total uncertainties, respectively. The middle panels display the
ratio of the efficiencies measured in data to those obtained in MC simulation, while the bottom panels show
the statistical and total uncertainties in these ratios. Efficiency is reduced in the transition region between the
electromagnetic calorimeter barrel and endcap, 1.37 < |5| < 1.52, in order to control background contributions.

Isolation Electrons passing the identification requirements can arise either from the decay of heavy
resonances produced in the primary interaction, such as the W or Z bosons, or from secondary
processes which include photon conversion, heavy hadron decays, and mis-reconstruction of light
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hadrons. Electrons of the first kind, commonly referred to as prompt, are characterised by a smaller
activity in their surroundings and thus can be selected by making use of isolation variables. Two
discriminating variables have been designed for this purpose:

* The calorimetric isolation ES™"-? is defined as the total transverse energy of all calorimeter

clusters within a cone of AR = 0.3 surrounding the electron candidate’s cluster. The transverse
energy contained in a rectangular window of size An X A¢ = 0.125 x 0.175, centred on the
electron cluster barycentre, is then subtracted. Corrections are applied to account for any
electron energy leakage outside this window, as well as for contributions from pile-up.

* The track-isolation variable, p%arcone()j, is defined as the total transverse momentum of all tracks

lying within a radius AR = min (0.3, 10 GeV/Ey)) around the electron candidate.’ Only tracks
that are consistent with the primary vertex are considered in this sum, excluding those associated
with the electron itself (including any tracks from converted bremsstrahlung). In addition, each
track must have E; > 1 GeV and fulfil certain criteria regarding the number of hits and its
longitudinal impact parameter.

A multivariate algorithm uses these variables, normalised by the lepton pr, together with the AR
between the lepton and the track-jet axis, the ratio of the lepton p to the track-jet py, the number
of tracks within the track jet, and two b-tagging-related observables. The output of this algorithm
defines the “Prompt Lepton Veto” (PLV) WPs.

The efficiency of each isolation WP depends on the lepton py. For prompt electrons, the PLVTight
and PLVLoose WPs deliver efficiencies of around 70% and 90%, respectively, at a transverse
momentum of 20 GeV, comparable to the simpler fixed-cut (FC) tight and fixed-cut loose WPs, which
rely on straightforward requirements applied to the track and calorimetric isolation variables. However,
for non-prompt electrons originating from light- or heavy-flavour hadrons, the PLV WPs achieve
superior rejection performance compared with the FC WPs.

Efficiency corrections In the context of an analysis, the probability of selecting events that contain
real electrons is governed by the product of the trigger, reconstruction, identification, and isolation
efficiencies. Each of these steps may show minor discrepancies between data and simulation, which
are corrected by reweighting the simulated events using scale factors defined as wgp = €4, /Epc-
These factors, which are functions of the electron’s kinematic quantities such as pr and 7, ensure
that the simulation reflects the detector performance observed in data. The efficiencies in both data
and simulation are measured with the same tag-and-probe method, derived from Z/y* — ee and
J /W — ee events [122, 124].

Requirements Table 4.1 presents the two classes of electrons defined for this analysis. Tight
electrons impose strict identification and isolation criteria, whereas Loose electrons are intended for the
overlap removal procedure detailed in Section 4.3.6 to prevent their misidentification as other objects.
Both classes of electrons place requirements on the transverse and longitudinal impact parameters, d,,
and z,, respectively, to ensure that these objects originate from the hard-scatter process. In addition,
the condition on the transverse impact parameter accounts for the resolution on dy, o, .

3 The cone radius can vary according to the electron’s transverse momentum, AR = min (0.3, 10GeV/ p% [GeV]). Thus,
for high-energy leptons, the cone becomes narrower (hence the “var’” notation) [124].
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Electron selection

Tight Loose
Pt > 10 GeV >10 GeV
et | <247 <2.47
Identification criteria TightLH LooseAndBLayerLH
Isolation criteria PLVTight -
\do| /o4, <5 <5
|Zo sin(0)| < 0.5mm < 0.5mm

Table 4.1: Tight and Loose electron definitions.

4.3.3 Muons

Reconstruction Muon reconstruction is initially performed in the ID and in the MS separately, and
the resulting tracks are then combined to produce the muon tracks [127, 128]. Track reconstruction
in the inner detector follows the generic algorithm detailed in Section 4.3.1 and is not specific to
muons. In the MS, a dedicated search algorithm identifies segments within each MDT and trigger
chamber. Aligned hits in the bending plane are found via Hough transforms and are fitted linearly,
whereas the perpendicular coordinate is determined from the RPCs. Track candidates are formed
by simultaneously fitting hits that originate from different segments, and those compatible with the
primary vertex and meeting the )(2 selection criteria are accepted. The MS track is then extrapolated
and matched to a corresponding inner detector track. Whenever a match is found, a global fit is
performed, yielding the so-called combined muon. A calibration of the muon momentum scale is
applied using the method described in Ref. [129].

In the region || < O. 14, muon candidates can also be reconstructed from inner detector tracks
matched to isolated energy deposits in the calorimeters, in a manner consistent with the behaviour of a
minimum-ionising particle (calorimeter-tagged muons).

Identification The identification algorithm is designed to distinguish prompt muons from those
originating in hadron decays. Among the principal variables for this discrimination are the significance
of the charge-to-momentum ratios ¢/p measured in the ID and in the MS, the difference between the
p values measured in the ID and in the MS, divided by the p of the combined track, and the reduced
Xz of the combined track fit.

All muon tracks are required to have at least one pixel hit, at least five SCT hits, and fewer than
three pixel or SCT holes. Several identification working points are defined in ATLAS. Figure 4.6
displays the p and 1 dependence of the identification working points employed in Run 2, obtained via
a procedure similar to the electron tag-and-probe method, using muons from Z — upu and J /¥ — uu
decays. The default working point, referred to as Medium, minimises systematic uncertainties related
to muon reconstruction and calibration. For Medium, at least three hits in at least two MDT layers (for

4 In this region, there is a gap in the MS, essential for the passage of services to the calorimeters, the magnet solenoid and
the inner detector.
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|7] > 0.1) and a ¢/ p significance smaller than seven are required. As measured in data, the Medium
identification WP achieves an efficiency exceeding 98% for muons arising from J/iy and Z-boson
decays.
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Figure 4.6: (left) Efficiency of the Medium identification working point used in Run 2 as a function of the muon
pt for muons with 0.1 < || < 2.5. (right) The efficiency of the Loose, Medium, Tight identification WPs,
measured in Z — uu events, is displayed as a function of  for muons with pp > 10GeV. The efficiency
decreases in the || < 0.1 region, which lacks MS coverage. When not negligible, the statistical uncertainties
in the measurement are indicated by the error bars. The bottom panel presents the ratio of the measured to
predicted efficiencies, including both statistical and systematic uncertainties. From [128].

Isolation As in the case of electrons, muons produced in the decays of heavy particles such as the
W, Z, or Higgs bosons are often isolated from other activity, whereas muons from semi-leptonic
hadron decays frequently appear inside jets [127]. To distinguish between these two populations,
both calorimeter- and track-based isolation variables are fed to a multivariate likelihood discriminant
following the same approach described for electrons. Multiple isolation working points are defined,
and in particular for this analysis, PLVTight and PLVLoose are employed [128].

Efficiency corrections Analogously to the electron case, scale factors are derived with tag-and-probe
methods in Z/y" — up and J/ — pu events. Corrections are made for reconstruction, identification,
isolation and track-to-vertex association (TTVA) criteria.

Requirements Two categories of muons are defined, as summarised in Table 4.2. A Tight
selection applies stringent isolation requirements to select prompt muons originating from hard-scatter
interactions, whereas a Loose selection is specifically designed to accept non-prompt muons from
heavy-flavour hadron decays by relaxing isolation criteria and inverting the transverse impact parameter
requirement. Both selections mandate that muons satisfy the Medium identification criteria.

In addition, muon candidates must have py > 10GeV and || < 2.5. The longitudinal impact
parameter condition is similar to that imposed on electrons, namely |Zo sin(9)| < 0.5, mm. For muons,
the standard (“tight”) transverse impact parameter cut is given by |d0| / o4, < 3.
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Muon selection

Tight Loose
P >10GeV  >10GeV
7| <25 <25
Identification criteria ~ Medium Medium
Isolation criteria PLVTight PLVLoose
|d0’ [og, <3 >3
|z0 sin(9)| <05mm <0.5mm

Table 4.2: Tight and Loose muon definitions.

4.3.4 Jets

Reconstruction Jets are formed by collimated streams of particles originating from partons that
fragment after the hard-scatter process. These particles deposit energy in both the ECAL and HCAL
as they traverse the detector. The jet-reconstruction procedure [130—132] begins with the creation of
clusters, constructed from sets of topologically connected calorimeter cells that record a significant
signal above noise. These ‘topo-clusters’ are initially built using the more accurately measured
electromagnetic component of the jet and are thereafter treated as massless particles, which serve as
input to a jet-finding algorithm.

The anti-k, algorithm [133] iteratively combines pairs of particle candidates, ordered by their
relative transverse momentum, into jets until a stopping criterion is reached; typically when the
“distance” between adjacent jets surpasses a specified threshold. For a pair of candidates i and j, the
distance may be defined as

AR,
d;; = min (p%f : p%ﬁ) Rz”, (4.3)

where AR is the distance in the r — ¢ plane, and R and « are arbitrary parameters. In the anti-k,
algorithm « = —1, so that the distance d;; between a soft and a hard particle is driven by the
hard-particle py. Conversely, two soft particles with a similar separation AR; ; exhibit a larger d,;.
As a result, soft particles are prone to cluster with hard ones before merging among themselves. In
this thesis, the radius parameter is set to R = 0.4. The anti-k, algorithm is collinear and infrared safe,
which means that small-angle or low-energy gluon emissions do not significantly modify its outcome.

Candidates are then calibrated using the Particle Flow (PFlow) algorithm [134], which aims to
identify individual particles by combining calorimeter data with track information from the ID. This
approach allows low-energy particles, deflected outside the nominal jet cone by the ID’s magnetic
field, to be included in the clustering stage. In addition, contributions arising from tracks matched to
pile-up vertices are excluded.

Identification Background processes, such as proton losses upstream of the interaction point,
cosmic-ray showers, or calorimeter noise, can yield spurious jet candidates. Jet selection criteria
are therefore employed to eliminate these background jets, while maintaining high efficiency for jets
originating from pp collisions. This procedure, known as jet cleaning, is applied after overlap removal.
Because the background-jet fraction is small, the identification requirements [135] are relatively

lenient. In this thesis, the LooseBad selection is utilised. 39
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Distinguishing jets from pile-up vertices, rather than the primary vertex, poses a greater challenge.
To address this, a multivariate algorithm known as the Jet Vertex Tagger JVT) [136] is employed
for jets with pr < 60GeV and |n| < 2.4. Scale factors are then applied to correct any efficiency
differences between data and simulation once the JVT requirement is applied. Reconstructed jet
candidates must satisfy pr > 25GeV and || < 2.5.

Jet calibration A calibration of the jet energy scale (JES) is executed to correct measured jet energies
to those expected at generator-level [137]. This process removes contributions from pile-up and
accounts for unmeasured fractions of the hadronic shower, as well as energy that is either deposited in
inactive material or lies outside the reconstruction cone. Corrections derived from simulated dijet
events are applied to both simulation and data. An additional calibration is then imposed on jets in
data to compensate for any residual discrepancies between data and simulation, using analyses of dijet,
multi-jet, Z+jet, and y+jet events.

jet energy resolution (JER) measurements are also performed to verify consistency between data
and simulation [137]. Whenever the simulation exhibits superior resolution compared to data, a
smearing procedure is applied to the former. Conversely, if the simulation’s resolution is poorer
than that observed in data, no smearing is employed; instead, an additional systematic uncertainty is
assigned to the simulation to account for the discrepancy. This uncertainty encapsulates the entire
difference in resolution for the relevant range of jet p and 7.

Jet flavour tagging As further detailed in Section 4.4, the top quark decays almost exclusively via
t — Wb in the SM, making identification of jets initiated by bottom quarks (b-tagging) a crucial tool
for selecting events containing top quarks. The DL1r algorithm [138] is used to tag jets containing
b-hadrons, relying on the pixel detector’s vertexing capabilities to reconstruct displaced vertices
associated with hadronic decays, as illustrated in Figure 4.7. Several algorithms, focused on the impact
parameter of tracks, the topology of secondary decay vertices, and reconstruction of the b — ¢ — s
decay chain, are integrated into a neural network that outputs the probabilities for the jet to be b-, c-,
or light—ﬂavoured5 .

A requirement on this network’s output, corresponding to a 70% efficiency for identifying true
b-jets in top quark decays, is applied. Simulation-based efficiency corrections are then applied to jets
originating from the hadronisation of b-quarks [139], c-quarks [140], or light-flavour partons [141].
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Figure 4.7: Three jets emerging from the primary vertex [142]. Two originate from a light-flavour quark, while
one contains a b-hadron. A secondary vertex (SV) develops when the b-hadron decays semi-leptonically,
typically after travelling a few mm. The transverse impact parameter d,, of its tracks is relatively large, as is the
separation L, of the secondary vertex itself (both measured in the transverse, or xy, plane).

3 Light-flavour jets refers to any jet initiated by u-, d-, s-quarks or gluons.
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4.3.5 Missing transverse momentum

Neutrinos produced in pp collision events are not detected by ATLAS, owing to their weak interaction
with matter. Nonetheless, their presence becomes apparent through a non-conservation of the total
transverse momentum in the event. Assuming all products of the hard-scatter process are reconstructed,
their transverse momenta should sum to zero. Hence, any residual net transverse momentum is used to
define a vector, whose inverse is the missing transverse momentum vector [143, 144], calculated as

Pt =— > pi- D> pi- > P - D P, (4.4)

selected selected accepted unused
electrons muons jets tracks

This sum is formed from the vector sums of the transverse momenta of accepted electrons, muons,
and jets, as defined in the previous Subsections, with the lepton-jet overlap removal applied according
to Section 4.3.6. The final component, known as the "soft term," is derived from tracks that are not
associated with any reconstructed physics object, yet remain associated to the primary vertex. It can
include contributions from the hard-scatter process, the underlying event, and pile-up interactions.

The magnitude of the missing transverse momentum vector is referred to as the missing transverse

energy, ET°. In this analysis, no requirement is imposed on E7"*".

4.3.6 Overlap removal

Once reconstructed, certain physics objects may exhibit characteristics that are typical of more than
one category. For example, an electron shower might be identified as both an electron and a jet, or a
muon from a semi-leptonic b-hadron decay could simultaneously be assigned to a jet and counted
as a stand-alone muon. To avoid such double counting, an overlap removal (OR) algorithm [145] is
employed. The OR tool uses the following rules:

* Remove any calorimeter-tagged muon sharing a track with an electron within a cone of AR < 0.2;
* Remove any electron sharing a track with a remaining muon;

* Reject any jet within a cone of AR < (.2 of an electron;

* Reject any electron within a cone of AR < 0.4 of a remaining jet;

* Reject any jet within a cone of AR < 0.2 or ghost-matched [146] to a muon, if the number of
tracks associated to the jet is less than three;

* Reject any muon within a cone of AR < 0.4 of a remaining jet.

The OR procedure is run with leptons satisfying the Loose definitions.

4.4 Top-quark physics

The top quark was the final quark to be discovered, identified in 1995 by the CDF [147] and D0 [148]
experiments at Fermilab. It is the most massive particle in the SM, with a measured mass of
m, = 172.57 £ 0.29 GeV [20].
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The cross-sections for 7 and other top-quark-related processes at the LHC are summarised in
Figure 4.8. Top quarks are abundantly produced in #7 events and at 13 TeV, its production cross-section,
measured by ATLAS, is 829 + 1 (stat.) = 13 (syst.) + 8 (lumi) + 2 (beam) pb, in excellent agreement
with the theoretical prediction of 832*59 (scale) + 35 (PDF + ) pb at NNLO+NNLL in QCD [149,
150]. Top-antitop quark pairs are predominantly produced via gluon-gluon fusion, however, quark-
antiquark annihilation and quark-gluon fusion processes also contribute to ¢7 production. The LO
Feynman diagrams for ¢7 production in pp collisions are shown in Figure 4.9.
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Figure 4.8: Summary of top-quark production cross-section measurements obtained by ATLAS, compared
to corresponding theoretical predictions [151]. All theoretical predictions are calculated at NLO or higher.
Fiducial (fid.) cross-section measurements are obtained by considering the "final-state" particles produced in
top-quark decays, typically within a restricted phase space.
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Figure 4.9: LO #f production Feynman diagrams. Gluon-gluon fusion (a) and quark-antiquark annihilation (b).

In addition to #f production, top quarks are also produced via single-top processes at the LHC.
The dominant contribution arises from single-top production in the #-channel (~ 73%), followed by
production in association with a W boson, tW (~ 23%). LO Feynman diagrams for these processes,
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as well as for single-top production in association with a Z boson (tZ¢) and in the s-channel, are
presented in Figures 4.10 and 4.11. Additionally, example LO Feynman diagrams for ## production in
association with a vector boson (¢fW, t1Z) are shown in Figure 4.12.
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Figure 4.10: LO example Feynman diagrams for single-top production in t-channel (a) and s-channel (b).
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Figure 4.11: LO example Feynman diagrams for tW (a) and rZq (b) production.
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Figure 4.12: LO example Feynman diagrams for W (a) and ¢7Z (b) production.

Owing to its large mass, the top quark decays extremely rapidly, with a mean lifetime of approximately
5%x107%7 s, leaving no time to hadronise. In the SM, the top quark decays via the weak interaction
into a W boson and a down-type quark, almost always a bottom quark. This preference arises because
the third generation of quarks mixes minimally with other generations in weak decays (th b| ~ 1).

The decay products of the top quark are determined by the subsequent decay of the W boson. The
W boson decays hadronically into a gg’ pair in roughly two-thirds of cases or leptonically into a
lepton-neutrino pair in the remaining one-third of cases. As a result, the signature of a top quark decay
in the ATLAS detector typically includes a b-tagged jet along with two additional jets or a lepton
accompanied by E7"*. A Feynman diagram illustrating the possible decay channels of ¢7 is provided
in Figure 4.13.
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Figure 4.13: Decay modes of t7 — W bW~ b. Each of the W bosons can decay hadronically or leptonically.

The presence of new physics capable of inducing cLFV top quark interactions introduces novel
production and decay mechanisms for the top quark. These possibilities form the basis of the search
presented in Chapter 5. However, standard processes, including single top quark production and
top quark pair production, serve as significant backgrounds to the cLFV search, complicating the
identification of potential signals of new physics.

4.5 Statistical analysis

The principal objective of data analysis in high-energy physics is to test the prevailing model of
particle interactions and, in doing so, to search for effects not anticipated by the SM. Consequently, a
quantitative framework is required to define the discovery of any given process. This section provides
an overview of the statistical tools used to claim a discovery or set upper limits. Specifically, we
discuss the maximum likelihood fit to the data, employed to derive a limit on the signal cross-section.

As is typical in particle physics, one needs a measure (or “test statistic”) of how confidently one can
reject the “signal-plus-background” (alternative) hypothesis in favour of the “background-only” (null)
hypothesis. We therefore begin by describing the frequentist methodology, which uses the likelihood
ratio as a test statistic.

4.5.1 The likelihood function

In a generic experiment, one measures a certain variable x, and the resulting measurements are
represented in a histogram with N bins. The expectation value n; for the bin 7 is

E [n;] = uS;(8) + B;(6), 4.5)

where, S;(B;) is the expected number of signal (background) entries in the bin i. The parameter
U, known as the signal strength, governs the magnitude of the signal contribution. Here, u serves
as the parameter of interest (POI). By construction, ¢ = 0 indicates a background-only hypothesis
(no signal), whereas ¢ = 1 corresponds to the nominal signal rate S;. Both signal and background
expectations depend on @, a set of nuisance parameters (NPs) that encode systematic uncertainties.

While the histograms of simulated signal and background events effectively represent a distribution,
the statistical model for such a binned distribution® can be viewed as a series of counting experiments,
each described by a Poisson distribution, for each bin. Consequently, the binned likelihood function (LF)
is formed as the product of the Poisson probabilities over all bins [152].

A histogram used to model a sample is commonly referred to as a ‘template’.
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4.5 Statistical analysis

Since there is a prior estimation of the systematic effects, constraints can be added to the LF for
each NP. This is accomplished by introducing Gaussian constraint terms, also referred to as penalty
terms, typically defined with a mean of 0 and a variance of 1 [153]. These constraint terms encode
the known systematic uncertainties and prevent the corresponding nuisance parameters from drifting
to significantly larger values, or shrinking away altogether, during the fit to the data, unlike fully
unconstrained or “free-floating” parameters. The LF then takes the form:

N
L, 0) =[P (n1usi+8) [] 66y, (4.6)
i=1

JEsyst

where the dependence S;(6) and B; (6 have been omitted for the sake of notation, # represent the
Poisson probabilities and G indicates the Gaussian constraints on the nuisance parameters.

Each NP can influence the nominal background and signal predictions by modifying either their
shape, i.e. imposing distinct effects on each bin, or their normalisation, or both. Different interpolation
methods are employed for each scenario: shape-related variations use a bin-by-bin linear interpolation,
whereas normalisation shifts rely on an exponential interpolation [154]. The exponential approach
guards against unphysical negative normalisation values. Moreover, when exponential interpolation is
combined with a Gaussian constraint term, the normalisation follows a log-normal distribution.

A common approach is to separate the background B into multiple categories, each representing
a distinct source. Certain backgrounds may be poorly modelled and thus carry large systematic
uncertainties. In such situations, subsidiary measurements in control regions (CRs), where one or
more background sources are enhanced and the expected signal is minimal, offer valuable insight into
the background normalisation, and sometimes even its shape. In contrast, signal regions (SRs) are
designed to maximise signal acceptance while suppressing background.

Similar to defining the signal strength, one can introduce normalisation factors (NFs) for specific
backgrounds as additional, free-floating nuisance parameters. By integrating CRs into the LF, primarily
by adding extra bins in the LF formula’, we gain tighter control over the nuisance parameters related
to the targeted backgrounds.

Nuisance parameters that capture the impact of limited MC simulated statistics, common in
reweighted simulated samples, are incorporated into the LF as so-called ‘gamma factors’ (or simply
gammas). In each bin, a single “MC-stat” NP is assigned to the total prediction (S; + B;) and enters
the LF via a Poisson constraint term.

From the measurement x, one obtains the best-fit values of both the POI u and the NPs 6, including
the NFs, by locating the global maximum of the LF across the parameter space (u, #). Since sums
and minimisation are often more convenient than products and maximisation, one typically employs
the negative log-likelihood (NLL), —In £. The maximum likelihood estimators (MLEs) /i, 0 then
follow by setting the partial derivatives of the NLL functions with respect to each parameter to zero.

T All regions (SRs and CRs) must be orthogonal, meaning statistically uncorrelated, so that their likelihoods can be simply
multiplied.
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Chapter 4 Common Elements in Top-Physics Analysis

4.5.2 The test statistic

To evaluate a particular hypothesised value of y, one defines the profile likelihood ratio as

L(u,6,)

L(.0)
Au) = 4.7)

L(u.6,)

£0,6)°

In the numerator, . 18 the set of nuisance parameters that maximises the LF for a given 1, hence
“profiling” over 6. The denominator contains the LF at its global maximum, obtained by the overall
MLE:s /i and . By definition, 0 < A < 1, and values near 1 indicate that the data align well with the
hypothesised value of u. Typically, In A(w) exhibits a parabolic shape in the (u, @) space. When the
constraints on the nuisance parameters are relaxed, the profile likelihood ratio becomes broader in u,
reflecting a reduction in the information available about u due to systematic uncertainties.

In many physical scenarios, one assumes p > 0 because the signal rate cannot be negative. However,
allowing u < 0 can sometimes be useful, for instance if 7 < 0 suggests a deficit of signal-like events
relative to the expected background. Unfortunately, imposing the boundary at u = 0 complicates the
asymptotic distributions. An alternative procedure places a constraint directly on the test statistic,
rather than on y itself: if i < 0, one replaces (i with 0 and uses the conditional MLE of 6 at y = 0.

Analogously to the LF treatment, it is easier to work in logarithms. Therefore, we introduce the
quantity

a=0

g, =—-2InA(p). (4.8)

To evaluate how strongly the data conflict with a given hypothesis for the signal strength u, one
employs the test statistic ¢ ,,. Larger values of ¢, signify increased incompatibility between the data
and that hypothesised value of u.

This incompatibility is quantified by computing a p-value,

(o)

Pu= f(q, 11w dg,, (4.9)
Dy obs
where g, o, is the test-statistic value observed in data and f(q,|u) is the probability density
function of g, under the assumption u. In practice, the measured data provide the observed counts r;
in Eq. 4.6. Alternatively, f can then be determined by performing numerous pseudo-experiments,
often called 7oys, where repeated samples of pseudo-data are generated, and the resulting values of g,
are recorded. Small p-values indicate that the observed data are unlikely if u were correct, prompting
rejection of that hypothesis. In the asymptotic (large sample) limit, Wilks’ theorem [155] and the
Wald approximation [156] imply that f follows a X2 distribution.
In particle physics, one often translates the p-value into a significance Z, representing the number
of standard deviations a Gaussian-distributed variable would lie above its mean to yield the same
upper-tail probability p. Formally, these quantities relate via

Z=0"'(1-p), (4.10)

where ®~! denotes the inverse of the unit Gaussian’s cumulative distribution. A standard convention
sets the discovery threshold at Z = 5(507), equivalent to p = 2.87 X 107", In contrast, excluding a
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4.5 Statistical analysis

signal hypothesis typically employs a test size of p = 0.05, corresponding to a 95% confidence level
and a significance of Z = 1.64.

The formalism set out in this section finds two primary applications: discovery and limit setting.
Each of these use cases is addressed separately in the discussion that follows.

4.5.3 The discovery case

In a search for a new signal, the goal is to exclude the background-only hypothesis, which corresponds
to u = 0. Here, only an excess of observed events (relative to the expectation from background
processes) is regarded as evidence against ¢ = 0. Consequently, the test statistic used is

—2InA(0), 4>0

- 4.11
o {0, 4<0 “.11)

If the observed event count falls below the background prediction, fi < 0, leading to g, = 0.
Conversely, when more events than expected are recorded, fi > 0 and g, grows in proportion to the
tension between the data and the ¢ = 0 hypothesis. A strongly negative /i is typically interpreted as
indicating that the background model itself may be flawed.

The degree of incompatibility with is given by the p-value:

Po :/ f (g0 10) dgy. 4.12)

qO, obs

mirroring the structure of Eq. 4.8 but applied to g,. Figure 4.14 provides a graphical illustration of
Do- One can then convert this p, into the corresponding Gaussian significance via

Zy =" (1= py) = Vao. (4.13)

f(qolO0)
flaol)  (1oo%

—»
reject b-only

p-value

[
»

do

Figure 4.14: Tllustration of the p-value used to reject the background-only hypothesis [67].
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4.5.4 Setting limits

When setting an upper limit on the signal strength, one instead tests the signal-plus-background
hypothesis. The corresponding test statistic is

—2InA(w), A=<u
u = { (4.14)

0, a>u
By design, an observed excess ({4 > u) does not indicate lower compatibility with u than the data itself.

Hence, such an excess does not enter the test’s rejection region. To reject the signal-plus-background
hypothesis, one computes the p-value

Py =/ f(q, | 1)dg,. (4.15)
49 ,0bs
A confidence level (CL) for u emerges by collecting all y values whose p, exceeds 1 — CL, typically
using CL = 95%. The upper boundary of this interval, 41, serves as the upper limit: 1 <y, at 95%
CL implies that y,, is the highest u for which the p-value remains above 0.05.
Under the asymptotic approximation [156] the corresponding significance reduces to

Z, =07 (1-p,) = \/q,. (4.16)

The CL; method

Solving Eq. 4.15 directly can produce a reported upper limit that is not typically adopted. If the data
exhibit a downward fluctuation, that upper limit might become arbitrarily small (though it must still
include p = 0), thus overstating the experimental sensitivity. To avoid such artificially stringent limits,
the modified frequentist method [68] is used. Instead of relying on p,, this approach utilises the
quantity

p/: plv‘
Ho1-p,’

where p,, is the p-value derived from the same test statistic under the background-only hypothesis

4.17)

(o)

pp=1- f(q,10)dq,,. (4.18)
Gya,0bs
By dividing the p-value by (1 — p;,), the CL, approach effectively penalises the exclusion of
signals in regions with limited sensitivity. When the background-only and signal-plus-background
distributions, f(g | b) and f(q | s + b), are clearly separated, as shown in Figure 4.15, then 1 — p,,
remains near unity. Under such circumstances, CL, yields an upper limit comparable to that obtained
from a standard p-value. However, in regions of poor signal sensitivity where the two distributions
overlap significantly, 1 — p;, becomes small, increasing p;l and thereby diminishing the degree of
exclusion. In this way, the CL; method safeguards against excluding signals that exhibit very low
cross-sections, to which the experiment has negligible sensitivity.
The CL upper limit on u follows from the condition p’; = 0.05. A known caveat of this method is
that it leads to over-coverage, meaning the actual confidence level exceeds 95%.

48



4.5 Statistical analysis
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Figure 4.15: Representation of the p-values used in the computation of 1’,:4- In the case of 4 = 1, p, is
represented as p;, [152].

Expected upper limit

To characterise experimental sensitivity, one often examines the expected (or median) significance and
upper limit derived from numerous identical experiments. Intuitively, the expected upper limit reflects
what one would anticipate obtaining if the background-only hypothesis were true. However, because
data can fluctuate, it is also valuable to understand how this variability affects the upper limit.

A straightforward method to find the expected limit and its uncertainty bands is to generate multiple
background-only toy MC experiments, each with randomly varied nuisance parameters [154]. By
recording i, for each toy experiment, one obtains a distribution whose median represents the expected
limit, while additional quantiles map out the corresponding uncertainty.

An alternative, more efficient approach relies on a single MC simulated sample known as the
Asimov dataset. This artificial sample uses pseudo-data set to their expected values. In notation
similar to Eq. 4.5, the Asimov dataset is constructed such that n; = E [n;] = y'S; + B;, meaning
the pseudo-data precisely equal their expectation for a chosen u’. An important result [152] of this
definition is that the variance o of [ in the Asimov dataset satisfies

n2
o2 oK) (4.19)
9
where u corresponds to the hypothesis being tested. In computing the expected limit, the Asimov
dataset is meant to represent the background only, so 4’ = 4 = 0. As illustrated in Figure 4.16 ,
the expected limit uumped corresponds to the median of f (q u |0), and, thanks to the properties of the
Asimov dataset, it can be found by solving

Here u denotes the hypothesis under investigation. To obtain the expected limit, the Asimov dataset
is treated as a background-only scenario, thus setting 4’ = i = 0. As depicted in Figure 4.16, the
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expected limit ,uf;;fd corresponds to the median of f (q p |0). Exploiting the special properties of the

Asimov dataset, uumped is found by solving

med |Z, = &7 (1-0.05)| = v, (4.20)

Eq. 4.20 leverages the connection between the test statistic g, of the Asimov dataset and the
hypothesis significance Z,, . By selecting a significance level that corresponds to a p-value of 0.05,

one determines the required ul':;,ed. This upper-limit value can then be substituted into Eq. 4.19 to
obtain 0'3\.

A 350
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Figure 4.16: (a) Depiction of the p-value associated with the median g,, under the assumption u =0/[67].
(b) Comparison of the upper limits derived from MC toy experiments (histogram) with the median and its
uncertainty bands obtained using the Asimov dataset (dashed lines) [152].
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CHAPTER D

Search for Charged-Lepton-Flavour Violation in
Top-Quark Processes

This chapter presents a model-independent search for exotic charged-lepton-flavour-violating inter-
actions, which involve top-quark production and decay, treated as a eugt interaction vertex, where
q = {u, c}. The search is based on the full 4/s = 13 TeV proton—proton collision dataset recorded by
ATLAS during Run 2 of the LHC, amounting to an integrated luminosity of 140 fb~!. Details of the
signal processes and the targeted final state are provided in Section 5.1. The simulated event samples
used in the analysis are described in Section 5.2, while Section 5.3 summarises the object and event
selection criteria. The overall analysis strategy is outlined in Section 5.4, and the multivariate analysis
employed for signal discrimination is discussed in Section 5.5. Systematic uncertainties affecting both
the signal and background predictions are addressed in Section 5.6. Finally, the results of the search
are presented in Section 5.7.

5.1 The signal processes

In the first process considered in this search, involving the charged-lepton-flavour-violating decay
of the top quark, the signal, hereafter referred to as the ‘decay signal’, consists of a t7 event, where
one of the top quarks decays via the cLFV mode, t — e*u* ¢, while the other decays hadronically as
t = W*(— ¢@’)b in accordance with the SM. Throughout this analysis, charge-conjugate decays of
the top quark, 7 — e* u*G and f — W™ b, are implicitly included. A representative Feynman diagram
of this process is shown in Figure 5.1(a).

In the second process, which involves charged-lepton-flavour-violating top-quark production, the
signal, referred to as ‘production signal’, corresponds to the single-top quark production with a cLFV
vertex, gg — e* " t, where the produced top quark undergoes a hadronic decay as predicted by the
SM. This process is illustrated in Figures 5.1(b) and 5.1(c). Compared to purely leptonic W decays,
hadronic decays offer larger cross-sections and are therefore of particular interest in experimental
searches.

In both processes, the final state of the interaction is characterised by an opposite-sign electron—-muon
pair and multiple jets, including at least one b-jet. The identification of hadronic jets is described in
Section 4.3.4.

The signal processes are generated by extending the SM Lagrangian with the EFT operators
corresponding to cLFV top-quark production and decay, as discussed in Section 2.3.2. These
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Figure 5.1: Example Feynman diagrams for the EFT signal processes. Diagram (a) shows top-quark pair
production in which one top undergoes the decay ¢+ — eug whereas (b) and (c) show the single top-quark
production ¢- and s-channel diagrams, respectively, contributing to the gg — teu process. The hatched circle
represents the cLFV vertex.

interactions are implemented in a UFO model created with FEynRuLEs 2.0, based on the dim6top
model [157]. The UFO files encode the Feynman rules for all vertices allowed by the input Lagrangian.

Events are simulated at NLO in QCD using MADGRrAPH 2.9.5 for the hard process, interfaced with
PyTHiA 8.306 for parton showering and hadronisation. The simulation is performed in the five-flavour
scheme, where all quark masses are set to zero except for the top quark. The renormalisation and
factorisation scales, (ug, ip), are defined dynamically: for decay diagrams they equal the centre-of-
mass energy of the incoming partons, while for production diagrams they correspond to half the sum

of the transverse masses of all final-state particles and partons, with m = \/mz + p%. Top quark spin
correlations are preserved ni the decay products, and the top quarks are allowed to be off-shell. The
NNPDF31_NLO_AS_0118 PDF set [81] is used, and PyTHIA is configured with the A14 tune [109].

All EFT coefficients are fixed to a common WC value of 1.0 and an energy scale A = 1 TeV. This
simplifying choice reflects the absence of theoretical motivation for assigning different couplings, the
lack of stringent experimental bounds, and the restriction to a single signal sample. The EFT operators
affect only the charged-lepton-flavour-violating eugt vertices, while all other processes follow the SM.
A detailed discussion of the individual operator contributions is presented in Section 5.7, where the
analysis results are interpreted accordingly.

The signal MC simulated sample is generated allowing charged leptons of all three flavours
(e, u, 7) at ME level. Events are selected requiring an eu final state at reconstruction level, such
that contributions from leptonic 7 decays are included in the signal acceptance. As a consequence,
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5.1 The signal processes

the analysis is sensitive both to direct t — eugq transitions and to processes involving intermediate
7 leptons decaying leptonically. For the interpretation in terms of WCs, events with intermediate
7-leptons are excluded, since the EFT operators carry explicit lepton-flavour indices and the analysis
targets only operators involving electrons and muons.

In addition, to evaluate parton-shower uncertainties, an additional set of signal samples is produced
with MADGRAPH 2.9.5 for the hard process interfaced to HErwiG 7.1.6 for showering and hadronisation.
These events are also generated at NLO in QCD with the same NNPDF31_NLO_AS_0118 PDF set.

Cross-sections of the signal processes

According to Ref. [47], the decay cross-section is estimated according to:

r (t — 'q)
I, '

The combinatorial factor 2 is due to the top-quark interchangeability, the hadronic branching ratio
of the top quark is B(t — W(qg')b) ~ 0.67 [158], the decay width is calculated via Eq. 2.10 and
I', = 1.51 GeV is the top decay width at LO. The 7 production cross-section is calculated at NNLO in
QCD, as discussed below in Section 5.2.

In Table 5.1, the cross-sections of the different signal processes considered in this thesis, as given
by MC simulation, are presented. The cLFV in decay signal and in production signal processes are
considered separately, and are further broken down by the EFT operator generating the interaction.
The total cross section for each signal process (decay and production) is obtained by simply adding the
separate contributions shown. For the decay signal, the cross-section value matches a calculation done
in Ref. [47], and multiplying by a factor 3 to account for any lepton flavour in the cLFV decay. The
cross-sections for the production signal process were taken directly from the MC generator since no
analytical expression is present in the literature.

e — o, X2x B(t > W(qq')b) x

cLFV 5.1

Cross-section o3¢+ PDF (fb)

7= —(ijk3) 1(ijk3) 3(ijk3)
iL,j=e,u,t lqg)eq/lufeu Olequ olequ
Production ¢£'tu 118775 + 1 1017221 21507410 +20
Production (€'t 7.9715+1.6 61755 +1.5  153"4+29
Decay (£'tq 69718 101 3460 +003 16673 +2

Table 5.1: Theoretical cross-sections for single top quark production and ¢7 decays through cLFV interactions for
vector, scalar and tensor EFT operators. The cross-section for each of the vector operators is the same. These
values were calculated for a top quark mass of 172.5 GeV, a top quark decay width of 1.51 GeV, a new physics
scale of A = 1 TeV and WC values of 1.0. The scale variation and PDF uncertainties are given.

The decay contribution is significantly smaller than that arising from the production mode. In the
decay channel, the contributions from up- and charm-quark interactions are comparable, as can be
verified from the MC generator information of the produced particles. In contrast, the production
signal is modelled using separate samples for up- and charm-quark initiated processes, with the
up-quark contribution clearly dominating owing to the larger up-quark parton density in the proton.
For both production and decay topologies, the tensor operator provides the leading contribution to the
signal yield.
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5.2 Background Monte-Carlo simulation samples

The dominant background contributions to this search arise from Standard Model top-quark production,
in particular 77 and single-top W processes. In both cases, the presence of two W bosons in the final
state allows for dileptonic decays, where one W decays to an electron and the other to a muon, either
directly or via intermediate 7-leptons decaying leptonically. Together with the associated b-jets and
missing transverse momentum from neutrinos, these events closely mimic the reconstructed final state
targeted by the signal.

Subdominant backgrounds include ¢t#y and t7V (V = H, W, Z) production, which can yield additional
leptons or photons that are not reconstructed or fail identification, resulting in an apparent ey final
state. Further smaller contributions come from diboson and triboson processes, which can produce
opposite-flavour lepton pairs in association with jets and missing transverse momentum. These are
hereafter collectively called “other” background.

A number of additional rare SM processes that can be reconstructed as dilepton final states are also
taken into account. These include the production of three or four top quarks, as well as processes
involving the production of a weak boson in association with jets or with a Higgs boson. They
are collectively referred to as “rare” in figures and tables used later in this chapter. Although
their cross-sections are significantly lower than those of 17 and tW, these processes are nonetheless
considered due to their potential to populate the signal region through similar visible final states.

ttand tty The primary background for this analysis arises from ¢7 events, specifically those producing
dilepton final states (€£’ + jets), This process is expected to yield at most two prompt leptons. The
samples were generated using the PownEGBox v2 generator, which provides NLO matrix elements in
the strong coupling constant ag and employs the NNPDF3.0 [159] parton distribution function.

The hdampl parameter, which regulates the first high-p gluon radiation beyond the Born approxim-
ation, was set to 1.5 m,, where m, is the top-quark mass. This value was optimised based on studies of
observables sensitive to radiation emission from the ¢7 system, using ATLAS data at centre-of-mass
energies of Vs =7, 8, and 13 TeV [160].

The QCD renormalisation and factorisation scales are set to /m% + p%’t, where pr , is the transverse
momentum of the top quark. The events are interfaced with PyTtHia 8.230 for the parton shower and
hadronisation, utilising the A14 tune and the NNPDF2.3 LO PDF set.

To assess the impact of different parton shower and hadronisation models, the nominal 77 sample
was compared with a sample generated by the PownecBox v2 but interfaced with HErwic 7.1.3 [108].

The cross-section for ¢7 production was calculated at NNLO in QCD, including the resummation of
soft-gluon emissions to next-to-next-to-leading logarithmic (NNLL) accuracy. For a top-quark mass
of 172.5 GeV the cross-section is calculated using TOP++ 2.0 to be o (#f)\nLosnnLL = 832 £ 51 pb
[161-167].

Additionally, events containing a ¢ pair can also involve photon radiation from an incoming charged
parton, the top quarks themselves, or any charged particle in the final state. A dedicated sample of
tty events was modelled at LO in QCD using MG_aMC@NLO [99] with the NNPDF2.3 PDF set,
interfaced with PyTHiA 8 using the A14 tune. To avoid double-counting events, an overlap removal
procedure [168] was applied to the ¢7 and ¢7y samples, ensuring they represent orthogonal regions of
phase space based on the presence of a high-p photon identified through ‘truth’ information. The
decays of bottom and charm hadrons were simulated using the EvrGen 1.6.0 program.

! hdamp is related to the choice of resummation scale, separating hard emissions described by the ME calculation from soft
emissions which are included instead by the parton-shower generator.
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Single top The production of a single top quark alongside a W boson (¢W) is anticipated to yield a
maximum of two prompt leptons. This phenomenon is simulated with the PownecBox v2 generator,
utilising the NNPDF3.0 NLO PDF set. To manage interference with ¢7 production, a diagram removal
scheme (DR) [169] is employed, which eliminates events where the W boson and an associated b-quark
create a top quark. These events are interfaced to Pytria 8.230, using the A14 tune and the NNPDF2.3
LO PDF set. The inclusive cross-section is corrected to match the theoretical prediction computed at
NLO in QCD, including NNLL soft-gluon corrections [170, 171]. Systematic uncertainties in the tW
background are evaluated by comparing the diagram removal and diagram subtraction schemes; the
former removes resonant ¢7 effects at the amplitude level, whereas the latter operates at the cross-section
level [172, 173]. This procedure is used to assess the corresponding theoretical uncertainty, as outlined
in Section 5.6.

Additional simulations for the production of top quarks in association with bosons, specifically tZ
and tWZ, are also included. In both scenarios, the Z boson is required to decay leptonically. Minor
background contributions arise from single top production in the s- and 7- channels, as these processes
are anticipated to yield only one prompt lepton. Consequently, all single top samples, except for tW,
will henceforth be designated as t + X.

The details described in this section are summarised in Table 5.2.

5.3 Object and event selection

The physics objects considered in this analysis are electrons, muons, and jets. Their reconstruction has
been described in Section 4.3; here, we specify the identification criteria applied and the conditions
defining the event selection. As illustrated in Figure 5.1, the cLFV signal processes produce an
opposite-charge electron—muon pair accompanied by the products of a SM top-quark decay. This
search focuses on the case where the SM top quark decays as t — W*(qg")b, leading to a dilepton
final state.

The data collected are subdivided into luminosity blocks, and only events recorded with the full
detector operational are analysed. The selection is performed using the Good Run List provided by
ATLAS. In addition, quality requirements are applied to reject events from periods of poor detector
performance or those unlikely to originate from a hard-scatter interaction.

The presence of a reconstructed primary vertex is required. In practice, it is sufficient that at least
two tracks with pr > 0.5 GeV intersect in proximity of the beam crossing region [119, 174]. The
vertex with the highest >, przf is taken as primary vertex.

Furthermore, events are required to pass single-electron or single-muon trigger chains [78]. For
each data-taking period, the lowest unprescaled2 single-lepton triggers are used, supplemented by
higher-threshold triggers with looser identification or isolation requirements to maintain efficiency
at high Et and pr. At least one such trigger must fire for an event to be accepted. These trigger
selections are applied consistently to both data and MC simulated samples, with each simulated event
assigned a run number that determines the appropriate trigger and pile-up corrections. The increase in
instantaneous luminosity delivered by the LHC from 2016 onwards necessitated raising the trigger
thresholds to avoid prescales.

ZA prescale implies that only a fraction of the events passing a given trigger are recorded. Such triggers, often referred to
as support triggers, are typically associated with specific data-taking conditions or used for monitoring, testing low-Er
threshold triggers (with loose or no isolation), and for performance or background studies. In contrast, the primary
triggers employed for physics measurements generally operate without prescales.
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Table 5.2: Summary of the basic generator parameters used to simulate the various processes. The last column
indicates the perturbative accuracy of the ME and PDF calculations; when different approximations are used
for different jet multiplicities within a given sample, this is denoted in parentheses, e.g. (N)LO for WZ. Only

Sample Generator Parton shower Accuracy (ME, PDF)
Signal MGS5_aMC PyTtHIA 8 NLO, NLO
tt(— €€+ jets) PowneGBox PytHiA 8 NLO, NLO
tW PownEGBOXx PyTHIA 8 NLO, NLO
tty MG5_aMC PyTHIA 8 LO,LO
ttH H — WW,ZZ, 7t PowHEGBoOx PyTHIA 8 NLO, NLO
tiZ(Z — tf) MGS5_aMC PytHiA 8 NLO, NLO
trw Suerpa 2.2.10 — NLO, NNLO
tWZ MG5_aMC PyTHIA 8 NLO, NLO
WZ(— 202q) SHERPA 2.2.1 - (N)LO, NNLO
WZ(— 3¢v) SHERPA 2.2.2 - (N)LO, NNLO
ZZ(— 262q) SHERPA 2.2.1 - (N)LO, NNLO
Z(— )+ jets SHERPA 2.2.1 - (N)LO, NNLO
Z(—> ) +vy SHERPA 2.2.4 - (N)LO, NNLO
ZZ(— 4¢f) SHERPA 2.2.2 - (N)LO, NNLO
vvv SHERPA 2.2.2 - (N)LO, NLO
202v SHERPA 2.2.2 - (N)LO, NNLO
3t MG5_aMC PyTHIA 8 NLO, NLO
4t MGS5_aMC PyTtHiA 8 NLO, NLO
HHWW MG5_aMC PyTHIA 8 NLO, NLO
WH,ZH - PyTHIA 8 LO,LO

nominal samples are shown.
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Electron triggers [175] select calorimeter clusters matched to inner detector tracks, with can-
didates required to satisfy a likelihood-based identification. In 2015, the primary electron trigger
required MediumLH identification and E1 > 24 GeV. In 2016-2018, the selection was tightened to
TightLH identification plus isolation, with E; > 26 GeV. To prevent efficiency losses at high Er,
additional triggers were available throughout the data-taking period, requiring MediumLH electrons
with E; > 60 GeV or LooseLH electrons with E1 > 120 GeV (raised to 140 GeV in 2016-2018).

Muon triggers [176] rely on tracks reconstructed in both the muon spectrometer and the inner
detector. In 2015, the primary trigger required a muon with p > 20 GeV and a loose isolation criterion.
From 2016 onward, the threshold was increased to pr > 26 GeV with tighter isolation requirements.
An additional trigger without isolation requirements but with p1 > 50 GeV was available in all periods
to preserve efficiency for high-p muons.

For reference, the explicit names of the triggers used in each year are listed in Table 5.3.

Electron triggers Muon triggers

HLT_e24_lhmedium_L1EM20VH HLT_mu20_iloose_L1MU15
2015 HLT_e60_lhmedium HLT_mu50
HLT_e120_1lhloose

HLT_e26_lhtight_nod®_ivarloose HLT_mu26_ivarmedium
2016-2018 HLT_e60_lhmedium_nod® HLT_mu50
HLT_e140_lhloose_nod0®

Table 5.3: Trigger selection for all data taking years used in this analysis.

The trigger naming convention is as follows. At the high level, HLT denotes a High-Level Trigger;
e (mu) specifies an electron (muon) trigger, and the following number indicates the transverse energy
threshold. The identification working point is then given (tight, medium, or loose), with 1h denoting
a likelihood-based identification. The suffix nod® indicates that no transverse impact parameter
requirement is applied, while i specifies the isolation working point (e.g. ivarloose corresponds to
a variable-cone isolation).

At Level-1, L1 denotes the corresponding hardware trigger. Here, EM (MU) specifies an electromag-
netic (muon) trigger, and the subsequent number indicates the transverse energy threshold. Additional
letters modify the selection: V introduces a pseudorapidity-dependent threshold, H indicates hadronic
isolation, and I denotes electromagnetic isolation. When no explicit L1 trigger is given, the default is
L1MU20 for muons and, for electrons, an isolated electromagnetic cluster with E > 22 GeV.

In addition, each event is required to contain at least one reconstructed lepton matched to a fired
trigger, a procedure known as ‘trigger matching’. In the ATLAS experiment, events are recorded
only if they satisfy predefined trigger selections based on objects reconstructed online by the trigger
system. Trigger matching ensures that the offline reconstructed lepton responsible for the physics
analysis corresponds geometrically to the lepton candidate that initiated the trigger decision. This
matching is typically performed by requiring a small angular separation between the offline lepton
and the trigger-level object in the (7, ¢) plane. The requirement guarantees that the event entered the
recorded dataset because of the analysed lepton, thereby ensuring a consistent definition of trigger
efficiencies and avoiding biases arising from unrelated trigger activity.
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Since the reconstructed pr and Ey used in the analysis can differ from the corresponding online
quantities applied in the trigger thresholds, the matched lepton must exceed the nominal threshold by
an additional margin: 1 GeV for electrons and muons [175, 176]. These requirements ensure that the
trigger is fully efficient for selected lepton candidates, while residual differences between simulation
and data can be corrected with trigger scale factors.

5.4 Analysis strategy

Events are required to pass a pre-selection consisting of exactly one opposite-charge electron—muon
pair and at least one b-tagged jet; a veto on additional baseline leptons is not applied.. This ensures
the presence of the objects necessary to accept the signal. The full set of criteria, including the object
definitions listed in Section 4.3, is summarised in Table 5.4.

Events are then classified into two regions: the SR and the CR. The SR requires exactly one b-tagged
jet, while the CR requires at least two, as shown in Table 5.4. The SR is designed for high signal
acceptance, even at the expense of background rejection, to provide sufficiently large samples for the
multivariate discriminator. The CR selection targets the dominant background, SM dileptonic #7. Its
normalisation is constrained in the fit using this region. At the final stage of the fit, an additional
requirement on the jet multiplicity (Nje, = 2) is imposed in both region definitions to suppress
background contamination, which proved to improve the fit sensitivity.

The distributions of Hr, the scalar sum of lepton and jet transverse momenta in both regions are
shown in Figure 5.2. Although data are displayed here, it should be noted that the SR was blinded
during the development of the analysis. In fact, all regions with a signal contribution exceeding 10% of
the background were kept blinded; in practice, this applied only to the SR. Data in these regions were
considered only after the analysis strategy was finalised, with selections and corrections fixed. This
convention prevents potential bias from examining data in signal-sensitive regions while background
corrections and systematic uncertainties are being determined. It can also be seen that the CR is very
pure in 77 background.

The description of the data by the MC prediction in the CR was deemed adequate at that stage of the
analysis. The residual slope in the ratio plot observed at large Hy arises from the known limitations
in the modelling of high-p #f production and is treated as a systematic uncertainty, as detailed in
Section 5.6.

Among the signal hypotheses, cLFV single-top production provides the dominant contribution,
with a cross-section significantly larger than that of cLFV tf decays. Owing to the harder lepton py
spectrum, these events populate the high-Hr region, as illustrated in Figure 5.2, where the background
contributions are suppressed. This kinematic separation is therefore exploited for signal discrimination
using a multivariate approach.

The simulation and data event yields in each region, separated by physics process, are reported
in Table 5.5. All EFT signal samples are accounted for inclusively and each one is normalised to a
cross-section corresponding to WCs defined in Section 2.2 all set to |C| = 1.0.

The expected yields from simulated samples are obtained by summing the event weights provided
by the MC generators, with the associated statistical uncertainty computed as the square root of the
sum of the squared weights. Each event weight is constructed as the product of factors accounting for
the integrated luminosity of the relevant data-taking period, the process cross-section, normalised to
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5.4 Analysis strategy

Description Value

Object definition
Electron isolation PLVTight
Electron ID TightLH
Muon isolation PLVTight
Muon ID Medium
Baseline lepton definition pr > 10GeV, |n| < 2.5
Baseline jet definition pr > 25GeV, |n| <2.5

Preselection cuts

Number of leptons N,=2
Lepton flavours lelu
Product of leptons charge [Tg;, =-1
Zo impact parameter |Zo sin Oy, < 0.5 mm
Number of jets Nigis 2 1
Number of b-jets (DL1r @ 70%) Npjers 2 1
SR cuts
Number of b-jets Npjers = 1
Number of jets” Njeis 22
CR cuts
Number of b-jets Npjers > 1
Number of jets” Njeis 22

Table 5.4: Description of the object definition, preselection cuts and region definitions used in the analysis. “The

N.

jets

> 2 cut was only included for the fit.
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Figure 5.2: Comparison of the Hy distributions in data and MC predictions for the SR (a) and CR (c).
Corresponding plots with a logarithmic scale, (b) and (d), are also provided to enhance the visualisation.
Statistical uncertainties are shown for the MC prediction (hatched bands) and for the data (error bars), with
overflow events included in the final bin. The lower panel displays the ratio of data to the total MC prediction,
with error bars indicating the statistical uncertainty. The hatched band in the ratio panel represents the statistical
uncertainty on the MC prediction.

NLO accuracy using the appropriate k-factor’, and the finite size of the simulated sample. Additional
corrections are applied to account for generator-scale and PDF variations, pile-up and jet-to-vertex
association, b-tagging efficiencies, and lepton reconstruction and identification efficiencies.

After the region definitions, the analysis strategy goes as follows. A set of kinematic observables is
used as input to multivariate discriminants based on boosted decision trees, which are trained in the
SR to separate signal from background, as detailed in Section 5.5. The presence of a signal is then
assessed via a profile likelihood fit performed simultaneously in the SR and CR, with the systematic
uncertainties described in Section 5.6 incorporated as nuisance parameters. The extraction of the
signal strength from a shape-based fit to the BDT output is discussed in Section 5.7.

3 The k-factors rescale the leading-order cross-sections to account for higher-order corrections in the ME calculation.
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5.5 Multivariate analysis

Process SR CR

tt 390730 £ 120 240250 £ 100
tW 41340 £ 80 7557 £ 32
tty 1252 +7 699 £ 5
Z+jets 1070 £ 50 70+7
Rare 1043 £ 8 82.8+1.4
tw 4893 +1.9 308.7+ 1.5
ttH 232.4+£04 340.0£ 0.4
ttZ 155.0+1.0 99.3+0.8
Z+y 53+8 26+1.8
W+jets 35+4 32+0.6
t+X 28.8 +1.2 48+0.5
vvv 3.66 = 0.06 0.193 £0.014
Total background 436430 + 150 249410 £ 100
Signal (decay) 2996 + 12 241 +4
Signal (production) 92910 + 320 6020 £ 80
Total signal 95910 + 320 6260 = 80
S/B (21.97 £0.07)% (2.510 £ 0.032)%
Total MC 532300 + 400 255680 + 130
Data 425000 + 700 242400 £ 500
Data / Bkg. 0.9738 £0.0015 0.9718 £ 0.0020

Table 5.5: Pre-fit event yields in the analysis regions. The signal is normalised by setting the WCs equal to 1.0.

Uncertainties shown are statistical only.

5.5 Multivariate analysis

An initial signal region was defined with the variable Hy < 3 TeV providing reasonable separation.
However, a multivariate approach was adopted instead, as it can exploit correlations among several
variables in a multidimensional space. The classifier chosen is a boosted decision tree.

5.5.1 The boosted decision tree

Multivariate analysis algorithms are supervised machine-learning methods designed to predict the
outcome of a process from a set of input variables. When the output is continuous, the task is referred
to as a regression problem; when it is discrete, it becomes a classification problem. The input variables,
also known as input features in pattern-recognition contexts, are used to predict the output.
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Decision trees are often described in the literature as effective “out-of-the-box” classifiers, as they
typically require minimal tuning to achieve good performance. This robustness stems from their
simple training procedure, in which each node split corresponds to a one-dimensional optimisation.
In addition, decision trees are relatively insensitive to the presence of input variables with limited
discriminating power.

In the following, the set of input variables is denoted by X, which in general represents a vector of p
features. Each feature corresponds to a collection of N measured observations. The full dataset can
therefore be represented as a matrix X € RN*P | where each row corresponds to one observation (or
event) and each column to one input variable. For supervised learning tasks, the target variable is
denoted by Y and is continuous in the case of a regression problem, or discrete in the classification
scenario. The predictions returned by a trained model are typically written as Y. Observed quantities
are denoted using lowercase symbols; in particular, x; refers to the i-th observed input vector and y; to
the corresponding observed value of the target variable.

To assess the performance and generalisation capability of a prediction model, the available set of
observed pairs (x;, y;) is commonly divided into statistically independent subsets. A training sample is
used to construct the model, while a test (or validation) sample is reserved for an unbiased evaluation
of its predictive power on unseen data. This separation is essential to avoid overfitting, particularly
for flexible models such as decision trees and their boosted variants. More generally, procedures that
involve repeated or systematic partitions of the dataset into training and test subsets are referred to as
cross-validation methods. These techniques provide robust estimates of model performance and are
widely used in the optimisation of hyperparameters in boosted decision trees.

Loss function The discrepancy between the predicted output of a model and the true observed value
is quantified by a loss function. In classification problems, the loss function provides a measure of the
degree of misclassification. The specific form of the loss function determines how deviations between
prediction and observation are penalised and plays a central role in the training of the model.

By averaging the loss function over an independent test sample, one obtains the test (or generalisation)
error, which provides an estimate of the model’s performance on unseen data. Similarly, averaging the
loss over the training sample defines the training error. As the complexity of the model increases,
allowing it to capture increasingly intricate structures in the training data, the training error typically
decreases monotonically. However, the test error does not necessarily follow the same behaviour.
Instead, it usually reaches a minimum at an intermediate level of model complexity, beyond which it
starts to increase.

A large discrepancy between the training and test errors indicates that the model has become
overly sensitive to statistical fluctuations specific to the training sample rather than to the underlying
data-generating process. Instead of learning systematic patterns that generalise to unseen data, the
model begins to fit random noise and accidental correlations present only in the finite training dataset.
Since these fluctuations are not representative of the population distribution, they do not appear in
independent test samples, resulting in degraded out-of-sample performance. This phenomenon, known
as overfitting or overtraining, is especially relevant for highly flexible models such as decision trees.
Controlling model complexity and monitoring test performance are therefore essential for constructing
robust boosted decision tree classifiers.

In many practical applications, classification problems are restricted to two classes. In this case, the
task can be reformulated in terms of a quantitative output by interpreting the model prediction § as the
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5.5 Multivariate analysis

estimated posterior probability of one of the classes, with § € [0, 1]. A discrete class label is then
assigned by applying a threshold, commonly chosen as § > 0.5, although this value can be adjusted to
optimise a given performance metric. This probabilistic formulation is particularly advantageous for
boosted decision trees, which naturally provide continuous discriminant outputs.

The same approach can be generalised to multi-class problems with K > 2, where the model predicts
a set of class probabilities satisfying Zle 9 = 1. The predicted class label is then typically assigned
to the class with the highest estimated probability. Such formulations allow for greater flexibility than
the zero—one loss alone and form the basis for more sophisticated loss functions commonly employed
in multi-class boosting algorithms.

The binary cross entropy (BCE) loss function is widely used in binary classification, where the
target variable y € {0, 1}. Given a predicted probability p € (0, 1) for the positive class, the BCE loss
is

Lycg = —[ylogp + (1 - y)log(1 - p)], (5.2)

which corresponds to the negative log-likelihood of a Bernoulli distribution. It penalises confident
but incorrect predictions strongly, while giving smaller penalties to uncertain predictions.

In multi-class classification with mutually exclusive classes, the model typically outputs a vector of
real-valued scores, known as logits, z;, one for each class. These logits are the unnormalised outputs of
the final layer and represent the model’s relative preference for each class; they are not constrained to
lie between 0 and 1 or to sum to unity. The logits are subsequently transformed into class probabilities
using the softmax function, which normalises the scores into a probability distribution over all classes.

The softmax is defined as
el
e

softmax(z;) = (5.3)
This transformation ensures two key properties: each output probability lies in the interval (0,1),

and the probabilities sum to one, so they form a valid categorical distribution. Intuitively, softmax

amplifies the largest logits while suppressing smaller ones, making the most likely class stand out.
For a three-class problem (K = 3), the corresponding categorical cross entropy (CCE) loss is

3
Lecg = - ) yilogp;, (5.4)
i=1
where p; are the softmax probabilities and y; € {0, 1} denotes the target indicator for class i, taking
the value 1 for the correct class and 0 otherwise..

Classification trees In the following, the discussion is restricted to classification trees. A decision
tree performs event classification through a sequence of binary splits, each corresponding to a node in
the tree. The construction of the tree proceeds recursively: starting from a root node containing the
full dataset, the events are divided into two subsets according to a splitting criterion. Each subset is
then treated in the same manner, giving rise to a hierarchical structure that grows until a set of terminal
nodes, or leaves, is reached. A schematic illustration of this procedure is shown in Figure 5.3. At
each node, the algorithm selects the input variable x; and the associated threshold that maximise the
separation between signal (S) and background (B) events.
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Figure 5.3: Sketch of a decision tree [177].

In the common case of a binary classification problem, the quality of a split is typically quantified
using a measure of node impurity. A widely adopted choice is the Gini index, defined as

p(l-p), (3.5

where p = §/(S + B) denotes the purity of the node. The Gini index vanishes for perfectly pure
nodes and reaches its maximum for an equal mixture of signal and background. During training, the
optimal split is chosen by maximising the reduction in impurity, defined as the difference between the
Gini index of the parent node and the weighted sum of the Gini indices of the two daughter nodes,
with weights given by their relative event fractions.

Boosting Boosting extends the concept of a single decision tree to an ensemble of trees, often
referred to as a forest. All trees in the ensemble are trained on the same underlying dataset, but with
event weights that are iteratively modified during the training process. The individual trees are then
combined to form a single, more powerful classifier, typically constructed as a weighted sum of the
responses of the individual decision trees.

In this framework, each single decision tree acts as a weak classifier, meaning that its classification
performance could be only marginally better than that of random guessing. The central idea of
boosting is to apply these weak classifiers sequentially to a series of reweighted versions of the training
sample, such that events that are misclassified by earlier trees receive increased weight in subsequent
iterations. In this way, successive trees focus progressively on the more difficult-to-classify events,
and the ensemble as a whole achieves significantly improved discrimination power.

In gradient boosting, an ensemble of decision trees is built sequentially, with each new tree improving
upon the mistakes made by the previous ones. Instead of changing the weights of individual training
events, as done in adaptive boosting, gradient boosting views learning as an optimisation problem in
which the model is gradually refined to reduce a chosen loss function. At boosting each iteration m,
a new decision tree is trained to predict the remaining errors of the current model, namely how its
predictions should be adjusted to better match the true targets. The predictions of this new tree are
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5.5 Multivariate analysis

then added, with a small scaling factor, to the existing ensemble. Repeating this procedure allows
each successive tree to correct the residual errors of the combined model, resulting in a progressive
improvement of the classifier performance.

Formally, the boosted model can be written as an additive expansion,

M
P=F(X)= >, h,(X), (5.6)
m=1

where h,,(X) denotes the individual decision trees, «,, their associated weights, and M the total
number of boosting iterations, corresponding to the number of decision trees included in the ensemble.

The weights are not fixed in advance but are determined during training so that the overall model
progressively improves its predictions. After a new decision tree is trained to describe the remaining
errors of the current ensemble, its contribution is adjusted to achieve the best improvement in the
chosen loss function. In practice, this means finding how strongly the new tree should be added to the
existing model.

The updated prediction is obtained by adding the output of the new tree to the previous ensemble,

Fn(X) = Frus i (X) + v, by, (X)), (5.7)

where «,,, determines the importance of the new tree and v € (0, 1] is the learning rate. The learning
rate reduces the impact of each individual tree, allowing the model to improve gradually and helping
to prevent overfitting.

By repeating this procedure, each successive tree corrects the remaining errors of the ensemble,
and the weights are learned adaptively so that every added tree contributes to improving the overall
performance. Gradient boosting therefore provides a flexible and consistent framework for classification
problems. A detailed introduction to gradient boosting can be found in Ref. [178].

Hyperparameters The performance of gradient-boosted decision trees are governed by a set of
hyperparameters that control both the structure of the individual trees and the overall boosting
procedure. Among the most important parameters is the number of boosting iterations (or number
of trees), which determines the size of the ensemble. Increasing this number generally improves the
expressive power of the model, but can lead to overfitting if not balanced by appropriate regularisation
or early stopping.

The learning rate (also referred to as shrinkage) scales the contribution of each newly added tree to
the ensemble. Smaller learning rates reduce the impact of individual trees, requiring a larger number
of boosting iterations to achieve optimal performance, but often result in improved generalisation by
making the training process more gradual and stable.

The maximum depth of the trees controls their structural complexity by limiting the number of
successive splits from the root node to a leaf. Shallow trees act as weak learners and are commonly
used in gradient boosting, as they capture simple structures while reducing sensitivity to statistical
fluctuations.

The hyperparameters introduced above are primarily intended to control the model complexity
and improve generalisation performance. Regularisation refers to techniques that limit the effective
complexity of the model, such as reducing the learning rate, constraining the depth of individual trees,
or requiring a minimum number of events in each leaf. These measures prevent individual trees from
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learning statistical fluctuations specific to the training sample. Early stopping provides an additional
safeguard by monitoring the model performance on an independent validation dataset and terminating
the training once the validation error ceases to improve. Together, these strategies ensure that the
ensemble achieves good predictive performance while maintaining robust generalisation to unseen
data.

5.5.2 Implementation

The multivariate analysis was implemented using the Gradient Boosting (BDTG) model from
XGBoost [179]. XGBoost provides an efficient and regularised realisation of gradient boosting,
incorporating several algorithmic improvements aimed at enhancing both computational performance
and robustness. In particular, it introduces explicit regularisation terms that penalise the complexity
of individual trees, typically by constraining the number of leaves and the magnitude of the leaf
weights. These regularisation mechanisms, together with the learning rate, subsampling of events and
input variables, and early stopping criteria, play a central role in mitigating overfitting and improving
generalisation, especially in high-dimensional feature spaces.

The default hyperparameter configuration already provided excellent performance without extensive
tuning. The final training was therefore performed using gradient boosting [178] as the boosting
algorithm, a learning rate of 0.3, an ensemble of 100 trees, and a maximum tree depth of 6.

As shown in Figure 5.2, particularly in the log-scale plots, the Hy distributions of the decay and
production signals exhibit distinct features, motivating the use of a multi-class boosted decision tree
with three categories: production signal, decay signal, and background. The BDTs were trained using
MC simulated events within the SR. It was sufficient to use only 77 events as the background sample
during training, as this process constitutes the overwhelmingly dominant background in the analysis.
Including additional minor background contributions was therefore unnecessary for the purpose of
optimising the BDT performance.

Event weights derived from the Monte Carlo normalisation and correction factors were used during
the BDT training. Since some simulated samples contain negative event weights originating from NLO
generators, the absolute value of the event weight was supplied to the XGBoost training algorithm.
The original signed event weights were retained for the evaluation of physics distributions and final
statistical inference. The training samples comprise approximately 350k production-signal events,
170k decay-signal events, and 4.5M background events after the full event selection, where these
numbers refer to the raw simulated event counts used for training prior to any normalisation. Each
signal category accounts for all EFT samples combined inclusively.

Kinematic variables were selected as BDT inputs based on their discriminating power. The complete
set of input variables used in the training is listed in Table 5.6, including their ranking of importance.
This ranking is obtained by counting the number of times a given variable is used to split a node across
all trees in the ensemble. Each occurrence is weighted by the squared separation gain achieved by the
split and by the number of events contained in the corresponding node. This procedure provides a
quantitative measure of the contribution of each input variable to the overall classification performance.

In Figure 5.4, the distributions of the input variables in the SR are given for both signal and
background processes. The data—simulation agreement is generally good across all observables, with
deviations mostly confined to extreme kinematic regions:

« For EM™ the modelling reproduces the bulk of the spectrum within ~10%, while a mild deficit
miss

is observed at large E1 . This behaviour is commonly associated with imperfect modelling
of neutrino kinematics in ¢f and single-top production, as well as residual uncertainties in jet
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Variable Description Importance (%)
Hp Scalar sum of the p of all jets and leptons 34.2
Niegs Jet multiplicity 20.9
ET™ Missing transverse energy 16.6
AR, AR between electron and muon 14.8
pt%jet + pﬁgm et.1.2 pr of the b-jet and the two leading light jets 7.0
pygrtiet pr of the leading light jet 2.3
7, Pseudorapidity of the electron 1.6
pjTet’1 pr of the leading jet 1.3
My Pseudorapidity of the muon 1.3

Table 5.6: The input variables used in the multivariate BDT analysis, listed according to the importance ranking
provided by XGBoost for the average of the two trainings.

energy calibration and soft hadronic recoil, which directly affect the reconstructed missing
transverse momentum.

* A similar pattern is observed for the leading-jet pp, where agreement is good at low and
intermediate values but the simulation tends to slightly underestimate the high-p tail. This
effect is consistent with known limitations in the modelling of hard QCD radiation, including
higher-order corrections, parton-shower matching, and uncertainties in initial- and final-state
radiation. The same origin likely explains the small discrepancies seen in p?et + plTlght 12 and

in the leading light-jet p, since these observables are strongly correlated with the overall event

energy scale and additional jet activity.

* The jet multiplicity distribution Nj is well reproduced at low and intermediate multiplicities,
while deviations appear in the highest bin. Such differences are typically linked to the modelling
of additional radiation and multi-jet emissions, where theoretical uncertainties from parton

showers and scale choices become increasingly important.

* The angular observable AR, , is generally well described, with small discrepancies at large
separations that may arise from residual mismodelling of the top-quark boost spectrum
or spin-correlation effects influencing the lepton angular topology. In contrast, the lepton
pseudorapidities 77, and n7,, show very good agreement across the full range, indicating that
the detector acceptance, lepton reconstruction efficiencies, and rapidity distributions of the
dominant backgrounds are well modelled.

Overall, the observed mismodelling is consistent with known theoretical and experimental uncer-
tainties affecting high-energy tails and regions dominated by additional QCD radiation, while the bulk
kinematic phase space, most relevant for the BDT training, is accurately reproduced. This level of
agreement validates the use of these variables as inputs to the multivariate analysis.

Figure 5.5 displays the linear correlations between the input variables. The correlation matrix
shows that several kinematic observables entering the BDT are strongly related, while others provide
largely independent information. Global event—activity variables exhibit the largest correlations:

. . jet, 1 bjet light jet,1,2 .
H-, the leading-jet transverse momentum p’-"", the scalar sum p.>¢ + p &1 and the leadin
T g Pt Pt Pt g
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Figure 5.4: Comparison of input variable distributions in data and simulation within the SR used for BDT
training. Statistical uncertainties are shown for the MC prediction (hatched bands) and for the data (error
bars), with overflow events included in the final bin. The lower panel displays the ratio of data to the total MC
prediction, with error bars indicating the statistical uncertainty. The hatched band in the ratio panel represents
the statistical uncertainty in the MC prediction.
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light-jet p are strongly correlated (p ~ 0.8—0.9), reflecting their common sensitivity to the overall
hadronic energy scale. The jet multiplicity Nj.,, shows moderate correlations with these quantities
(p ~ 0.5-0.6), consistent with higher jet activity in more energetic events. The missing transverse
energy E%liss presents only moderate correlations with jet-based observables (p ~ 0.3—0.4), indicating
partial dependence on the event kinematics. In contrast, the angular separation AR, is largely
uncorrelated with the remaining variables, providing complementary geometric information to the
BDT. The lepton pseudorapidities ,, and 7, are essentially decorrelated from the global kinematic
variables and show only a weak mutual correlation, demonstrating that they encode largely independent
information related to the leptons’ angular topology rather than the event energy scale. Overall, despite
the presence of strongly correlated energy-scale observables, the inclusion of weakly correlated angular
variables ensures that the BDT exploits diverse and non-redundant discriminating features; a similar
correlation pattern is observed for the signal sample.

To control overtraining while making full use of the available MC simulation, a cross-validation
scheme was implemented in which two separate BDTs were constructed. Specifically, the classifier
referred to as ‘BDT even’ was trained on the even-numbered events of the signal and background
samples and evaluated on the odd-numbered events, whereas ‘BDT odd’ was trained on the odd-
numbered events and tested on the even-numbered ones. This procedure ensures that the events used
for training are never used for evaluation, providing an unbiased estimate of the classifier performance.

The output of the BDT algorithm is expressed in terms of a discrete score distribution over the three
output classes: decay signal, production signal, and background. For each class, the classifier provides
a corresponding response, allowing the construction of distributions such as those shown in Figure 5.6,
where the predicted class scores are compared for training and test samples. The good agreement
observed between the two distributions indicates that no significant overtraining is present.

The performance of the multi-class BDT is evaluated using receiver operating characteristic (ROC)
curves constructed by reducing the problem to a binary classification. This reduction is performed to
enable a direct and well-defined comparison of the discriminating power for each signal class against
the remaining event categories, following standard practice in multi-class classification problems. In
particular, the signal efficiency, &, is defined for a given signal class by treating the corresponding
signal as positive and the remaining classes as background. The ROC curve is then obtained by varying
the threshold on the relevant BDT response and computing the signal efficiency and background
rejection (defined as one minus the background efficiency). The signal efficiency is given by the
fraction of signal events with a response above the threshold, with the background efficiency, &,
defined analogously. The integral of the ROC curve provides a quantitative measure of the separation
power, with values closer to unity indicating better performance. The areas under the ROC curves are
0.9641 for the ‘BDT odd’ training and 0.9646 for the ‘BDT even’ training, as shown in Figure 5.7.

An additional diagnostic of the training behaviour is provided by the evolution of the loss function
as a function of the boosting iteration, shown in Figure 5.8. The loss is evaluated independently on the
training and testing samples and corresponds to the multi-class softmax cross-entropy loss minimised
during the XGBoost training. The simultaneous decrease and subsequent stabilisation of the training
and validation losses indicate a well-converged training, while the absence of a significant divergence
between the two curves further confirms that overfitting is effectively controlled.

The output of the multi-class BDT corresponding to the background class is subsequently used as
a discriminating variable in the analysis regions. This background BDT score provides a powerful
summary of the multivariate information exploited by the classifier and is employed as an input
observable in the fitting procedure described in Section 5.7. By construction, this variable enhances
the separation between signal and background and thereby improves the sensitivity of the statistical
analysis.
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Figure 5.5: Correlation of the input variables for the signal (a) and background (b) classes. Signal corresponds
to the combination of production and decay samples.
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Figure 5.6: Overtraining check for the BDT trained on odd-numbered events. The markers show the BDT score
distribution for the test sample, while the solid line corresponds to the training samples.
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5.6 Systematic uncertainties

This section details the systematic uncertainties considered in the analysis. Experimental uncertainties
arise from limitations in the detector measurements and collision conditions, as well as from uncertain-
ties propagated through the calibration of physics objects. Meanwhile, theoretical uncertainties pertain
to the modelling of SM background processes in the search, including cross-section calculations and
MC generator configurations. Both the shape and normalisation of signal and background processes
may be impacted by these uncertainties, which are incorporated as NPs in the profile likelihood fit, to
be discussed in Section 5.7.

5.6.1 Experimental uncertainties

Luminosity For Run 2 of the LHC, the total integrated luminosity recorded by the ATLAS detector
is determined with an uncertainty of 0.83%. This value is derived using the procedure outlined in
Ref. [180] and is based on primary luminosity measurements performed with the LUCID-2 detector.

Pileup Systematic uncertainties associated with the scale factors used to reweight the pile-up
distribution in simulated samples to reproduce that observed in data are taken into account. These
scale factors are derived by varying the nominal pile-up distribution within its uncertainty and are
applied independently to the 2015+2016, 2017, and 2018 MC simulated samples.

Lepton reconstruction efficiencies Such scale factors are obtained using tag-and-probe methods, as
described in Section 4.3, and are associated with corresponding uncertainties. For electrons, separate
nuisance parameters are assigned to the uncertainties in the identification, isolation, reconstruction,
and trigger efficiency scale factors [122, 181]. For muons, independent statistical and systematic
uncertainties are defined for the identification, isolation, track-to-vertex association, and trigger
efficiencies, each implemented through dedicated nuisance parameters [127, 128].

Lepton energy/momentum scales Simulated events are corrected to account for mismodelling of
lepton energy and momentum scales and resolutions with respect to data, using Z — £ events [127]
and, additionally, W — {v events [122, 182]. For electrons, two nuisance parameters are introduced
to describe the scale and resolution uncertainties. For muons, four nuisance parameters are defined,
separating the uncertainties associated with the ID and MS track resolutions [128, 183].

Jet energy scale The JES uncertainties are derived using a combination of LHC collision data,
simulated events, and test-beam measurements. An initial MC-based calibration is applied, followed
by an in-situ correction using /s = 13 TeV data to constrain the remaining uncertainties [184]. Events
containing a vector boson and additional jets are used to calibrate jets in the central detector region,
while dijet events provide a relative calibration of forward jets with respect to central jets. The
response of jets at high transverse momentum is constrained using multijet events. In analyses that
are not strongly sensitive to JES, treating each of the 80 individual uncertainty source separately is
unnecessary. Instead, the reduction scheme described in Ref. [137] is adopted, combining the original
nuisance parameters into 30 independent components, each implemented with upward and downward
variations and retaining their dependence on the reconstructed jet p and 7.
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Jet energy resolution This uncertainty is evaluated using dijet events, exploiting the width of the
dijet asymmetry in bins of jet pr and n, following procedures similar to those described in Ref. [185].
The initial fits yield approximately 120 NPs, which are subsequently condensed using a pseudo-data
reduction scheme into 12 effective components plus a residual data-to-simulation term, resulting in a
total of 13 NPs for the JER.

Jet vertex tagger A combined statistical and systematic uncertainty is assigned to the scale factors
used to correct residual efficiency differences between data and simulation after the application of the
JVT algorithm [186]. These scale factors are obtained from a tag-and-probe study in Z — uu+jets
events, selecting configurations with |A¢(Z, jet)| > 2.8 to isolate hard-scatter jets. The systematic
component covers differences in the measured efficiencies between samples generated with SHERPA
and PowHeG +PyTHiA 8, as well as potential mismodelling of the |Ap(Z, jet)| distribution.

Flavour-tagging uncertainties Uncertainties in the data-to-simulation correction of b-tagging
efficiencies are modelled using 19 nuisance parameters. The efficiencies are measured in #7 dilepton
events for b-jets, in 17 {+jets events for c-jets, and in Z+jets events for light-flavour jets [139-141].
These NPs are obtained through a reduction of the underlying systematic uncertainties, employing
the same methodology as used for the JES, as described in Ref. [187]. The final set comprises nine
nuisance parameters for b-jet tagging, four each for the mistagging of c-jets and light-flavour jets, and
two additional parameters accounting for the extrapolation of the scale factors to high pr.

E -'Piss uncertainties  Systematic variations associated with the individual physics-object contributions
to ET"° are propagated to the reconstructed E7° and are therefore covered by the corresponding
object-related uncertainties. In addition, dedicated scale and resolution variations are applied to the

ET™ track-based soft term.

MC statistical uncertainty The limited size of the simulated MC samples introduces an additional
statistical uncertainty in the predicted event yields. In the context of the profile likelihood fit, this
effect is treated using the Barlow-Beeston approach [188] (or its light variant), in which the finite MC
sample are incorporated directly into the likelihood [189, 190]. Concretely, an independent nuisance
parameter is introduced for each bin of each process whose template is derived from simulation. These
bin-by-bin parameters constrain the expected yield according to the corresponding MC statistical
uncertainty and are typically implemented with Gaussian or Poisson constraints, depending on the
chosen configuration.

5.6.2 Theoretical uncertainties

The modelling of signal and SM background processes introduces systematic uncertainties which are
evaluated by the use of alternative MC simulated samples or by the application of alternative MC
generator weights that correspond to variations in the nominal generator setup. These uncertainties
are evaluated for signal processes and dominant background processes, namely ¢z and tW. Minor
background contributions are instead assigned larger normalisation uncertainties, as detailed in
Section 5.6.3.
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The modelling of the #7 process receives particular focus, due to both the tendency of the PowHeG
generator to predict a harder top quark p distribution than observed in data [191] and its status as the
primary background in the SR. Not all uncertainties are applied uniformly across all processes, as the
availability of alternative simulated samples or weights may vary.

For uncertainties evaluated via alternative MC weights, the normalisation sum of weights is
recalculated to ensure correct luminosity scaling, avoid double-counting cross-section uncertainties, and
consequently, to account for shape and acceptance effects from modelling uncertainties. Normalisation-
only cross-section uncertainties are applied separately, as discussed subsequently.

Scale variations To account for missing higher-order terms in ME calculations, variations in the
renormalisation and factorisation scales, p, and y,, are applied. These parameters are independently
varied by a factor of two around their nominal values for signal, 77, and W samples, producing separate
NPs through internal weights without requiring alternative samples.

PDF set Uncertainties affecting the PDF set used in the generation of the sample are considered.
For f and tW, these are evaluated using the PDF4LHC prescription [84]: a set of 30 Hessian
eigenvariations are considered, each of which is assigned a NP which is profiled in the fit. For signal
samples, however, PDF uncertainties are estimated using sets with 100 NNPDF variations; the standard
deviation of this set is used to define a symmetrised uncertainty.

Strong coupling constant g  For the ¢f process, uncertainties in «g are evaluated using PDF sets
generated with ag(M,) values of 0.117 and 0.119, with the nominal ag(M,) being 0.118.

Matching of NLO calculation to parton shower for tf Matching parton-level events from the
ME generator to the parton shower generator beyond LO must avoid double-counting higher-order
corrections. The nominal ¢ sample uses the PowHEG matching scheme [104, 192, 193]. The
uncertainty from this matching procedure is evaluated [194] by comparing the ¢7 sample generated
with POWHEG + PyTHIA 8 to an alternative with pr ,..q = 1, which regulates the definition of the vetoed
region of the showering, essential to avoid holes or overlaps in the phase space filled by Pownec and
PyTHIA.

Additional ¢f radiation modelling In matching parton-level events to the parton shower at NLO
using the PowHeG method, the Ay, scale is selected to regulate the p of the hardest emission, which
is described by the ME calculation [160]. To assess uncertainties related to hy,n,, an alternative
PowHEG + PyTHIA 8 17 sample with A,y set to 3m, is compared to the nominal configuration
(hgamp = 1.5m,). Intuitively, increasing values of Ay, result in a slightly larger p for the hardest
additional emission beyond LO.

Interference between ¢7 and tW  As discussed in Section 5.2, the W sample excludes interference
with #f due to the overlap removal method. Sensitivity to the excluded interference is assessed by
comparing the nominal tW sample to a POowHEG + PyTHIA 8 sample using a diagram subtraction
scheme [160], which retains interference effects. The difference is then used to estimate the impact of
interference.
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Initial- and final-state radiation Uncertainties from ISR modelling are evaluated by varying the
Var3c parameter in the A14 PyTHia tune, which affects g in the initial-state shower [109]. FSR
uncertainties are assessed by varying p, for QCD emissions in the final-state shower. These
uncertainties are considered for both signal and background (¢# and tW) processes.

Parton shower and hadronisation modelling Uncertainty in the choice of parton shower and
hadronisation models, given their different frameworks, is assessed by comparing samples showered
with PyTHi1A to those using HErwiG. For t7, the nominal PytHia 8 sample is compared to a HERwIG
7.1 sample with equivalent ME generator settings, where HERwIG uses its tuned parameters and the
MMHT LO PDF set [195]. Nominal signal samples from MG_aMC@NLO + PyTHia 8 are compared
to those generated with MG_aMC@NLO + Herwic 7.1.

Top p; reweighting Earlier studies have shown that the agreement between data and simulation in
1t events, in particular for the top-quark p spectrum, improves when higher-order calculations are
considered [196]. More recently, differential ¢7 predictions at NNLO QCD accuracy including EW
corrections have become available [197]. The associated modelling uncertainty is therefore assessed
by taking the full difference between results obtained with and without applying a correction that
aligns the simulation with NNLO QCD and NLO EW predictions.

5.6.3 Cross-section uncertainties

Normalisation-only cross-section uncertainties are also considered for the background processes. For
tW production, a theoretical cross-section uncertainty of approximately 5.3% is assigned, derived
from NNLO predictions including scale, PDF, and «g variations [198]. Additionally, a conservative
50% normalisation uncertainty is assigned to backgrounds within the ‘other SM’ category. As noted
in Section 5.4, since the normalisation for the ¢7 process is normalised by the fit, no cross-section
uncertainty is assigned to it.

5.7 Results

5.7.1 Statistical analysis framework

A binned maximum-likelihood fit is performed to extract the signal strength of the cLFV top-quark
production and decay processes. In the absence of a signal, exclusion limits are set on the cross-section
of these processes, which are then translated into the branching ratio of the top-quark decay into the
euq final state. These limits are derived at 95% CL using the modified frequentist approach with the
asymptotic approximation.

The fit is carried out with the TRExFiTTER [199] framework (v1.4.0), which constructs statistical
models in the HistFacTorY [189] format. These models are implemented using RooFit [200], and
RooStats [201] is used for hypothesis testing and confidence interval estimation. Both RooFiT and
RooStaTs are components of the ROOT [202, 203] data analysis environment.

An essential element of the fit is the minimisation of the NLL, which is performed internally through
calls to Minurt2 [204-206]. Parameter estimation proceeds in several stages. First, the MiGRAD
algorithm is employed to locate the minimum of the likelihood function. Next, the HEsse method
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is applied to refine the uncertainty estimates; although more accurate than MIGRAD, it yields only
symmetric uncertainties by construction. Finally, an optional step invokes the Minos algorithm,
which scans the likelihood to provide the most precise parameter uncertainties, typically asymmetric.
Because Minos substantially increases the fit runtime while altering the uncertainty estimates only
marginally, it is applied exclusively to the signal strength parameter (POI).

The minimisation procedure not only locates the NLL minimum but also evaluates the correlations
among the model parameters: namely the POI, other normalisation factors, and systematic-uncertainty
nuisance parameters.

Systematic uncertainties treatment

Systematic uncertainties arising from instrumental effects and from the modelling of signal and
background processes in the MC simulations, as detailed in Section 5.6, are incorporated into the fit as
nuisance parameters.

A pruning procedure is employed to remove nuisance parameters with negligible pre-fit impact,
thereby simplifying the fit model, reducing computational time, and improving stability. For each
nuisance parameter, both shape and normalisation contributions are included in the likelihood. Pruning
is performed per sample and per region, and separately for the shape and normalisation components of
an uncertainty. A threshold of 0.5% is applied to both: systematic uncertainties that alter either the
shape or the normalisation of a background by less than this amount are discarded.

The pruning of normalisation and shape components proceeds as follows. For each region, the
+10 (“up/down”) variations associated with a given systematic uncertainty are evaluated. For the
normalisation component, the variation is retained if any up/down shift changes the total yield relative
to the nominal by more than the threshold. For the shape component, each variation is first rescaled
to match the nominal yield; if any bin then deviates from the nominal distribution by more than the
threshold, that shape component is kept. The pruning threshold was varied between 0.1% and 1% to
assess the stability of the fit with respect to the treatment of small-impact systematic uncertainties.
While the 0.1% threshold retained a larger number of nuisance parameters and the 1% threshold led to
a more aggressive reduction of systematics, the nominal choice of 0.5% was found to provide the best
balance between preserving relevant systematic effects and maintaining fit stability and sensitivity. A
table reporting the pruning procedure outcome is provided in Figure 5.9.

Subsequently, a smoothing procedure, implemented through the relevant TREXFITTER tools, is
applied to the all systematic-uncertainty variation templates to mitigate fluctuations across adjacent
bins from limited MC statistics.

All systematic uncertainties are then symmetrised. In this procedure, the original “up” and “down’
variations provided for each nuisance parameter are first interpreted as independent shifts of the
nominal template. For each bin, the symmetrised variation is constructed by taking half of the
difference between the up and down yields with respect to the nominal prediction, and then defining a
pair of symmetric variations about the nominal value. This symmetrisation ensures that the nuisance
parameter produces equal-magnitude upward and downward shifts in the predicted yield when varied
by +10. The procedure removes potential biases associated with asymmetric fluctuations in limited
MC simulated samples and enforces a linear, symmetric interpolation of the template morphing within
the profile likelihood fit. As a consequence, the impact of each systematic uncertainty becomes
centred on the nominal prediction, improving the numerical stability and interpretability of the fit
while preserving the overall scale of the variation.

’
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Figure 5.9: Illustration of the pruning procedure applied to nuisance parameters in the SR. Pruning of nuisance
parameters associated with modelling, or theoretical, uncertainties (a), and with instrumental, or experimental,
effects in lepton, jet, and b-tagging measurements (b). The NPs that are fully removed are indicated in red; those
for which only the shape or normalisation component is discarded are shown in yellow or orange, respectively.
Parameters highlighted in green retain both shape and normalisation components.
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For cases where only a single variation is available (e.g., when comparing alternative samples to
the nominal to estimate the PS uncertainty), the missing downward variation is taken as the mirrored
version of the upward one. Examples of the +10 (“red—blue”) variations of modelling uncertainties
affecting the 77 and tW processes are shown in Figures 5.10 and 5.11.

X
o
2
X,
HJo
2

I R e o e e B o e A

100—

- otfu tf —+10(-0.2%)
— 16 (+0.2%)

----Original —Modified

100

TTT T TTT 1]
RERINRARRE

T NLO matching, tf —+10 (+2.1%)
R — 15 (-21%)
----Original —Modified

80

Number of events
Number of events
@
=1
I
o]
o

@
S

60

40— 40
E —_——-- C - —_— 1
00 — 20— =
=  E + + < - __E + ‘ ‘ ‘ ‘ ‘ .
E SE O | S ;
E|. el. %3E :
Z|E z|E o
=) Lo
%12 %2 -0.1 i
A E L — @ 02 -
-03" 7T HE
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9
1 - Bkg. score 1 - Bkg. score
(@ (b)
x10° x10°
” £ I N R R o Er T =
g 100~ _ - 5 100 _ _ 4
° [ Top p_ reweighting, tf —+10(-26%) ] ) - —+10(+43 %) b
5 ,[CR — 10 (+26%) ] 5 [er — e (43%)
g 80 = 5 80— —
e} C --=-Original —Modified 7] o - +=-:Original —Modified -
E T ] E r ]
Z 60— = Z el —
40 — 40f -
E e E |
20— - 20— =
it ‘ ‘ + ‘ ‘ + ‘ - E + ‘ -
a4 = O E
. e O O O O O O Oo—F n E —=
£ = E . 4E E
Slg E = Sle E E|
g O E %5 0F 3
B2 _sE. 3 B2 -2 |
| L= - > | = —=
%) E = %) = I
4 E -8E =
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
1 - Bkg. score 1 - Bkg. score
© (d)

Figure 5.10: CR distributions illustrating the impact on the 7 template of +1¢ variations of the ¢f modelling
uncertainties associated with (a) NLO matching, (b) u, scale variation, (c) top-quark pr reweighting, and (d)
hgamp- As mentioned in Section 5.5.2, the analysis regions are plotted in the background multi-class BDT score.
The variations are shown before (original) and after (modified) the application of smoothing and symmetrisation
in TRExFrTTER. Solid lines correspond to the original up/down variations (red/blue), while dashed lines indicate
the modified variations. The nominal prediction is shown by the black histogram in the upper panel. Except
for (b), a symmetrisation is applied, such that the down variation is obtained as a mirror of the up variation;
consequently, no dashed curve is shown for the modified down variation. The hatched band represents the
statistical uncertainty, normalised to the MC prediction in the ratio panel.

Fit strategy The normalisation of the dominant ## background is scaled through the introduction
of a free-floating normalisation factor (NF) in the CR, denoted by k(¢7). This factor is determined
directly from data in a simultaneous binned profile likelihood fit performed across the SR and CR.
The parameter of interest is the signal-strength modifier u; gy, which scales the expected signal yield,
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Figure 5.11: CR distributions illustrating the impact on the tW template of +10 variations of the tW modelling
uncertainties associated with (a) diagram subtraction, (b) u, scale variation, (c) ISR, and (d) FSR.

while the 77 normalisation factor enters the fit as a nuisance parameter and is correlated between the
SR and CR. All other systematic uncertainties are incorporated as additional nuisance parameters and
are constrained by the fit.

Limit calculation for the cLFV process

TRExFITTER provides the expected limit on the cLFV process in terms of the signal strength modifier
H.Lry» Which can be converted into a limit on the cLFV cross-section. This cross-section corresponds
to the sum of the decay and production contributions, both of which scale with the square of the WCs
responsible for the processes:

and
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5.7 Results

For the initial (pre-fit) signal cross-section, all WCs introduced in Section 2.2 are assumed to take
the value 1.0. In this scenario, the 95% confidence level limit on the squared WC, (C%%CL)z, is
calculated as the ratio of the 95% CL limit on the cross-section, o %CL, to the starting cross-section
with |C| = 1.0, olCF0 scaled by the square of the initial WC value:

) 95%CL

o ICI=L0°
The limit on the modulus of the WC is then obtained by taking the square root. From this limit, the
corresponding bound on the top-quark branching ratio to the cLFV final state can be derived using
Eq. 2.10 and dividing by the SM top-quark width, assuming identical couplings at the decay and
production vertices.

Fit observable and binning strategy

In the analysis regions, the discriminating observable used in the fit is defined as the sum of the two
signal scores calculated as 1 — (multi-class BDT background score), which provides strong separation
between signal and background. The inversion of the classifier output is chosen such that signal-like
events populate the high-value end of the distribution, following the standard convention.

The binning of this observable is optimised to balance several competing requirements. A smaller
number of bins improves the numerical stability of the fit, reduces computational time, and ensures
adequate event counts per bin, while overly coarse binning would degrade sensitivity. In the SR, the
number and bin boundaries are determined automatically using TRExFiTTER by optimising the binning
of the discriminant distribution to maximise the expected statistical sensitivity of the profile-likelihood
fit while maintaining sufficient MC statistics per bin, resulting in 14 bins.

In the CR, a uniform binning scheme with four bins is adopted over a range in which the signal
contamination in each bin remains below 5%.

5.7.2 Fit using Asimov data

To validate the analysis strategy and estimate the expected sensitivity, an initial fit is performed with
the SR blinded, such that no collision data from this region are used. This blinding procedure avoids
potential experimenter bias that could arise from inspecting the observed data or from optimising
selection criteria in response to apparent signal-like features.

In this validation step, the fit is performed using Asimov datasets in both the SR and CR. These
datasets are constructed from the expected MC simulated yields, as described in Section 4.5.4, and
correspond to the background-only hypothesis, with the signal strength fixed to ycAf]i:I{l,OV = 0. The
fitting procedure is carried out in multiple stages. First, a fit is performed in the CR alone to constrain
the normalisation factors and the relevant nuisance parameters using the Asimov data. The fitted
values of these parameters are then used to construct a modified Asimov dataset for the SR, in which
the background predictions reflect the constraints obtained from the CR.

A final profile likelihood fit is subsequently performed simultaneously in the SR and CR using this
modified dataset. This approach allows the impact of the CR constraints on the SR prediction to be
assessed in a controlled environment prior to unblinding.

The resulting pre-fit and post-fit distributions for all analysis regions are shown in Figure 5.12. The
normalisation factor obtained by the fit is k(z7) = 1.00 + 0.05. Pre- and post-fit yields are collected in
Tables 5.7 and 5.8.
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Figure 5.12: Pre-fit (a,b) and post-fit (c,d) plots for the fit using Asimov data in SR and CR. The uncertainty
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5.7 Results

Process SR CR
Signal 79000 + 8 000 720 £ 250

1t 161000 + 19000 132000 + 13000
tW 8000 = 1500 3600 + 600
Other 1900 + 900 1100 + 600

Total Background 171000 + 19000 137000 + 13 000

Table 5.7: Pre-fit event yields in the analysis regions for the Asimov fit. The signal is normalised by setting
the WCs equal to 1.0. The quoted uncertainties include the combined statistical and systematic contributions,
summed in quadrature.

Process SR CR
Signal (i gy set to 0) 0+40 0.00 £ 0.34
tt 161500 +£ 1800 132400 + 900
tw 8000 + 1500 3600 + 600
Other 1900 + 900 1100 + 600
Total Background 171400 £2500 137100 + 1200

Table 5.8: Post-fit event yields in the analysis regions for the Asimov fit. The signal is normalised by setting
the WCs equal to 1.0. The quoted uncertainties include the combined statistical and systematic contributions,
summed in quadrature.

5.7.3 Unblinded fit

After confirming the stability of the Asimov fit, an additional validation was performed using real data
in the CR while keeping the SR blinded with Asimov data. This step also showed stability, confirming
that the analysis strategy was robust and could be applied to the full dataset with an unblinding4
of the SR. Unblinding allows the inclusion of SR data in the fit, enabling a direct comparison with
background predictions and the extraction of the signal strength.

The pre-fit and post-fit distributions for all analysis regions are presented in Figure 5.13. The fit
returns a normalisation factor for the dominant ¢7 background of k(t7) = 0.95 + 0.05, and a fitted
signal strength of u gy = (—0.04 £ 0.5) X 107%, consistent with the background-only hypothesis.
This indicates no significant evidence for the presence of the cLFV signal in the SR.

* This is an unblinding for the purposes of this thesis, the results are not yet approved by the ATLAS Collaboration.
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Figure 5.13: Pre-fit (a,b) and post-fit (c,d) plots for the unblinded fit. The uncertainty band includes both the
statistical and systematic uncertainties. The lower panel plots the ratio between data and background for each
bin.
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The pre-fit event yields for each process are summarised in Table 5.9, with the corresponding
post-fit yields provided in Table 5.10. These comparisons illustrate the effect of the fit in constraining
background contributions and demonstrate the consistency of the observed data with the expectations

from the background model.

Process SR

Signal 79000 = 8 000

tf 161000 + 19000 132000 + 13000
tW 8000 + 1500 3600 + 600
Other 1900 + 900 1100 + 600

Total Background 171000 + 19000 137000 + 13 000

Data 166 149

Table 5.9: Pre-fit event yields in the analysis regions for the unblinded fit.

Process SR

Signal 0+40 0.00 £0.34
1t 156700 = 1800 128 600 + 900
tW 7700 + 1400 3500 + 600
Other 1800 + 900 1100 = 600

Total Background 166200 +2200 133200 +1 100

Data 166 149

Table 5.10: Post-fit event yields in the analysis regions for the unblinded fit.

Correlations, constraints and pulls of nuisance parameters

The correlation coefficients between the NPs and the POI are computed from the correlation matrix
obtained during the minimisation of the NLL function. These correlations are shown in Figure 5.14.
NPs associated with background sources that have similar shapes tend to be strongly correlated, as
variations in these parameters affect the predicted distributions in comparable ways. Understanding
these correlations is important, since highly correlated NPs can influence the precision with which the

POl is determined and can indicate potential degeneracies in the fit.

Systematic NPs, which are constrained by Gaussian priors, and NFs, which are typically free-floating,
are introduced to account for differences between data and simulation predictions. A correlation
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Figure 5.14: Correlation matrix (in %) of the nuisance parameters obtained from the full fit. Only NPs with at
least one correlation larger than 15% are drawn to improve readability.

between a systematic-uncertainty NP and a NF indicates that variations in the NP strongly influence
both the value and uncertainty of the NF, while the NF can, in turn, reduce the post-fit uncertainty of
the NP. As shown in Figure 5.14, the systematic NPs associated with backgrounds normalised via NFs
often exhibit large correlations or anti-correlations with their corresponding NFs.

For example, in the case of the 7 background, variations in top-quark p reweighting, NLO
matching, final-state radiation, and parton-shower modelling are adjusted during the fit to correct
the data/simulation differences observed in the CR. The anti-correlation between the top-quark pr
reweighting NP and the #f NF reflects the fact that an upward variation of the NP increases the predicted
tf yield in the CR, which the NF compensates for by decreasing its value, and vice versa. Similar
reasoning applies to other modelling NPs that influence the total predicted yield.

A significant correlation between a NP and the parameter of interest, 1 vy, indicates that variations
in that NP have a substantial effect on the expected signal strength. Identifying these correlations is
important, as they highlight which systematic uncertainties most strongly impact the measurement and
can inform future improvements in modelling or control-region design.
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The pull of a NP quantifies the deviation of its fitted value from its pre-fit expectation, relative to
the pre-fit uncertainty. It is defined as

A

0

B (5.11)
where @ is the post-fit value of the NP, 0, is its nominal (pre-fit) value, and A6 is the pre-fit

uncertainty.

The pulls of the non-pruned systematic uncertainties are shown in Figure 5.15, with the error bars
indicating the post-fit uncertainty on each NP. Note that the plot only includes NPs that enter the
likelihood function with a defined pre-fit constraint; free-floating normalisation factors, the parameter
of interest, and gamma parameters are not represented in this figure.
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Figure 5.15: Nuisance parameter pull plot obtained for the full fit, showing how the values of the nuisance
parameters and their uncertainties changed relative to those before the fit. The error bars correspond to the
post-fit uncertainty, A, which is to be compared to the pre-fit A@ = 1 uncertainty.

The pull distributions for the instrumental experimental and theory modelling NPs show that
most NPs are well within one standard deviation of their pre-fit values, indicating good agreement
between the background model and the observed data. In the instrumental plot (left), the majority of
NPs, covering lepton efficiencies, pile-up corrections, jet energy scale and resolution, and b-tagging
uncertainties, display small pulls, typically below 1, and remain well within the post-fit uncertainties
(green bands). This shows that the fit did not require large adjustments to these systematic effects,
reflecting both the robustness of the detector calibration and the stability of the fit in the control and
signal regions.

In the theory NPs (right), covering top-quark modelling, ¢7 and tW cross-section variations, PDFs,
parton-shower and ISR/FSR modelling, as well as signal modelling uncertainties, the pulls similarly
remain close to zero for most parameters. This reflects that the observed data in the CR are consistent
with the MC predictions within the pre-fit systematic uncertainties. Some NPs, notably top-quark p
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reweighting, NLO matching scales, and parton-shower variations, show more noticeable pulls, which is
expected given their direct impact on the ¢ prediction in the CR. Corresponding uncertainties are often
reduced post-fit, reflecting constraints provided by the data. The correlations between these modelling
NPs and the ¢7 normalisation factor further allow the fit to adjust the background predictions in a
coherent way. Overall, no NP exhibits extreme pulls or an unreasonably large post-fit shift, indicating
that the fit is stable, the nuisance parameters are properly constrained, and systematic uncertainties are
under control.

Ranking of nuisance parameters

The ranking of NPs is determined by their impact on the estimated value of the POI, p gy. This
impact is quantified as the change in the POI when a given NP is fixed to a value offset x from its
best-fit estimate, &:

Impact = o py (6 + x) = e py (). (5.12)

Two types of impact estimates are commonly considered:

* Pre-fit impact: x = A6, corresponding to a one-standard-deviation variation of the NP relative
to its pre-fit uncertainty. For unconstrained NPs, the pre-fit impact is not defined.

« Post-fit impact: x = Af, where A4 is the uncertainty on the post-fit value of the NP. Since the
fit may constrain NPs using the observed data, the post-fit impact is often smaller than the pre-fit
estimate.

Figure 5.16 shows the ranking of nuisance parameters according to their impact on the fitted
signal strength p; gy, together with their post-fit pulls. The dominant contributors are theory-related
uncertainties associated with the modelling and normalisation of the W and #f backgrounds. In
particular, the tW DR modelling uncertainty and the ¢ NLO matching uncertainty exhibit the largest
pre-fit impacts, indicating a strong sensitivity of the signal extraction to the theoretical description of
these backgrounds. While their post-fit impacts are reduced, they remain among the leading sources
of uncertainty, reflecting only partial constraint by the data.

Several additional NPs related to background normalisation and modelling, such as the free-floating
normalisation term and the ¢f renormalisation and factorisation scale variations, also show sizeable
impacts. The reduction from pre-fit to post-fit impact observed for many of these parameters demon-
strates the constraining power of the control regions, which help to mitigate modelling uncertainties
through the simultaneous fit. Experimental uncertainties, including jet flavour composition, pile-up
modelling, and top py reweighting, contribute at a subleading but non-negligible level, consistent with
their moderate correlations with p py.

Signal-related theoretical uncertainties appear near the bottom of the ranking, with limited impact
on [ ry, confirming that the sensitivity of the analysis is primarily driven by background modelling
rather than signal theory uncertainties. Overall, the observed ranking and impact pattern is consistent
with expectations for a background-dominated search and supports the robustness of the statistical
interpretation.

The ranking obtained from the unblinded fit is consistent with the relative magnitudes of the
correlations between each NP and u; gy, providing an independent check that the most influential
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systematic uncertainties are correctly identified. This ranking is particularly useful for understanding
which uncertainties dominate the sensitivity of the analysis and for guiding potential improvements in
modelling or control-region design.
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Figure 5.16: Ranking of nuisance parameters NPs from the unblinded fit. The NPs shown correspond to the
systematic uncertainties with the largest influence on the fitted signal strength p gy. The points along the
bottom axis indicate the deviation of each fitted NP from its nominal value, zero for systematic-uncertainty
NPs and one for NFs, expressed in units of the pre-fit standard deviation, A6. Error bars represent the post-fit
uncertainties, Ad; values close to one indicate little constraint from the data, while smaller values reflect a
reduction compared to the pre-fit uncertainty. The hollow blue bars show the pre-fit impact of each NP on
o pv> Whereas the filled bars represent the corresponding post-fit impact. NPs are ordered according to their
post-fit impact on the signal strength, as indicated by the top axis.

5.7.4 Limits on the cLFV process

The expected upper limit on the signal strength for the cLFV processes is computed using the CL
method, based on the Asimov dataset in the SR under the background-only hypothesis, employing
the fit described in section 5.7.2. The resulting expected upper limit on the signal strength at 95%
confidence level is

por < 9.5x 107 (5.13)

&9



Chapter 5 Search for Charged-Lepton-Flavour Violation in Top-Quark Processes

Eq. 5.13 translates into an expected upper limit on the cross-section of the combined production
and decay signal processes of

oy < 1.98fb  (95% CL). (5.14)

Following the prescription outlined in Section 5.7.1, this cross-section limit is further translated
into an expected upper limit on the branching ratio of the cLFV top-quark decay:

B(t - euq) ¥ < 116 x 107 (95% CL). (5.15)

exp.
The sensitivity to u gy 1s driven predominantly by the production signal, which provides the
dominant statistical contribution compared to the decay signal.
Results from the unblinded fit yield an observed upper limit on the signal strength of

oy < 9.2% 1074, (5.16)

which is slightly more stringent than the expected limit. This indicates good agreement between the
observed data and the background-only hypothesis.

The corresponding observed upper limit on the cross-section of the combined production and decay
signal processes is

o, <1.92fb  (95% CL), (5.17)

which again closely follows the expected sensitivity of the analysis.

Using the same translation procedure as for the expected limit, the observed upper limit on the
branching ratio of the cLFV top-quark decay, including both statistical and systematic uncertainties, is
found to be

B(t — eug) ™" < 1.12x 107 (95% CL). (5.18)

This observed limit is marginally stronger than the expected one, consistent with the slight downward
fluctuation observed in the fitted signal strength.

To assess the impact of systematic uncertainties, the observed limit is also evaluated considering
statistical uncertainties only, yielding

B(t - euq)™™ < 8.73%x 107 (95% CL). (5.19)

obs.

Comparing the statistical-only and statistical-plus-systematic results, the inclusion of systematic
uncertainties weakens the observed branching ratio limit by approximately 28%. This indicates
that, while the analysis remains predominantly statistically limited, systematic effects introduce a
degradation of the sensitivity.

The observed upper limit on the branching ratio obtained in this analysis, Eq. 5.18, represents a
substantial improvement over the previous ATLAS result reported in Ref. [16], which set an observed
limit of

B(t — epg)ie * <6.6x107  (95% CL). (5.20)
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This corresponds to an improvement of nearly three orders of magnitude in sensitivity. The enhanced
reach of the present analysis can be attributed primarily to the inclusion of the cLFV production signal,
which dominates the statistical sensitivity, as well as to the use of the full Run 2 dataset and an improved
analysis strategy. In contrast, the earlier result relied on a smaller integrated luminosity of 80 fb~! and
considered only the decay-signal contribution. Together, these factors lead to a significantly stronger
constraint on the branching ratio of the cLFV top-quark decay.

5.7.5 EFT interpretation

The exclusion limit on the cross-section of the eutg cLFV process can be interpreted within the
SMEFT framework, where each effective operator is considered independently. In this approach,
limits are derived under the assumption that a single dimension-6 operator is present at a time, while
all others are set to zero, allowing for a straightforward mapping between the experimental constraint
and the corresponding WC.

Although differences in the kinematic properties of the cLFV signal gg — teu are expected due to
the distinct parton distribution functions of the u- and c-quark initial states, these contributions cannot
be experimentally resolved with the current dataset. They are therefore treated independently in the
interpretation, with separate limits derived for the u- and c-quark—initiated processes. This procedure
ensures a consistent and conservative interpretation of the results within the SMEFT framework.

EFT interpretation procedure

The EFT interpretation is performed using the profile likelihood fit described in Section 4.5. Sensitivity
to different new-physics structures is probed by replacing the inclusive signal sample, comprising
contributions from all SMEFT operators listed in Table 2.1, with samples corresponding to individual
operators. As in the fit to the inclusive sample, the initial value of each WC is fixed to unity for a
reference scale of A = 1 TeV. This procedure results in twelve independent fits, corresponding to the
six EFT operators in Table 2.1, each considered separately for the two up-type quark flavours.

In addition to the single-operator fits, a scenario in which all vector operators contribute equally
is also considered. This is achieved by setting the corresponding WCs to the same value, reflecting
the assumption that the underlying new-physics interaction couples with equal strength to left- and
right-handed fermion fields. This benchmark provides a complementary interpretation that is less
sensitive to the chiral structure of the interaction [207]. Such a construction is redundant for the
scalar and tensor cases, as each corresponds to a single operator and therefore admits no analogous
equal-contribution scenario.

For the cLFV signal in 7 decay, six simulated samples are used, as described in Section 2.3.2.
These samples are inclusive with respect to the final-state quark flavour. The decays t — euu and
t — euc are therefore generated with equal probabilities, with only minor differences expected due to
the non-zero mass of the charm quark. As a result, no attempt is made to distinguish between the two
decay modes in the reconstruction or statistical analysis.

EFT fit results

The behaviour of NPs in each individual fit is observed to be consistent with the results presented in
Section 5.7.3, with the pulls on NPs showing very close agreement. This is expected, given that the
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underlying data and background models are identical across the fits. Some differences, however, are
noted in the relative impact of various signal-modelling systematic uncertainties between the EFT fits.
In particular, for the eutc samples, the PDF uncertainty associated with the gg — feu signal process
has a more significant effect than the parton shower and hadronisation uncertainty. Furthermore,
for charm quark-initiated processes, the PDF uncertainties are substantially larger than those for up
quark-initiated processes. Since the overall sensitivity of the fit is primarily limited by the size of the
dataset, a detailed discussion of the ranking of systematic NPs is not presented.

Table 5.11 summarises the expected and observed 95% CL exclusion limits on the WCs for up- and
charm-quark—initiated processes. The same expected and observed limits are shown graphically in
Figure 5.17. Overall, significantly stronger constraints are obtained for the u-initiated case than for the
c-initiated case. The expected limits for the u scenario are at the level of O(0.14) for the four-fermion
operators and Clle(;i“)’ with a notably tighter bound of 0.036 for 613521“) due to the larger cross-section
of this process. In contrast, the expected limits in the ¢ scenario are weaker by approximately a factor

of four to five, lying around O(0.62-0.64) for most operators and 0.151 for c?e(ij x3)
qu

Exclusion limits on SMEFT WCs at 95% CL

. —Gjk3)  (ijk3)  (ijk3)  (ijk3)  _1(ijk3)  3(ijk3)
L]=6H Clq Ceq Clu Ceu Clequ lequ

u (Exp.) 0.142  0.144 0.145 0.145 0.145 0.036
u (Obs.) 0.138  0.139 0.140 0.141 0.147 0.036

c (Exp.) 0.62 0.62 0.64 0.63 0.63 0.151
¢ (Obs.) 0.67 0.62 0.68 0.63 0.61 0.148

Table 5.11: Observed and expected exclusion limits at 95% CL on each of the WCs probed by the analysis.

g
»

o F f ‘ ] S l4F ]
g 0.3 — g - ]
C — Observed ] C — Observed B
£ [ (s=13TeV, 140 o - - Expected 7 £ 12 (s=13Tev, 140 fb* - - Expected ]
é 0.25— B Expected + 1o - g C B Expected + 1o ]
s E oLV eptu (\=1TeV) Expected 20 ] s 1 CLFV eptc (A=1TeV) Expected+26 |
3 02 = 3 ]
g r ] g 08 -
(3] C ] [} L -
_, r ] - — e . —
O 0-15_ --------------------- R O o6~ " —
X C ] X & ]
& 0.1— - & 0.4— ]
0.05— — 0.2 ]
ot | | | | | 7 oC | | | | | ]
1 3 1 3
CQ| Ceq C|u Ceu Cquu Cquu CQl Ceq CIu Ceu Cquu Cquu
(@) (b)

Figure 5.17: Observed and expected exclusion limits at 95% CL on the WCs probed in this analysis, corresponding
to the SMEFT operators listed in Table 2.1. A new-physics scale of A = 1 TeV is assumed. Each limit is derived
under the assumption that the WC under consideration is non-zero while all other operators are set to zero.
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5.7 Results

The observed limits are generally in good agreement with the expectations in both scenarios,
indicating no significant deviation from the background-only hypothesis. Small fluctuations are visible:
in the u case, the observed limits are slightly stronger than expected for most operators, while in the ¢
case the observed limits are in some instances weaker (e.g. ¢ k) and cl(’ijkz’)) and in others slightly

lq
stronger (e.g. cl1 (i7k3) and 307 k?’)). The consistently tighter constraints in the u-initiated case reflect
equ lequ

the greater sensitivity of the analysis to up-quark-induced signal production, whereas the reduced
sensitivity in the charm-quark case leads to correspondingly weaker bounds across all operators.

Limits obtained for vector-, scalar- and tensor-like interactions are summarised in Table 5.12.
Corresponding branching ratio and WC limits are displayed in Figure 5.18 comparing them between
the quark involved in the interaction, up or charm.

Vertex  Int. Coprq/ A? [TeV_Z] B( 10_6)
type Exp. Obs. Exp.  Obs.

Vector 0.072 0.069 0.044 0.040
eutu  Scalar 0.145 0.147 0.022 0.023
Tensor 0.036 0.036 0.068 0.065

Vector 0.31 0.33 0.84 095
eutc  Scalar 0.63 0.61 042 0.39
Tensor 0.151 0.148 1.17  1.11

Table 5.12: Expected and observed 95% CL upper limits on the cLFV WCs, and top quark cLFV branching
fractions.
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Figure 5.18: The observed 95% CL exclusion limits on the B(¢t — epuc) as a function of B(t — euu) (left) and
eutc vs. eutu Wilson coefficient (right) for the vector-, scalar-, and tensor-like cLFV interactions. The hatched
bands indicate the regions containing 68% of the distribution of limits expected under the background-only
hypothesis.
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The results obtained by this analysis with ATLAS data can be directly compared with those reported
by the CMS Collaboration [70], which performed a complementary search for charged-lepton-flavour
violation in top-quark interactions using a similar EFT interpretation. Although the two analyses differ
in event selection, signal modelling, and multivariate techniques, both experiments probe the same set
of dimension-six operators and present limits in terms of WCs and corresponding branching fractions.
This enables a meaningful comparison of their sensitivities and provides an important cross-check of
the experimental reach of the LHC programme in constraining flavour-violating top-quark interactions.

Limits obtained for vector-, scalar- and tensor-like interactions are summarised in Table 5.13.

Corresponding branching ratio and WC limits are displayed in Figure 5.19 comparing them between
the quark involved in the interaction, up or charm.

Vertex Int.  C,,,,/A°[TeV?]  8(107°)
type  Exp. Obs. Exp. Obs.

Vector 0.12 0.12 0.14 0.13
eutu  Scalar 0.23 0.24 0.06 0.07
Tensor 0.07 0.06 0.27 0.25

Vector 0.39 0.37 1.49 1.31
eutc  Scalar 0.87 0.86 091 0.89
Tensor 0.24 0.21 3.16 2.59

Table 5.13: Expected and observed 95% CL upper limits on the cLFV WCs, and top quark cLFV branching
fractions reported by CMS.
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Figure 5.19: The observed 95% CL exclusion limits on the 8(¢t — epuc) as a function of B(t — euu) (left) and
eutc vs. eutu Wilson coefficient (right) for the vector-, scalar-, and tensor-like cLFV interactions reported by
CMS. The hatched bands indicate the regions containing 68% of the distribution of limits expected under the
background-only hypothesis.
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5.7 Results

A comparison between the ATLAS and CMS results shows a consistent qualitative behaviour across
operators and quark flavours, while highlighting a clear difference in overall sensitivity. In both
experiments, limits on interactions involving the up quark are significantly stronger than those involving
the charm quark, reflecting the larger up-quark parton density in the proton and consequently higher
signal acceptance for eutu vertices. Furthermore, both analyses exhibit the same hierarchy among
Lorentz structures: tensor operators yield the strongest constraints on the Wilson coefficients, followed
by vector interactions, while scalar operators lead to comparatively weaker limits. Quantitatively,
however, the ATLAS analysis achieves substantially tighter bounds, improving the limits on C, ./ A?
by roughly a factor of two relative to CMS across most channels, which translates into branching-
fraction limits typically smaller by factors of three to five. The observed limits are generally consistent
with expectations in both experiments, indicating no significant deviation from the Standard Model
prediction and demonstrating good agreement between the two independent measurements despite
differences in the analyses.
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CHAPTER 6

Conclusion and Outlook

The ATLAS experiment has as one of its key missions to explore new physics beyond the Standard
Model. This thesis investigates the potential violation of charged-lepton flavour in top-quark processes
using the full Run 2 dataset of pp collisions at a centre-of-mass energy of v/s = 13 TeV, with an
integrated luminosity of 140 fb~'. The analysis highlights the capability of the current ATLAS dataset
to constrain the effective coupling strengths of BSM operators within the EFT framework. The
significantly larger datasets anticipated in the future will enhance the precision of SM parameter
measurements and enable the probing of even smaller effective coupling strengths.

This search is among the first to investigate cLFV in the top-quark sector and represents the
first ATLAS search focusing on final states with a hadronically decaying top-originated W boson
from charged-lepton flavour violating top-quark decay and production processes. These include
tt — (¢0'q)(W — qq)b and qg — t£t’, where £ and ¢’ have distinct flavours. The leptons considered
are electrons and muons, ¢ = {e, u}, also including those from 7 leptonic decays. The target signal
topology is characterised by an isolated, opposite-charge electron-muon pair and multiple jets, with
at least one being a b-jet. The signal region is optimised to enhance signal acceptance by selecting
events containing exactly one b-jet, while a dedicated control region requiring more than one b-jet is
used to constrain the dominant ¢7 background. Boosted decision trees were employed to distinguish
the signal, with events generated using a dedicated setup. The multivariate discriminant shape was
used as input for a binned profile likelihood fit to test for the presence of signal events.

The search is also conducted within a model-independent EFT framework, offering sensitivity to a
variety of new physics models capable of inducing such processes. The fitted observables align with
the SM hypothesis, with no evidence of a cLFV signal detected. Exclusion limits are set on the Wilson
coeflicients of dimension-6 SMEFT operators that can induce cLFV eutq interactions, focusing on
the leading contributions to these processes. While these limits do not directly reveal the nature of the
underlying new physics, they constrain the parameter space of theoretical models. Importantly, these
bounds serve as valuable inputs for global EFT fits, aiming to offer a comprehensive view of potential
new physics in the 1-10 TeV energy range.

The presented results complement previous searches for four-fermion eutq interactions by
ATLAS [16, 17] and CMS [18, 19, 70]. While combining exclusion limits for eutq and uttq
operators is not relevant within the SMEFT framework, it may become significant in models like
leptoquark scenarios that predict correlations between their effective coupling strengths. A combination
with CMS eutq searches could yield valuable insights but is complicated by the unknown correlations

97



Chapter 6 Conclusion and Outlook

in systematic uncertainties between the two collaborations.

Looking ahead, this analysis provides a solid foundation for future investigations of charged lepton
flavour violation in top-quark processes within the Standard Model Effective Field Theory framework.
As the integrated luminosity delivered by the CERN Large Hadron Collider continues to increase,
and with the advent of the High-Luminosity Large Hadron Collider, significantly improved sensitivity
to rare top-quark decays will become achievable. This will allow the tightening of constraints on
dimension-6 operators inducing charged lepton flavour violation, and potentially enable the first
indirect hints of physics beyond the Standard Model in the top sector. On the theoretical side, further
refinements, including higher-order corrections and global SMEFT fits incorporating complementary
low-energy observables, will be essential to fully exploit the experimental precision. In this context,
the methodology and results presented in this thesis can be extended to larger datasets and more
comprehensive operator bases, thereby contributing to a coherent and systematically improvable
programme of searches for flavour-violating new physics.

From the perspective of analysis techniques, several foreseeable improvements could substantially
enhance the sensitivity to charged lepton flavour violation in top-quark processes. The adoption of more
sophisticated multivariate strategies, such as deep neural networks or graph-based architectures tailored
to event topology, would improve signal-background discrimination beyond boosted decision trees.
In addition, refined object reconstruction, including improved flavour tagging, lepton identification,
and pile-up mitigation, particularly relevant in the high-occupancy environment of the HL-LHC, will
directly reduce systematic uncertainties and increase effective signal efficiency. The use of advanced
background modelling techniques, data-driven constraint strategies, and simultaneous multi-channel
fits within a global SMEFT interpretation could further stabilise the extraction of limits and strengthen
their robustness against modelling assumptions. Finally, the incorporation of differential information
and optimised observables sensitive to the Lorentz structure of dimension-6 operators would not only
improve the overall reach but also enhance the capability to disentangle operator contributions in the
event of a deviation from the Standard Model prediction.

The measurements presented in this thesis constitute a result being scrutinised by the ATLAS Top
Group before publication. The analysis has been performed within the Universitét Siegen ATLAS Top
Physics Group, and is carried out by a research team with colleagues from other institutions, such as
Universities of Birmingham and Sussex.
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