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Abstract

This thesis presents studies of single top-quark production in association with a pho-
ton (tg7), using 140 fb~! of proton-proton collision data at a center-of-mass energy of
13 TeV, recorded by the ATLAS detector at the Large Hadron Collider during Run 2.
With a predicted cross-section of the order of one picobarn, this process is among
the rarest top-quark processes in the Standard Model and provides a direct probe
of the electroweak coupling between the top quark and the photon. The inclusive
tqy cross-section has previously been measured by the ATLAS collaboration and
was found to be larger than the theoretical prediction, motivating further investi-
gation. KEssential components of the previous ATLAS measurement are revisited
under updated reconstruction and software conditions. A dedicated signal modeling
method is employed, combining next-to-leading-order Monte Carlo samples to consis-
tently describe photon radiation in both the production and decay of the top quark.
Background contributions from processes with misidentified or non-prompt photons
are estimated using data-driven techniques. A Neural Network is trained to select
a high-purity signal-enriched sample, enabling the study of the kinematic properties
of the process. The resulting distributions are found to be in good agreement with
theoretical predictions within the statistical uncertainties. The work presented in this
thesis provides the foundation for a future differential cross-section measurement of
single top-quark production in association with a photon.

Kurzfassung

Diese Arbeit présentiert Studien zur Produktion einzelner Top-Quarks in Verbindung
mit einem Photon (tgy), basierend auf 140fb~! an Proton-Proton-Kollisionen bei
einer Schwerpunktsenergie von 13 TeV, aufgezeichnet mit dem ATLAS-Detektor
am Large Hadron Collider wahrend Run 2. Mit einem Wirkungsquerschnitt der
Groflenordnung eines Pikobarn gehort dieser Prozess zu den seltensten Top-Quark-
Prozessen im Standardmodell und erlaubt eine direkte Messung der elektroschwachen
Kopplung zwischen Top-Quark und Photon. Der inklusive tqy-Wirkungsquerschnitt
wurde bereits von der ATLAS-Kollaboration gemessen und lag iiber der theoretischen
Vorhersage, was weitere Untersuchungen motiviert. Wesentliche Bestandteile der
vorherigen ATLAS-Messung werden unter aktualisierten Rekonstruktions- und Soft-
warebedingungen iiberarbeitet. Fir das Signal-Sample wird eine spezielle Methode
angewendet, bei der next-to-leading-order Monte-Carlo-Samples kombiniert werden,
um die Abstrahlung von Photonen sowohl wihrend der Produktion als auch wihrend
des Zerfalls des Top-Quarks konsistent zu beschreiben. Hintergrundbeitriage aus
Prozessen mit falsch identifizierten oder nicht-prompten Photonen werden mittels
datenbasierter Methoden abgeschétzt. Ein Neuronales Netz wird trainiert, um eine
signalangereicherte Stichprobe zu selektieren, wodurch die Untersuchung der kinema-
tischen Eigenschaften des Prozesses ermoglicht wird. Die resultierenden Verteilungen
stimmen innerhalb der statistischen Unsicherheiten mit den theoretischen Vorher-
sagen iiberein. Die in dieser Arbeit préisentierten Ergebnisse bilden die Grundlage fiir
eine zukiinftige differentielle Wirkungsquerschnittsmessung der Produktion einzelner
Top-Quarks in Verbindung mit einem Photon.
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The author contributed to the measurement of the photon identification efficiency
within the ATLAS experiment. For this, the author updated the existing Matrix
Method code for new reconstruction and software conditions, performed extensive
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Understanding the fundamental laws of nature is one of the central goals of particle
physics. To achieve this, mathematical theories for the elementary particles and
their interactions are formulated. These theories make predictions that can be
tested in experiments. The agreement between experimental observations and
theory determines whether a model is supported, needs to be refined, or must be
replaced.

One of the most successful of these theories is the Standard Model (SM) of particle
physics [1-3], which is a relativistic quantum field theory. It describes all known
elementary particles and the electromagnetic, weak, and strong interactions. Many
of its predictions, including the existence of additional quark generations such as
the bottom quark, first observed via the T resonance [4], as well as the Higgs
boson [5, 6], have been confirmed experimentally. The SM provides quantitatively
precise predictions for a wide range of observables, and these predictions agree with
experimental data at a remarkable level of precision [7].

Despite its success, the SM is incomplete. For example, it cannot explain the nature
of dark matter or dark energy [8], it provides no mechanism for the observed matter-
antimatter asymmetry [9], and it fails to incorporate gravity. These shortcomings
motivate the search for physics beyond the Standard Model (BSM). BSM physics
could appear in the form of new particles or new interactions, or through significant
deviations from precise SM predictions.

Testing the SM predictions and probing for deviations requires the study of high-
energy particle collisions, which are provided by accelerator facilities such as the
Large Hadron Collider (LHC), located at the CERN laboratory. The LHC is currently
the highest-energy particle collider ever constructed. During the data-taking period
between 2015 and 2018 (Run 2), the LHC collided protons at a center-of-mass
energy of 13TeV, which has been increased to 13.6 TeV in the ongoing Run 3.
Higher collision energy increases the reach for the production of potential new heavy
particles and enhances the production rates of rare SM processes. During Run 2,
the ATLAS experiment, one of the four major detectors at the LHC, recorded
the 140 fb~! of proton-proton collision data used in this thesis. Run 3 is expected
to more than double the Run 2 dataset size, significantly extending the available
statistics for rare-process studies.



1 Introduction

Both the accelerator and the detector systems undergo continuous improvements.
Various detector subsystems were refurbished or upgraded during long shutdown
periods to ensure optimal performance in subsequent data-taking periods [10]. The
reconstruction software is also updated regularly and incorporates improvements
in areas such as charged-particle tracking, primary-vertex reconstruction, isolation
definitions, and the identification of jets originating from bottom quarks [11-13].
Monte Carlo (MC) simulation software evolves as well, providing improved modeling
of parton showers, hadronization, and underlying-event activity [14-16]. Such
improvements allow more precise measurements and motivate revisiting analyses
originally performed under earlier hardware and software conditions.

Within the SM, the top quark, which was discovered in 1995 by the D@ [17] and
CDF [18] collaborations at the Tevatron, is of particular interest. It is by far the
heaviest known elementary particle, and its large mass implies a strong coupling
to the Higgs field [19]. Top-quark processes are therefore sensitive probes for BSM
physics that modify the Higgs interaction or introduce new heavy particles that
preferentially couple to heavier SM particles [20].

The t-channel production of a single top quark in association with a photon (tgvy) is
one of the rarest top-quark processes in the SM. For the generated MC samples, the
MC generator predicts a leading-order cross-section of 1.40 pb for the leptonic top-
quark decay channel. This cross-section is evaluated in a parton-level phase space,
requiring an isolated photon with a minimum transverse momentum of pJ. > 10 GeV.
For comparison, Figure 1.1 shows the cross-sections of other top-quark processes
measured by the ATLAS collaboration. The tf process exceeds the tqy process by
about three orders of magnitude. The fiducial (i.e. defined within analysis-specific
kinematic selections) cross-sections shown depend strongly on the respective analysis
selections. In terms of inclusive cross-sections, even the already rare tfy process has
a cross-section approximately four times larger than that of the gy process. Rare
processes are particularly interesting, as their small SM rates make them sensitive
to potential BSM contributions that can lead to statistically significant deviations
from the SM expectation, provided the experimental and theoretical uncertainties
are sufficiently well controlled.

Additionally, the tqy process directly probes the electroweak coupling between
the top quark and the photon and is sensitive to modifications induced by BSM
physics. The CMS collaboration reported the first evidence for this process in
2018 [21]. In 2023, the ATLAS collaboration published the first observation and
an inclusive cross-section measurement [22]. The measured cross-section lies, like
the CMS result, about two standard deviations above the theory central value. The
tqy measurement is not statistically limited and therefore a good candidate for a



differential cross-section measurement. This thesis presents the groundwork for that
measurement under updated reconstruction and software conditions.

Essential parts of the previous tg-y analysis are revisited in this thesis. This includes
the special stitching procedure applied to the signal MC sample, the estimation
of backgrounds with non-prompt photons using data-driven techniques, and the
Neural-Network-based separation of signal and background. In addition, the author
presents results from work done within the ATLAS collaboration on data-driven
photon identification efficiency measurements.

Top Quark Production Cross Section Measurements Status: May 2025
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Overview of top-quark production cross-sections measured by the
ATLAS collaboration for different data-taking periods. Colored markers indicate
the measured cross-sections, while the gray bands show the corresponding Standard
Model theoretical predictions. The values for top-quark pair production in associa-
tion with a photon (¢tv) and for single-top-quark production in association with a
photon (tv, denoted tgy in the rest of this thesis) are shown within the respective
fiducial phase spaces of the individual analyses. Figure taken from Ref. [23].

The thesis is structured as follows: Chapter 2 gives a brief overview of the Standard
Model, followed by a description of the LHC and the ATLAS detector in Chapter 3.
The dataset and MC samples, including the stitching procedure for the signal sample,
are described in Chapter 4. Chapter 5 details the reconstruction of physics objects
and the changes introduced by recent software updates. Chapter 6 presents the
data-driven photon identification efficiency measurements. The overall analysis
strategy is outlined in Chapter 7, followed by the estimation of backgrounds with
non-prompt photons in Chapter 8. Chapter 9 describes the Neural-Network-based
signal separation, and Chapter 10 summarizes the presented results.



2 Top quarks and photons in the Standard Model
of particle physics

The Standard Model of particle physics (SM) [1-3] is a relativistic quantum field
theory. It describes fundamental particles, properties of these particles, and three
out of the four known interactions between them, namely the strong, weak, and
electromagnetic interactions. Gravity is not included in the SM. To date, the SM is
the most successful theory for describing experimental observations in high-energy
physics. An overview of the SM particles and interactions can be seen in Figure 2.1.
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Figure 2.1: Illustration of the SM particles, some of their properties and their
interactions. The graphic is adapted from Ref. [24] with property values taken
from Ref. [7].



2.1 Fermions

2.1 Fermions

Fermions, characterized by their half-integer spin, can be divided into two groups:
quarks, which carry color charge, and leptons, which do not. Color charge is the
quantum number that determines whether a particle participates in the strong
interaction, as described in more detail in Section 2.2. Distinct particles can be
understood as localized excitations of their respective quantum fields. Each fermion
corresponds to a specific field that defines the particle’s properties and possible
interactions.

Quarks are organized into generations, each containing an up-type-down-type quark
doublet. The up-type quark in a doublet always carries an electric charge of +2/3e
while down-type quarks carry an electric charge of —1/3e. The existence of three
generations of quarks has been experimentally observed. The first generation
consists of the up and down quarks (u and d). The second generation consists of
the charm and strange quarks (¢ and s). The third generation consists of the top
and bottom quarks (¢ and b). The generations are ordered by mass, with quarks in
the first generation being the lightest and quarks in the third generation being the
heaviest.

Similar to quarks, leptons are organized into generations that are ordered by mass.
Each generation consists of a doublet comprising a lepton with an electric charge
of —1e and a corresponding neutrino with neutral electric charge. The existence of
three generations of leptons has been experimentally observed. The first generation
consists of the electron and the electron neutrino (e and v). The second generation
consists of the muon and the muon neutrino (x and v,). The third generation
consists of the tau and tau neutrino (7 and v,).

For each fermion, there exists a corresponding antiparticle with the same mass but
with certain quantum numbers reversed, such as the electric charge and, in the case
of quarks, the color charge.

2.2 Gauge bosons as mediators of interactions

Interactions in the SM are defined by the gauge symmetry group SU(3)c x SU(2) 7, x
U(1)y. Each symmetry term implies a corresponding conservation law, in which
a specific quantity is preserved under the associated gauge transformations. For
a field transforming under that symmetry, this conservation applies not only globally
but also to local particles involved in the transformation. Therefore, in order to
account for the transformation and maintain local invariance, gauge fields and
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their associated gauge bosons are introduced. The gauge bosons couple to particles
affected by a transformation and thereby mediate the interactions. Interaction
probabilities depend, among other factors, on the strength of the coupling of gauge
bosons to interacting particles, known as coupling constants. Each interaction has
a different coupling constant, which also depends on the energy scale at which the
interaction occurs. After electroweak symmetry breaking, discussed in Section 2.3,
the gauge symmetries give rise to the strong, weak, and electromagnetic interactions
observed in nature. In the following, interactions are described in terms of the
physical gauge bosons after electroweak symmetry breaking.

The strong interaction corresponds to the SU(3)c symmetry group of quantum
chromodynamics (QCD) and is mediated by gluons (g). Gluons are massless
and, like all SM gauge bosons, they are spin-1 particles. They couple to the
color charge C, which is the conserved quantity of the strong interaction. Since
gluons carry color charge themselves, they couple not only to quarks but also to
other gluons. Color charge has three possible states and corresponding anti-color
states. In nature, only color-neutral states are observed, a phenomenon known
as confinement. A color-neutral state can arise from combinations where either
the three (anti-)colors or colors with corresponding anti-colors cancel each other
out. Quarks, which themselves are not color-neutral, form color-neutral bound
states called hadrons through a process known as hadronization. Hadrons have
been most commonly observed in the form of baryons, which are composed of three
(anti-)quarks, or mesons, which are composed of a quark and an anti-quark. The
strong interaction is the only SM interaction whose coupling constant ag decreases
with increasing energy. This behavior is a consequence of a distinctive property of
QCD known as asymptotic freedom. While quarks are confined at low energy scales,
above energy scales of A ~ 1 GeV they can be interpreted as approximately free.
However, even at high energy scales, where ag =~ 0.1, the strong interaction is the
dominant interaction for most processes.

The weak interaction arises from the electroweak SU(2)z x U(1)y symmetry group
after spontaneous symmetry breaking. The L in SU(2)y, indicates that this symmetry
acts only on fermions with left-handed chirality (and anti-fermions with right-handed
chirality). The weak isospin T" and the weak hypercharge Y are the quantum numbers
associated with the SU(2) and U(1)y symmetry groups, respectively. The weak
interaction is mediated by the W= and Z bosons. Unlike the other SM gauge bosons,
the W+ and Z bosons have non-zero mass. The weak interaction is the only SM
interaction that allows transitions between different types (flavors) of quarks. While
suppressed, quarks can transition between generations. For leptons, flavor-changing
weak interactions occur only within a generation, i.e. between a charged lepton
and its corresponding neutrino. Neutrinos interact only via the weak interaction
in the SM and can change flavor through neutrino oscillations [25, 26]. Because



2.3 The Higgs mechanism

of the mass of the weak gauge bosons, the weak interaction is short-range and
strongly suppressed at low energies. At energies around the weak gauge boson
masses, however, the weak interaction is the second strongest interaction, with an
effective coupling strength of ay, ~ 1/30.

The electromagnetic (EM) interaction arises after electroweak symmetry breaking
and is mediated by the massless photon (), corresponding to the unbroken U(1)gm
symmetry group. This group emerges from the electroweak SU(2)z, x U(1)y group
after symmetry breaking. The conserved quantity to which the photon couples
is the electric charge QQ = T35 + %, where T3 denotes the third component of the
weak isospin. Unlike the gauge bosons of the strong and the weak interactions,
the photon does not self-couple. The coupling strength of the electromagnetic
interaction, agy, increases slightly with increasing energy, but at energies accessible
in present-day high-energy collider experiments, it remains relatively constant at
around apy &~ 1/128.

2.3 The Higgs mechanism

For the SU(2); x U(1)y symmetry group, gauge invariance forbids explicit mass
terms for gauge bosons as well as fermions, which does not match experimental
observations. To resolve this, the scalar Higgs field is introduced, which has a
non-zero vacuum expectation value. Through its interaction with the electroweak
gauge fields, this leads to spontaneous breaking of the SU(2)7, x U(1)y symmetry
group. As a result, linear combinations of the electroweak gauge fields give rise
to the physical gauge bosons observed in nature, namely the weak W+ and Z
bosons as well as the electromagnetic photon. The W* and Z bosons acquire mass
through their interaction with the Higgs field. The remaining unbroken U(1)gm
symmetry leaves the photon massless and ensures the conservation of electric charge
in electromagnetic interactions. Fermions gain mass via Yukawa couplings to the
Higgs field. The strength of these couplings varies between different fermions,
leading to the observed mass spectrum. The resonant particle of the Higgs field, the
spin-0 Higgs boson, was discovered in 2012 by both the ATLAS [5] and the CMS
experiment [6].

2.4 Single top-quark production in association with a photon

The top quark, being the heaviest SM particle, is of particular interest due to its
large Yukawa coupling to the Higgs field. Production of a single top quark in
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association with a photon is an SM process with a small predicted cross-section at
the energy scale of present-day high-energy particle colliders. Studying this process
provides a unique test of the top-photon coupling via the electromagnetic interaction.
Moreover, it allows precise tests of the top quark’s properties, such as its electric
and magnetic dipole moments [27, 28]. Any discrepancies with SM predictions could
hint at new physics beyond the SM.

Single top quarks can be produced through the ¢-, tW-, or s-channel. In the
s-channel, a W boson mediates the interaction and decays into a top quark and
a bottom quark. Top quarks decay almost exclusively via the weak interaction
into a bottom quark and a W boson. For the single-top s-channel, this typically
results in a final state with two bottom quarks. Because of that, the final state can
resemble top quark pair production (¢f). The predicted s-channel cross-section for
proton-proton (pp) collisions at a center-of-mass collision energy /s = 13 TeV is
o= 10.3J_r8:jll pb [29]. In the tW-channel, a bottom quark and a gluon interact to
produce a top quark together with a W boson. After the top quark decays, the
final state includes two W bosons, again resembling ¢t production. The predicted
tW-channel cross-section for pp collisions at /s = 13 TeV is o = 79.5732 pb [30].
In the t-channel, a bottom quark interacts with another quark via a W boson to
produce a top quark. This channel typically produces one bottom quark from the
top-quark decay, at most one charged lepton, and a light spectator quark. The
t-channel is the single-top production mode with the largest predicted cross-section
for pp collisions at v/s = 13 TeV of o = 214.275: L pb [31]. Tts distinct topology allows
better separation from tt events.

Because of the higher cross-section and the event topology that can more easily
be separated from the tt process, this analysis focuses on t-channel production.
The associated photon can be radiated from any charged particle involved in the
interaction, such as the top quark, the W bosons, or any initial- or final-state quark.
The W boson from the top-quark decay can decay either leptonically into a charged
lepton and a neutrino or hadronically into a pair of quarks. To suppress the large
background from purely hadronic processes, this analysis selects events where the
W boson decays leptonically. The corresponding leading-order Feynman diagram of
the process (the tgy process) is shown in Figure 2.2.

2.4.1 Background processes

In addition to the signal process, several other SM processes can produce final
states containing charged leptons, neutrinos, and bottom quarks, thereby resulting
in event topologies similar to that of the tqy process. Such background processes
may contain photons that originate directly from the hard interaction, referred to



2.4 Single top-quark production in association with a photon

as prompt photons, or events may contain photons from hadron decays or other
secondary processes (non-prompt photons), or particles, most commonly electrons
or hadrons, that are misidentified as photons (fake photons). Even processes that
do not produce the same set of final state particles exactly can contribute to the
background if some particles in an event are not correctly identified.

Leading-order Feynman diagram for ¢-channel single top-quark pro-
duction in association with a photon. A bottom quark (b) from the initial state
interacts with a spectator quark (g) via the exchange of a virtual W boson, pro-
ducing a top quark (¢). The top quark subsequently decays into a bottom quark,
a charged lepton (¢), and a neutrino (v¢). The photon () can be radiated from
any charged particle in the process, including the top quark, the W boson, or the
initial- or final-state quarks.

A dominant background originates from top-quark pair production. In particular,
semileptonic ¢t events, where one W boson decays leptonically and the other hadron-
ically, produce a final state containing one charged lepton, one neutrino, and two
bottom quarks, together with additional quarks from the hadronic W boson decay.
Although no prompt photon is produced in the hard interaction, non-prompt and
fake photons may appear in tf events. Given the large tf production cross-section,
which even for the semileptonic decay channel alone exceeds that of the tqy pro-
cess by more than two orders of magnitude, such events constitute a significant
background.

Another major background is top-quark pair production in association with a pho-
ton (tt7). This process has a cross-section of the same order of magnitude as the
tqy process and contains a genuine prompt photon in the final state. Since the
remainder of the event topology is equivalent to that of ¢£ production, ¢ty events
can closely mimic the tqvy signal.
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Further background contributions arise from electroweak processes with a prompt
photon, most notably W~ and Z~ production in association with quarks. In
W~ events, the W boson can decay leptonically, producing a charged lepton and
a neutrino, similar to the signal final state. Z~ events contribute when the Z boson
decays into neutrinos, producing missing energy, or into charged leptons if one lepton
is not correctly identified, resulting in a partially similar topology.

Finally, processes without a prompt photon can contribute to the background
through non-prompt or fake photons. These processes include W and Z production
in association with quarks. While the event topology is generally less similar to
the tqy signal, the contribution arises when particles are not correctly identified.
Having a final state signature similar to the signal process, production of single top
quarks also contributes as a background.

2.4.2 Previous measurement by the ATLAS collaboration

The tqy process has previously been measured using the full Run 2 dataset recorded
by the ATLAS experiment at /s = 13 TeV [22]. In that analysis, a fiducial cross-
section measurement was performed in the leptonic decay channel of the top quark.
A schematic overview of the analysis strategy is shown in Figure 2.3. Events were
categorized into two signal regions according to the presence of a characteristic
spectator quark produced in the t-channel exchange. The first signal region contained
events without such a signature (no-spectator SR), while the second required at
least one such signature (spectator SR). In addition, two control regions enriched in
the dominant prompt-photon backgrounds, ¢ty and W~ production, were defined.

Two Neural Network (NN) classifiers were trained independently in the two signal
regions. The NNs combined several kinematic and topological observables into a
single discriminating NN output variable. Two inclusive tgy cross-sections were
extracted using separate simultaneous binned likelihood fits with two slightly different
signal definitions. As input to both fits, the NN output distributions in the two
signal regions and in the {7 control region were used, where high NN output values
correspond to an increased tg~ signal fraction. In addition, the inclusive event yield
in the W+ control region was used as input to the fits.

For such fits, a likelihood is constructed as a product of Poisson probabilities P,
over all bins b of all regions r. Each P, defines the probability to obtain the
observed event count in data, given the expected yields from signal and background
processes. The expected yields are derived from simulation and parametrized in
terms of several parameters that affect both the normalization and the shape of
the predicted distributions. The fit determines the parameter values that maximize

10
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the likelihood and therefore best describe the observed data yields. For the inclu-
sive tgy measurement, these parameters included an overall normalization factor
for the tqy contribution iy, a normalization factor for the ti{y process, and a
normalization factor for the W+ process. Systematic and statistical uncertainties
were incorporated as additional parameters in the likelihood model. These parame-
ters, in contrast to the normalization parameters, are constrained by probability
distributions, such that deviations from their nominal values reduce the likelihood
value according to the associated uncertainties.

Comparing the obtained likelihoods with those from fits performed under the no-
signal hypothesis, the no-signal hypothesis was rejected with a significance of 9.30,
representing the first observation of the tqy process. From the 14, values determined
by the fits, inclusive cross-sections were measured. The results were found to be
about two standard deviations above the central value of the SM predictions. The
measurement precision was primarily limited by systematic uncertainties, with
the largest contribution arising from the uncertainty related to the modeling of
the tty background. These observations motivate further studies of the tgy process,
in particular differential measurements that probe the kinematic and topological
properties of the process and may provide increased sensitivity to deviations from
SM predictions.

Signal Region Signal Region Control Region Control Region

No Spectator Spectator tf—y W~

Neural Network Neural Network Neural Network
Output Output Output
Schematic overview of the analysis strategy used in the previous

< Binned Likelihood Fit >

— Inclusive tgvy Cross-Section

inclusive t¢y measurement [22]. Events are categorized into signal and control
regions. Depending on the region, either the Neural Network output distribution
or the inclusive event yield is used as input to a simultaneous binned likelihood fit,
from which the inclusive tqy cross-section is extracted.
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3.1 Proton collisions at the CERN accelerator complex
during Run 2

In order to test the predictions of the SM, to perform precision measurements of its
parameters, and to search for physics beyond the Standard Model, one approach is
to produce a variety of particles in a controlled experimental environment where
their properties can be precisely measured. The Large Hadron Collider (LHC) [32],
situated at CERN in Geneva, Switzerland, serves this purpose. Here, high-energy
protons, or other particles if required, are brought into collision. A portion of
the collision energy is converted into rest mass energy, facilitating the production
of possibly even the heaviest SM particles. With a circumference of 26.7 km and
a center-of-mass collision energy for protons in Run 2 of 13 TeV, the LHC is the
largest and highest-energy particle collider worldwide.

Achieving collisions of protons at energies that high requires the sequential acceler-
ation of the protons through a series of pre-accelerators at the CERN accelerator
complex. A schematic depiction of its layout is shown in Figure 3.1. For Run 2,
hydrogen atoms that are stripped of their electrons are used as a source of pro-
tons. These protons are injected into the Linear Accelerator 2 (LINAC2), where
they are brought to an energy of 50 MeV. Subsequently, the protons are succes-
sively accelerated to up to 1.4 GeV in the Proton Synchrotron Booster (BOOSTER),
up to 25GeV in the Proton Synchrotron (PS), and up to 450GeV in the
Super Proton Synchrotron (SPS). As the final stage of the accelerator complex, the
LHC, a ring accelerator and collider, further increases the proton energy to the
nominal collision energy. The protons circulate in opposite directions in the two
separate beam pipes before being collided at one of the four particle interaction
points. The protons are grouped into discrete bunches. During Run 2, these bunches
are crossed at the interaction points with a bunch crossing rate of up to 40 MHz.

Four different detectors are positioned around the interaction points. The
ALICE detector [33] specializes in heavy ion collisions and focuses on the study
of quark-gluon plasma. The LHCb detector [34] is specifically designed to study
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3.1 Proton collisions at the CERN accelerator complex during Run 2

b-hadrons, which are especially important for understanding matter-antimatter asym-
metry. Both the CMS detector [35] and the ATLAS detector [36-39] are versatile
general-purpose detectors that study a wide range of particle physics phenomena.

cMs

@ ALICE LHCb @

SPS
s

ATLA

PS

1959 (628m)]
LINAC2 —
2020

Figure 3.1: The CERN accelerator complex. Protons are accelerated through the
injector chain, consisting of the Linear Accelerator 2 (LINAC2, shown in green), the
Proton Synchrotron Booster (PSB, shown in orange), the Proton Synchrotron (PS,
shown in blue), and the Super Proton Synchrotron (SPS, shown in purple), before
being injected into the final stage, the Large Hadron Collider (LHC, shown in red).
The LHC hosts four major experiments, the ALICE, the ATLAS, the CMS, and
the LHCb experiments. Graphic adapted from Ref. [40].

The instantaneous luminosity Linst at a collider quantifies the number of interac-
tions N per time t for a given process with cross-section o via

Ly

= (3.1)

ﬁinst =
At the LHC, Li,st depends on the number of particle bunches per beam, the number
of particles per bunch, the revolution frequency of the circulating beams, as well
as the geometry of the bunches at the interaction point. During Run 2, the LHC
operated with up to 2544 proton bunches per beam, each typically containing
about 10'! protons, circulating at a revolution frequency of about 11.2kHz. This
configuration allowed the LHC to reach peak instantaneous luminosities of up
to 21.0 - 1033 ecm 2571 [41, 42].

13



3 Experimental setup

3.2 The ATLAS Detector

3.2.1 General layout

A schematic cut-away view of the detector can be seen in Figure 3.2. The detector
has a cylindrical layout, symmetric around the beam axis. It is designed to provide
nearly complete coverage of the 4m solid angle around the interaction point. Gaps
are only present for essential components such as the beam pipe itself, support
structures, and infrastructure such as electronics and cabling. This design minimizes
the risk of particles escaping detection through gaps.

25m

Tile calorimeters

N LAr hadronic end-cap and
forward calorimeters
Pixel detector

Toroid magnets LAr electromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Figure 3.2: Schematic cut-away view of the ATLAS detector. Figures of people
are shown for scale [36].

Descriptions of the detector geometry are based on a right-handed coordinate system
with the origin at the nominal interaction point. In this system, the z-axis aligns
with the beam axis. The positive z-axis extends inward from the interaction point,
and the positive y-axis points upward. Cylindrical coordinates are commonly used,
where the azimuthal angle ¢ is defined in the x-y plane around the z-axis, and the
radial distance R denotes the distance from the z-axis. The polar angle 6 is defined
relative to the z-axis, from which the pseudorapidity n = —Intan (0/2) is derived.
The detector covers pseudorapidities up to |n| = 4.9. Observables such as the
transverse energy ET and the transverse momentum pt are defined in the transverse
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3.2 The ATLAS Detector

x-y plane. Distances in the 7-¢ space are given by AR = \/An? + A¢?. Using n
instead of # entails the advantage that differences An and angular separations AR
are approximately invariant under Lorentz boosts along the beam axis for highly
relativistic particles.

The detector is divided into two main sections, commonly referred to as the barrel
region and the end-cap regions. The barrel region comprises the cylindrical section
that extends around the beam axis, while the end-caps are the disk-shaped sections
at each end of the cylinder. Both sections consist of several detector components,
which allow the detection of all SM particles, with the exception of neutrinos. These
components are described in the following sections.

3.2.2 Inner Detector

The Inner Detector (ID) is the detector component closest to the interaction point,
designed to reconstruct tracks of charged particles. A schematic cut-away view is
shown in Figure 3.3. The ID covers a pseudorapidity range of || < 2.5 and consists
of three main sub-detectors, arranged in layers, as shown in Figure 3.4.

21m

End-cap semiconductor tracker

Figure 3.3: Schematic cut-away view of the ATLAS Inner Detector [36].
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R =1082 mm

TRT
R =554 mm
R=514 mm
R =443 mm
SCT

R=371 mm
R =299 mm

R =122.5 mm
Pixels { R = 88.5 mm
R =50.5mm
R=0mm

Figure 3.4: Illustration showing the arrangement and dimensions of the various
Inner Detector layers in the barrel region [36].

The innermost sub-detector is the Pixel Detector, a silicon semiconductor tracker. It
contains three pixel layers in both the barrel region and the end-cap regions.
The barrel region also features an additional layer closest to the beam, the In-
sertable B-Layer (IBL) [37-39]. The Pixel Detector has a spatial resolution of 10 pm
in azimuthal direction and 115pum in z direction (barrel region) and R direction
(end-cap regions).

Surrounding the Pixel Detector is the SemiConductor Tracker (SCT). This sub-
detector consists of four layers of silicon micro-strip sensors in the barrel region
and nine layers in each end-cap region. The SCT provides a resolution of 17 pm in
the azimuthal direction and 580 um in z direction (barrel region) and R direction
(end-cap regions).

The outermost sub-detector is the Transition Radiation Tracker (TRT), which
extends to |n| < 2. The TRT consists of straw tubes filled with a gas mixture
that become ionized as charged particles pass through. When a charged particle
crosses the boundary between materials with different dielectric constants, it emits
transition radiation in the form of photons. The comparatively light electrons tend
to emit more photons than heavier hadrons. By detecting ionization and transition
radiation, the TRT provides tracking information and helps distinguish electrons
from hadrons.
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3.2 The ATLAS Detector

As charged particles traverse the ID, they leave distinct hits in each of the sub-
detectors. A track can have up to four hits in the pixel detector, up to four hits
in the SCT, and as many as 36 hits in the TRT. These hits are reconstructed into
tracks, which are a crucial part of the overall object reconstruction and also allow
for the determination of primary and secondary vertices with high precision.

Additionally, the ID is surrounded by a solenoid magnet that produces a 2T axial
magnetic field, which bends the trajectories of charged particles, enabling the
measurement of their charge and momentum.

3.2.3 Calorimeters

Surrounding the Inner Detector is the calorimeter system, which is divided into
two main components: the electromagnetic calorimeter (ECAL) and the hadronic
calorimeter (HCAL). These sub-detectors allow the measurement of the energy and
position of electrons, photons, hadrons, as well as particles that might decay into
one of the above before reaching the calorimeter system, as is e.g. most often the
case for tau leptons. A schematic cut-away view of the calorimeters can be seen in
Figure 3.5.

To minimize punch-through, where high-energy particles might pass through the
calorimeter without being stopped, the calorimeter uses a sampling design. This
involves alternating layers of different absorber materials and active material. The
absorber material forces incoming particles to interact and produce showers of
secondary particles. The active material then detects these showers either through
scintillation or by measuring the ionization produced by the shower particles. The
position and shape of the measured energy depositions, combined with the tracking
information from the Inner Detector, enables precise identification and reconstruction
of the corresponding particles, as discussed in more detail in Chapter 5.

The ECAL in the barrel region uses liquid argon as active material with lead as
absorber. It has an accordion geometry, which avoids cracks in the azimuthal
direction. The ECAL is divided into three layers with different granularity. The first
layer has very fine segmentation in 7 direction. It is crucial for photon identification,
since it helps distinguish prompt photons, which originate directly from the hard
interaction, from overlapping photons produced by hadron decays or radiation. The
second layer, which contains the largest amount of absorber material, collects most
of the shower energy. The third layer is the coarsest layer and helps to absorb
high-energy showers that would otherwise extend beyond the ECAL depth. In the
barrel region, the typical cell granularity is of the order An x A¢ ~ 0.025 x 0.025 in
the second layer and significantly finer in the first layer. A presampler in front of the
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barrel ECAL, covering |n| < 1.8, corrects for energy lost in the detector components
preceding the calorimeter. The electromagnetic end-caps (EMEC) extend the ECAL
coverage up to |n| &~ 3.2. The EMEC uses the same three-layer structure as the
barrel ECAL, with adapted granularity to match the changing particle densities
and radiation conditions at large |n|.

The HCAL lies directly behind the electromagnetic calorimeter. In the barrel region,
including the extended barrel which covers up to || < 1.7, steel is used as absorber
material and scintillating tiles as active material. The light produced in the tiles
is collected by photomultipliers on both sides. The granularity is coarser than in
the ECAL because hadronic showers are usually wider and their internal structure
fluctuates more, which limits the benefit of fine segmentation. In the end-cap regions,
the hadronic end-cap calorimeters (HECs) use copper absorber plates and liquid
argon as active material. The HECs provide hadronic energy measurements up
to |n| < 3.2.

At very small angles with respect to the beam axis, the forward calorimeters (FCALs)
extend the calorimetry into the high-n region. The FCALSs use liquid argon with
dense absorber materials, such as copper or tungsten, and combine electromagnetic
and hadronic calorimeter functionality. Together with the barrel and end-cap
calorimeters, nearly full calorimeter coverage up to |n| < 4.9 is provided.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic

barrel
LAr forward (FCal)

Figure 3.5: Schematic cut-away view of the ATLAS calorimeter system [36].
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3.2.4 Muon spectrometer system

The outermost part of the ATLAS detector is the muon spectrometer, which is
cylindrical around the beam axis. The system consists of superconducting air-core
toroid magnets along with three layers of tracking chambers, covering both the barrel
region and the end-cap regions. The primary purpose of the muon spectrometer is to
determine the trajectories, the charge, and the momentum of charged particles that
exit the calorimeter system. The spectrometer provides coverage up to |n| < 2.7.
A schematic cut-away view of the muon system is shown in Figure 3.6.

Thin-gap chambers (T&C)
n Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6: Schematic cut-away view of the ATLAS muon spectrometer sys-
tem [36].

All active detector elements within the muon spectrometer rely on the ionizing
effect of passing particles. The tracking information is primarily provided by
Monitored Drift Tubes. However, in the range of 2.0 < |n| < 2.7, the innermost
layer of the end-caps is equipped with Cathode Strip Chambers, which are designed
to withstand higher radiation and offer improved time resolution for the high particle
rates in this region. Both types of tracking chambers specialize in measuring the
position of muons in the bending plane (the 1 coordinate).

For |n| < 2.4, the spectrometer also includes trigger chambers: Resistive Plate Cham-
bers in the barrel region and Thin Gap Chambers in the end-caps. These trigger
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chambers provide rapid track information with a latency of less than a nanosec-
ond, enabling the identification of potentially interesting events, as detailed in
Section 3.2.5. Additionally, the trigger chambers complement the tracking chambers
by measuring the position of particles in the non-bending plane (the ¢ coordinate).

The combination of the Inner Detector, the calorimeters, and the muon spectrometer
allows for the detection of all SM particles except neutrinos. As a result, the
ATLAS detector is capable of measuring the missing transverse momentum EX,
defined as the negative vector sum of reconstructed transverse momenta in an event,
which can then be attributed to non-interacting particles such as neutrinos.

3.2.5 Trigger system

The ATLAS trigger system [43] is essential for efficiently processing and recording
only those events that exhibit characteristics deemed relevant for further analysis.
This involves selecting events with specific features, such as high-energy particles or
significant missing transverse momentum. Given the LHC’s bunch crossing rate of up
to 40 MHz, it is crucial to filter out less significant events. Otherwise, the immense
volume of data would overwhelm both computational and storage capabilities.

The trigger system operates in two stages: the Level-1 (L1) trigger and the High-
Level Trigger (HLT). The L1 trigger is a hardware-based system that processes
granular information from the calorimeters and the muon spectrometer, selecting
up to 100 kHz of events per second, which are then passed to the HLT.

The HLT is a software-based system that processes more detailed information from
all detector systems described above. It performs a refined selection of events, with
an average output rate of 1.2 kHz being stored for detailed offline analysis.
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4.1 Data

For the differential measurement of the tgy process, the full Run 2 dataset recorded
with the ATLAS detector during the LHC data-taking periods between 2015 and
2018, with a center-of-mass collision energy of 13 TeV, is used. A measure for the
amount of recorded particle collisions is the integrated luminosity

1dN N
Ling = | ———dt = —, 4.1
’ /o dt o (4.1)

where N is the number of events for a given cross-section o. The Run 2 dataset
corresponds to an integrated luminosity of (140.1 4 1.2) fb~* [41].

4.2 Monte Carlo simulations for signal and background
processes in high-energy physics

In high-energy physics measurements, the term signal refers to the process of interest,
while all other processes are labeled as background. To obtain a dataset with high
signal purity and efficiency, selection criteria are applied. These selections accept
events that match the signal’s signature in the detector, requiring the reconstruction
of specific particles with specific properties. This reliably rejects many background
processes. However, some background events may still pass the selection. This
occurs when background processes have detector signatures similar to the signal
or when particles are misidentified, resulting in background events mimicking the
signal.

Monte Carlo (MC) simulations play a key role in optimizing selection criteria, esti-
mating background contributions, and comparing observed data with theoretical
predictions. MC simulation is a computational technique used to accurately model
complex systems and processes through random sampling. At the ATLAS experi-
ment, MC simulations model various aspects of particle interactions. This starts
with the hard scattering of the two colliding protons. In the following, the modeling
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of the hard-scattering process is described first, before addressing subsequent stages
such as parton showering and hadronization.

Predictions for particle interactions cannot be directly calculated analytically. To
describe the electromagnetic and weak interactions between particles, perturbation
theory can provide an accurate approximation. The coupling constant in these
interactions is expanded in a series where each successive term becomes smaller and
eventually negligible. For the strong interaction, perturbation theory is applicable
only at high energy scales, where the strong coupling constant becomes small and
quarks can be treated as asymptotically free. At low energy scales, known as the
non-perturbative regime, alternative approaches are required.

Colliding protons, and hadrons in general, consist of valence quarks, sea quarks, and
gluons, collectively referred to as partons. Valence quarks are the quarks that define
a hadron. In the case of protons, these are two up quarks and one down quark. An
indefinite number of sea quarks and gluons arises from quantum fluctuations in the
proton’s vacuum state. The distribution of partons within a proton is described
by parton distribution functions (PDFs), fu(z4, 1), which represent the probability
density of finding a parton of type a with momentum fraction z, at a given energy
scale p. PDFs have to be determined experimentally for different values of p.

During high-energy collisions, partons from both protons interact, with their mo-
menta distributed according to the underlying PDFs. The factorization theorem [44]
allows the separation of the cross-section into a perturbative and a non-perturbative
part. For a process with two initial and n final state particles, this can be written
as

! 1
o= Z/o dzg dzp folxa, pr) folxp, pr) Swozps /d@n IM|2. (4.2)
a,b

The sum runs over all possible parton types a and b that can participate in the hard-
scattering process. The PDFs f, and f;, evaluated at a factorization energy scale
ur, are integrated over the momentum fractions x, and zj, representing the non-
perturbative component of the cross-section. The factor 2%1%8 accounts for the flux
of the incoming partons, normalizing the cross-section by the momentum fractions
of the interacting partons and the squared center-of-mass energy s. The integral
over the differential phase space element of the final state particles d®,, corresponds
to the perturbative part of the cross-section. It accounts for all possible kinematic
configurations of the final state particles, including their momenta and angular
distributions. Finally, |M|? is the squared matrix element, derived from all Feynman
diagrams of the process, up to a given order of accuracy in ag (typically leading
order (LO) or next-to-leading order (NLO)), encoding the probability amplitude for
the partons to scatter into the specified final state.
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physics

While the factorization theorem allows for a description of the hard-scattering process,
the resulting partons undergo further processes that must also be modeled. The
color-charged partons radiate additional gluons or quark-anti-quark pairs in a process
known as the parton shower. This emission can occur either as initial-state radiation,
or as final-state radiation. Unlike the hard-scattering process, which typically
involves a small number of high-energy particles, the parton shower generates a large
number of lower-energy particles as the partons cascade. With successive emissions,
the energy of the emitted particles decreases, eventually reaching a non-perturbative
regime where quarks are no longer asymptotically free and are confined into hadrons.
This transition is referred to as hadronization. To model the parton shower and
hadronization, parton shower algorithms are employed, most commonly using the
Lund string model [45, 46] or the cluster model [47, 48]. These algorithms simulate
the sequential radiation of partons using probabilistic methods, accounting for both
perturbative and non-perturbative effects. This ensures a realistic description of the
transition from partons to the observed hadrons.

In addition to the primary hard scatter, other partons from the colliding pro-
tons can interact, contributing to what is known as the underlying event. These
interactions are typically lower in energy compared to the hard scatter. The under-
lying event, as well as contributions from interactions in the same or neighbouring
bunch crossings (pile-up) are often modeled for Run 2 with the MC generator
PyTHIA version 8.186 [49], configured according to the A3 tune [50] and using the
NNPDF2.3L0 [51] parton distribution function (PDF) set. Simulated events are
weighted to reproduce the distribution of the average number of interactions per
bunch crossing observed in data.

For the MC event generation, the frameworks MADGRAPH [52] or POWHEG BoOx [53-
56] are often used for calculating hard-scatter events with leading-order or higher
precision. These events are interfaced to PYTHIA [49] or HERWIG [57] for the
modeling of the parton shower and hadronization. The EVTGEN [58] program
is frequently employed for simulating subsequent decays of hadrons containing
bottom or charm quarks. SHERPA [59] serves as an alternative multi-purpose event
generator that encompasses all aspects of event simulation, from matrix elements to
final-state particle interactions. The ATLAS detector response is simulated using
the GEANT4 [60] framework, which models in detail the interaction of particles
with the detector material. Alternatively, for faster simulations, FASTSIM [61] is
used, providing a parameterized approximation of the ATLAS calorimeter response.
A detailed description of the different MC samples used in this thesis is provided in
the following sections.
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4.3 Signal modeling

The tqvy process at LO is illustrated by the Feynman diagram shown in Figure 2.2.
In practice, the photon can be radiated not only during the production of the
top quark, but also from any charged decay product of the top quark, such as the
bottom quark, the W boson, or the charged lepton.

While MADGRAPH5__ AMC@NLO models photon radiation during the production
stage at NLO precision, the subsequent decay of the top quark is not simulated at
the matrix-element level. Instead, the decay is handled by MADSPIN [62], which
does not include photon radiation from top-quark decay products.

To address this limitation, a stitching procedure is applied. Events are selected from
a single-top-quark t-channel NLO sample (effectively the signal process without an
explicit photon), where a photon is radiated during the decay via the parton shower.
These events are then combined with the dedicated tqy NLO sample that models
radiation during production. In this way, a signal sample is obtained that includes
photon radiation from both the production and decay stages of the top quark,
modeled at NLO precision. A tgy LO sample, which includes photon radiation in
both production and decay, is used for validation and cross checks of the stitched
sample.

Details on the individual signal samples are given in Section 4.3.1 (for the LO and
NLO tqvy samples) and Section 4.3.2 (for the single-top-quark ¢-channel NLO sam-
ple). The stitching procedure and the resulting combined sample are described in
Section 4.3.3.

4.3.1 Single-top-quark-plus-photon LO and NLO samples

Single-top-quark t-channel events in association with a photon were simulated at
both LO and NLO in QCD, following the strategy described above. Both samples
were produced using MADGRAPHS 3.3.1 [52], with the NNPDF3.0NLO [63] PDF set.
For the NLO sample, QCD corrections were included via the AMCQNLO frame-
work. Parton showering and hadronization were simulated with PyTHIA 8.308 [14]
configured with the Al4 tune [64] and the NNPDF2.3L0 PDF set [51]. Top quarks
were decayed at LO precision in both samples, using MADSPIN [62] for the NLO
sample, and directly at the matrix-element level for the LO sample. Bottom- and
charm-hadron decays were modeled with the EVTGEN program [58], using ver-
sion 1.7.0 for the NLO sample and version 2.1.0 for the LO sample. Both samples
were normalized to the respective cross-sections provided by the generator, which
are 1.40 pb for the LO sample and 1.13 pb for the NLO sample.
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An alternative parton shower NLO sample was produced using the same setup, but in-
terfaced to HERWIG 7.2.3 [57, 65, 66] instead of PyTHIA, with the NNPDF3.0NLO [63]
PDF set and the HERWIG 7.2 default set of tuned parameters [65, 66].

4.3.2 Single-top-quark t-channel NLO sample

The single-top t-channel process was modeled using the POWHEG Box v2 [53-56]
generator at NLO in QCD with the NNPDF3.0NLO [63] PDF set. For parton
showering and hadronization, PYTHIA 8.230 [67] was used, configured with the
A14 tune [64] and the NNPDF2.3L0 [51] PDF set. Bottom- and charm-hadron
decays were modeled with the EVTGEN 1.6.0 program [58]. The sample was nor-
malized to the NLO theoretical cross-sections calculated with HATHOR 2.1 [68, 69],
corresponding to 136.02 pb for single-top production and 80.95 pb for single-anti-top
production.

An alternative parton shower sample was produced using the same setup, but inter-
faced to HERWIG 7.1.6 [57, 65, 66] instead of PyTHIA, with the NNPDF3.0NLO [63]
PDF set and the HERWIG 7.1 default set of tuned parameters [65, 70].

4.3.3 Combined signal sample

To construct a stitched tqy sample from the available NLO and LO MC samples,
events are classified based on whether the photon originates from the production
or decay part of the process. This classification is performed using truth-level
information and invariant mass comparisons of reconstructed particle-level objects
with parton-level reference masses.

Parton level refers to the stage in event simulation where unstable particles (e.g. top
quarks or W bosons) are present and decayed according to theoretical models, but
before parton showering and hadronization. This level describes the hard scattering
process and immediate decays.

Particle level (PL) refers to the set of stable (lifetime 7 > 30 ps) final-state particles
that are present after the simulation of hadronization, parton showering, and
hadronic decays has been performed. PL definitions are designed to closely resemble
experimental observables.
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To classify photons as originating from top-quark production or decay, particle-level
objects are defined according to the following criteria:

Photons

o pl>20GeV
7] < 2.5

psne20 < 0.1 - pl. (isolation variable p$?"?° defined in Section 5.2)

e Must be a prompt photon (i.e. not from hadron decays or final-state radiation
from hadrons)

Leptons (electron or muon)

Leptons, including electrons and muons originating from tau-lepton decays, are
defined at particle level using dressed momenta, where the four-momenta of photons
within AR = 0.1 of the lepton, likely radiated from the lepton, are added to the
lepton’s four-momentum.

o ph>10GeV
o |n%| < 2.47 (electrons), < 2.5 (muons)

Neutrinos

o pp>5GeV
o |n¥] <4.99

Jets

o P> 25GeV
o P <45

A procedure to match parton to particle level objects is applied as follows:

Photon: The highest-pr PL photon is selected.

Lepton: The parton-level lepton from the top-quark decay is used as a reference.
The closest PL lepton in AR is selected.

Neutrino: The parton-level neutrino is used as a reference. The closest PL neutrino
in AR is selected.

Jet originating from a bottom quark (b-jet):

e The parton-level b-hadron from the top-quark decay is selected.
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o Particle-level b-hadrons (so-called ghosts [71]) are included in the jet clustering
with negligible momentum, allowing them to be associated with jets without
affecting the jet momentum. The closest jet in AR with at least one ghost-

matched b-hadron with p%hOSt > 5 GeV is selected.

o If no such jet exists, the closest unmatched PL jet is selected.

From the selected PL objects, four invariant mass combinations are computed for
the photon (v), the lepton (¢), the neutrino (v) and the b-jet (b): m®, m™7, m®®
and m‘?. Depending on the photon’s origin, either m® or m®" approximates
the parton-level W boson mass m"V. and either m®® or m™?" approximates the

parton?
top-quark mass m! The classification is based on:

parton*
Lvb lvb
‘m Y — mf)arton’ < ’m " — mf;)arton’ (43)
‘m&/’y - mg‘;rton’ < ’m&/ - mg[z:,rton’

If either of these conditions is satisfied, the invariant mass including the photon
is closer to the corresponding parton-level mass. The photon is consequently
classified as originating from the top-quark decay. This classification is applied to
the tgy NLO sample to select production photons and to the tq sample to select
decay photons. Despite the tqy NLO sample containing only production events, the
classification is applied nevertheless to prevent any overlap with the tq sample. The
resulting selected events are merged into a stitched sample that covers the complete
production and decay tqy process. The tgy LO sample is used in the following for
cross checks and validation.

Figure 4.1 shows the PL invariant mass distributions for events classified as decay
for the tg NLO and tgy LO samples. The m® distribution peaks near the W boson
mass, reflecting events where the photon was likely not radiated during the W decay.
A broad tail below the peak indicates cases where photon radiation occurred during
the W decay, leading to smaller values of m®. In contrast, the m®? distribution
peaks near the W mass when the photon originates from the W decay, and shows
a broad tail above the peak when the photon was radiated elsewhere (e.g. from the
bottom quark). The top-quark-related mass m®? shows a broad distribution below
the top mass due to missing photon contributions, while m®?" exhibits a sharp
peak at the top mass when the photon is properly included. The ratio between the
tqy LO and tq NLO samples remains relatively flat across the relevant peak and tail
regions. An overall offset above unity, due to the larger NLO cross-section, is present
in all subsequent ratio distributions. The normalization differences with respect
to the tqy LO sample correspond to factors of about 1.21 for production events,
1.42 for decay events, and 1.24 for the complete stitched sample. A noticeable slope
remains in the m®?" ratio, which warrants further validation.
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4 Analyzed dataset and Monte Carlo samples

Figure 4.2 shows the analogous distributions for events classified as production in
the tgy NLO and LO samples. Here, m® and m®? display sharp peaks at the W
and top-quark masses, consistent with the absence of photon radiation in the decay.
Corresponding distributions including the photon, m®?7 and m®?, display broader
shapes shifted above the nominal masses due to the photon’s presence. The ratios
are flat, indicating good agreement between the LO and NLO samples in this phase
space region.
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Particle-level invariant mass distributions for events classified as decay
for the t¢ NLO and the tgy LO samples. The upper row presents distributions
related to the W boson decay products, with m® (left) and m®"” (right), while
the lower row shows the corresponding top-quark decay products, m*? (left) and
m®? (right). The dotted lines in the ratios indicate the normalization factor
between the LO and NLO contributions.

Figure 4.3 compares the stitched sample, constructed to cover the full tgy process,
with the tgy LO sample as well as the individual stitched-sample constituents
(production-classified t¢gy NLO and decay-classified t¢ NLO events). The combined

invariant mass distributions exhibit the expected features. For m® and m?, sharp
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4.3 Signal modeling

peaks from production and broad lower tails from decay are observed, while for
m® and m®™®7, sharp peaks from decay and broad upper tails from production are
observed. Overall there is good agreement between the stitched and LO samples.
While a slope remains in the m®®Y ratio, it does not adversely affect key kinematic
distributions at reconstruction or particle level, as confirmed by Figure 4.4 for p%,
and by Appendix A (Figures A.1 and A.2) for p%, p?, pit?, pfry'y, AR(v,0), AR(~,b),
and AR((,b).
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Particle-level invariant mass distributions for events classified as
production for the tgy NLO and LO samples. The upper row presents distributions
related to the W boson decay products, with m® (left) and m®"” (right), while
the lower row shows the corresponding top-quark decay products, m®? (left) and
m®? (right). The dotted lines in the ratios indicate the normalization factor
between the LO and NLO contributions.

These invariant mass distributions confirm that the classification procedure suc-
cessfully separates photon radiation from production and decay. No significant
deviations in kinematic properties compared to the LO sample are observed in the
stitched sample, supporting its further use in this analysis.
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4.4 Background modeling
4.4 Background modeling

4.4.1 Top-quark-pair + photon sample

The tty process was modeled using two dedicated samples, one where the photon
is radiated during the production of the top-quark pair (production sample) and
one where the photon originates from the decay of the top quarks (decay sample).
Both samples were generated with MADGRAPHS _AMCQ@NLO 2.7.3 [52] and the
NNPDF3.0NLO [63] PDF set, and interfaced with PyTHIA 8.240 [67] for parton
showering, using the A14 tune [64] and the NNPDF2.3L0 [51] PDF set. Renormal-
ization and factorization scales were set to half of the quadrature sum of the masses
and transverse momenta of the particles generated at matrix element level. Bottom-
and charm-hadron decays were modeled with the EVTGEN 1.7.0 program [58]. The
production sample was generated at NLO accuracy in QCD. The decay sample
was generated at LO accuracy in QCD, due to the same constraints described in
Section 4.3 for the signal sample. In the production sample, the top-quark decays
were handled with MADSPIN [62], while in the decay sample these decays (and any
associated photon radiation) were performed directly in MADGRAPHS5 _AMC@NLO.
Both samples were normalized to the cross-section provided by the generator. For
the decay sample, a correction factor of 1.67 is applied so that the sum of the
production and decay contributions matches the inclusive t¢y NLO prediction of
o = 5.35pb according to Ref. [72].

Alternative parton shower samples were produced using the same setup, but inter-
faced to HERWIG 7.2.1 [57, 65, 66] instead of PYTHIA, with the NNPDF3.0NLO [63]
PDF set and the HERwWIG 7.1 default set of tuned parameters [65, 70].

4.4.2 Top-quark-pair sample

The tt process was modeled using the POWHEG Box v2 [53-56] generator at NLO
with the NNPDF3.0NLO [63] PDF set. The renormalization and factorization
scales were set dynamically to ur = pr = +/(m?)? + (ph)?, where m' and pf;
denote the mass and transverse momentum of the top quark. The events were
interfaced to PyTHIA 8.230 [67] to model the parton shower, hadronization, and
underlying event, using the A14 tune [64] and the NNPDF2.3L0 [51] set of PDFs.
Bottom- and charm-hadron decays were modeled with the EVTGEN 1.6.0 pro-
gram [58]. The sample where at least one of the top quarks decays hadronically
was normalized to o = 453.64 pb, the theoretical cross-section at next-to-next-to-
leading order (NNLO) in QCD, including the resummation of next-to-next-to-leading
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4 Analyzed dataset and Monte Carlo samples

logarithmic (NNLL) soft-gluon terms, calculated using Top++ 2.0 [73]. The un-
certainties arising from the PDF and the strong coupling constant are evaluated
following the PDFALHC15 prescription [74] using the MSTW2008NNLO [75, 76],
CT10NNLO [77, 78], and NNPDF2.3L0 [51] PDF sets. The total uncertainty on the
cross-section of the inclusive sample is about 6%.

Alternative parton shower samples were produced using the same setup, but inter-
faced to HERWIG 7.1.3 [57, 65, 70| instead of PYTHIA, with the NNPDF3.0NLO [63]
PDF set and the HERWIG 7.1 default set of tuned parameters [65, 70]. Additional
samples with varied top-quark masses (172 GeV and 173 GeV instead of the nominal
mass of 172.5 GeV) were also generated.

4.4.3 Single-top-quark samples

A total of three separate processes are used to describe single-top-quark produc-
tion, which are the single-top ¢t-channel process, s-channel process, and single-top
production in association with a W boson (tWW). The modeling of the single-top
t-channel process has already been described in Section 4.3.2. The single-top
s-channel process was modeled using the POWHEG BoxX v2 [53-56] generator at
NLO in QCD with the NNPDF3.0NLO [63] PDF set. For parton showering and
hadronization, PyYTHIA 8.230 [67] was used, configured with the A14 tune [64] and
the NNPDF2.3L0 [51] PDF set. Bottom- and charm-hadron decays were modeled
with the EVTGEN 1.6.0 program [58]. The single-top tWW production was modeled
at NLO in QCD as well but instead using PyTHIA 8.309 [14] and EVTGEN 2.1.1 [58].
To avoid double counting of events that overlap with the tf process, the diagram
removal scheme was applied [79]. All single-top-quark samples were normalized to
their NLO theoretical cross-section prediction.

4.4.4 Vector-boson + jets 4+ photon samples

Samples of W~+jets and Zy+jets events were simulated using SHERPA 2.2.14 [59, 80]
with the Comix [81] and OPENLOOPS [82-84] libraries for matrix element calculations.
The NNPDF3.0NNLO [63] PDF set was used. Matrix element calculations included
contributions with up to one jet at NLO in QCD and up to four additional jets
at LO, matched with the parton shower using the MEPS@QNLO [85, 86] scheme
and the CKKW merging prescription [87] to avoid double counting between matrix
element and parton shower emissions. The simulation was interfaced to the SHERPA
parton shower, and all samples were normalized to the cross-sections provided by
the generator.
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Matrix Method

4.4.5 Vector-boson + jets samples

Samples of W+jets and Z+jets events were simulated using SHERPA 2.2.11 [59, 80]
(version 2.2.14 for Z — 77) with the Comix [81] and OPENLOOPS [82-84] libraries.
The NNPDF3.0NNLO [63] PDF set was used, and matrix element calculations
included up to two partons at NLO in QCD and up to five additional partons at LO,
matched with the parton shower using the MEPS@QNLO scheme [85, 86] and the
CKKW prescription [87] to avoid double counting. The simulation was interfaced
to the SHERPA parton shower, and all samples were normalized to the cross-sections
provided by the generator.

The Z+jets samples using an alternative MC generator were simulated with
MADGRAPH5 AMC@NLO 2.9.5 [52]. Matrix elements with one additional jet were
simulated at NLO in QCD, and with up to three additional jets at LO. The events
were interfaced to PYTHIA 8.245 for parton showering and hadronization, using
the NNPDF2.3L0 [51] PDF set with the A14 tune [64], and to EVTGEN 1.7.0 [58]
for bottom- and charm-hadron decays. The samples were normalized to the cross-
sections provided by the generator.

4.5 Modeling of samples used for the photon ID efficiency
measurement via the Matrix Method

4.5.1 Photon + jet samples

Photon + jet samples were produced using PYTHIA 8.244 [67], configured with
the Al4 tune [64] and the NNPDF2.3L0 [51] PDF set for the matrix element
calculation and the simulation of parton shower, hadronization, and decays with
LO precision in QCD. Bottom- and charm-hadron decays were modeled with the
EVTGEN 1.7.0 program [58]. The samples were normalized to the cross-sections
provided by the generator.

4.5.2 Dijet samples

The Dijet samples were produced using PyYTHIA 8.186 [49], configured with the
A14 tune [64] and the NNPDF2.3L0 [51] PDF set for the matrix element calculation
and the simulation of parton shower, hadronization, and decays with LO precision in
QCD. Bottom- and charm-hadron decays were modeled with the EvTGEN 1.2.0 pro-
gram [58]. The samples were normalized to the cross-sections provided by the
generator.
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A wide range of particles is produced at the interaction point, many of which are
short-lived and decay before reaching the ATLAS detector. The prompt particles
(those that originate directly from the hard-scattering process or from the immediate
decay of W, Z, and Higgs bosons and top quarks) that do reach the detector
include electrons, muons, photons, neutrinos, and hadrons. Objects known as jets
are reconstructed from collimated sprays of hadrons originating from quarks and
gluons produced in the hard-scattering process. The process of object reconstruction
involves identifying and classifying these particles using the information recorded
in the Inner Detector, the calorimeters, and the muon spectrometer. Dedicated
algorithms are designed to maximize identification efficiency while minimizing
misidentification. The reconstruction of various physics objects is described in the
following sections.

5.1 Tracks

The tracks of charged particles are reconstructed using hits from the Inner Detec-
tor (ID) subsystems (Section 3.2.2), as described in detail in Refs. [88, 89]. The
reconstruction begins with the identification of hit clusters in the pixel and strip
detectors, which are combined into track seeds. These seeds are extended out-
ward through the silicon detectors and, when possible, into the transition radiation
tracker. Candidate tracks are iteratively fitted with a Kalman filter [90] to refine the
trajectory and momentum estimate. Ambiguities from overlapping track candidates
are resolved using quality criteria based on the number of hits and the fit quality.

Reconstructed tracks are required to satisfy quality requirements. These typically
include a minimum transverse momentum of a few hundred MeV, a pseudorapidity
within the Inner Detector acceptance (|n| < 2.5), a sufficient number of hits in the
silicon detectors (Pixel and SCT), constraints on the transverse and longitudinal
impact parameters with respect to the primary vertex, and a reasonable fit quality.
The resulting tracks are used in the reconstruction of higher-level objects such as
charged leptons and jets.
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Separately, additional tracks are reconstructed in the muon spectrometer system
(Section 3.2.4). Hits from the muon chambers are combined to form track candidates,
which are fitted to determine their trajectory and momentum. Quality criteria such
as the number of associated hits and geometric consistency are applied to select
well-reconstructed muon spectrometer tracks [91].

5.2 Object isolation

Isolation requirements are applied to electron, muon, and photon candidates in
order to suppress non-prompt candidates originating from sources such as hadron
decays inside jets or from pile-up interactions. Prompt candidates produced in
hard-scattering processes are typically well isolated from other particles, while
backgrounds are often accompanied by additional nearby track and calorimeter
activity.

Isolation in the ATLAS detector is based on the activity measured in a cone of
size AR around reconstructed objects. Both track-based and calorimeter-based
isolation variables are used. Track-based isolation is constructed from the scalar
sum of transverse momenta pt of ID tracks satisfying quality requirements and
associated with the primary vertex, within the cone and excluding tracks associated
with the object itself. Calorimeter-based isolation variables are defined using the
transverse energy FET deposited in calorimeter cells within the cone around the
object, excluding the object core and correcting for pile-up contributions.

For electrons and muons, track isolation requirements are commonly defined using
variable-size cones that shrink with increasing transverse momentum, ensuring
stable efficiency for high-pr objects. For photons, fixed-cone isolation requirements
are used. The track isolation variables are denoted by p%meX and p‘f‘rconeX , and
analogously with Et for calorimeter-based isolation variables, where X specifies the
reference cone size. For fixed-cone isolation, the cone size is defined as AR = X /100.

For variable-cone isolation, the cone size is defined as

AR = min ]D.L,l , (5.1)
pr? [GeV] 100

where pOTbj is the transverse momentum of the reconstructed object. Different working
points (WPs) define different thresholds on these quantities, providing a trade-off
between background rejection and signal efficiency. In this thesis, the isolation WPs
definded in Table 5.1 are used.
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Isolation working points used in this thesis. The definitions and
numerical values follow Run 2 recommendations and Refs. [91, 92].

Candidate | Working point | Track requirement Calorimeter requirement
electron (el) | Tight VarRad | p¥reone3® < 0.06 pS E5ome20 < 0.06 p§

muon (1) Tight pypreene3d < 0.04 ph, E5oe20 < 0.15 ph,
photon () | FizedCutTight | p$™?° < 0.05p | B0 < 0.022p) + 2.45 GeV
photon () | FizedCutLoose | p$5™2° < 0.05p}. E50ne0 < 0.065 pr.

5.3 Electrons and Photons

Electrons are reconstructed in the ATLAS detector by matching clusters of energy
deposits in the electromagnetic calorimeter to charged-particle tracks reconstructed
in the ID. The matching is based on the spatial compatibility between the ex-
trapolated track and the cluster position, as well as consistency between the track
momentum and the cluster energy. If multiple tracks are compatible with a given
cluster, the best-matched candidate is selected using predefined quality criteria. The
full reconstruction algorithm is described in detail in Ref. [93].

Electron isolation and identification criteria are applied to suppress backgrounds
from sources such as hadrons misidentified as electrons, electrons originating from
photon conversions, and electrons from heavy-flavor decays. In this thesis, electrons
are required to satisfy the Tight VarRad isolation WP defined in Table 5.1 and
the Tight identification WP defined in Ref. [93]. The Tight identification WP
combines information from track quality, track-to-cluster matching variables and
high-level shower shape variables (SSVs) [93, 94]. The SSVs describe the lateral and
longitudinal development of the calorimeter clusters, including variables describing
the energy leakage into the hadronic calorimeter. The selection thresholds are
optimized separately for different electron transverse momentum and pseudorapidity
ranges.

Additional impact parameter requirements are applied to further suppress non-
prompt electrons. These requirements are |dy/o(dp)| < 5 and |zg|sin€ < 0.5 mm,
where dj is the transverse impact parameter, defined as the distance of closest
approach of the track to the primary vertex in the transverse plane (the track
perigee), o(dp) its uncertainty, and zp the longitudinal impact parameter, defined
as the separation along the beam axis between the primary vertex and the perigee
point. Electron candidates are furthermore required to satisfy p7 > 10 GeV and to
have an absolute pseudorapidity of the associated calorimeter cluster |ng| < 2.47,
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excluding the transition region 1.37 < |ng| < 1.52 between the barrel and end-cap
calorimeters.

Photon candidates are reconstructed from electromagnetic calorimeter clusters and
are classified as unconverted or converted depending on whether a conversion into
an eTe” pair occurs before reaching the calorimeter. Unconverted photons leave
no track in the ID. Converted photons are associated with one or two ID tracks
consistent with a conversion vertex. Based on the number and type of associated
tracks, converted photons are further classified into five distinct conversion types,
summarized in Table 5.2.

Photon isolation and identification are performed using the FizedCutTight and Fized-
CutLoose isolation WPs defined in Table 5.1 and the Loose and Tight identification
WPs from Ref. [93]. The identification WPs are based on cut-based selections on
SSVs, with thresholds optimized separately for different photon transverse momen-
tum and pseudorapidity ranges as well as separately for converted and unconverted
photons. The Tight WP provides stronger rejection of backgrounds such as jets with
large electromagnetic energy fractions and neutral meson decays, such as 70 — .
The Loose WP provides high efficiency and is typically used for control regions
enriched in non-prompt or misidentified photon candidates. Additionally, all photons
are required to satisfy p}. > 20 GeV and |n}| < 2.37.

Photon conversion types, defined by the number and location of
associated tracks in the Inner Detector. ”Si” refers to silicon detectors (pixel and
SCT), and "TRT” refers to the transition radiation tracker.

Conversion type | Number of tracks Track properties
Unconverted 0 -
SingleSi 1 With SCT hits
SingleTRT 1 Only TRT hits
DoubleSi 2 Both with SCT hits
DoubleTRT 2 Both only with TRT hits
DoubleSiTRT 2 One with SCT hits, one with only TRT hits
5.4 Muons

Muons are reconstructed in the ATLAS detector by combining information from
the Inner Detector and the muon spectrometer. Tracks in both subsystems are
reconstructed independently and then matched. In this thesis, the Tight isolation
WP defined in Table 5.1 and the Medium identification WP from Ref. [91] are used.

37



5 Object reconstruction

The Medium identification WP applies quality requirements on muon candidates,
including requirements on the number of associated hits in the 1D, the quality
of the combined track fit used to match the ID and muon spectrometer tracks,
and consistency between the two subsystem momentum measurements. Impact
parameter requirements are applied to reject muons from sources such as hadron
decays, pile-up and cosmic rays. These requirements are |dy/o(dgy)| < 3 for the
transverse impact parameter dy and its significance o(dp), and |zp|sin 6 < 0.5 mm
for the longitudinal impact parameter zy. Additionally, muons are required to have
transverse momentum pf. > 10 GeV and pseudorapidity |n#| < 2.5.

5.5 Jets and b-tagging

Jets are collimated sprays of particles that arise from the hadronization and subse-
quent decays of quarks or gluons. Their reconstruction in the ATLAS detector uses
the particle flow algorithm [95], which combines ID tracks and calorimeter energy
clusters associated with jets. These objects are clustered into calorimeter jets using
the anti-k; algorithm [96] with a radius parameter of R = 0.4. In this analysis, jets
are required to satisfy plﬁt > 25GeV and |1°| < 4.5. To suppress jets originating
from pile-up interactions, a multivariate Jet Vertex Tagger (JVT) [97] is applied to

jets with pit* < 60 GeV and || < 2.4.

Jets likely originating from hadrons containing a bottom quark (b-hadrons) are
identified (b-tagged) using the GN2 algorithm [13]. GN2 is a Transformer-based jet
flavor tagging algorithm that processes tracks associated with a jet as a sequence
of inputs and learns from their spatial and kinematic relationships. Compared
to other hadrons, b-hadrons have a relatively long lifetime, typically of around
T~ 1.5ps [7]. As a result, they often travel a measurable distance of order O(1 mm)
before decaying, leading to secondary vertices that can be reconstructed within
the ID. The GN2 algorithm exploits this and other features, such as high track
multiplicity and invariant mass of decay products, to assign a discriminant score to
each jet. Different WPs are defined by applying thresholds on this score. Common
choices in ATLAS studies are the 65%, 70%, 77%, 85%, and 90% WPs. These values
refer to the efficiency of correctly identifying truth-labelled b-jets with transverse
momentum p% > 20 GeV in simulated tt events. For example, the 70% WP retains
70% of true b-jets, with stronger rejection of c-jets and light-flavor jets compared
to looser WPs like 90%. In this analysis, the 70% efficiency WP is used as the
primary b-jet definition. In simulated tf events, this WP corresponds to a c-jet
mis-tag efficiency of about 2% and a light-flavor mis-tag efficiency of about 0.06%,
equivalent to rejection factors of about 50 and 1700, respectively. Looser WPs are
used in this analysis to define control regions and veto additional b-jets.
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5.6 Missing transverse momentum

5.6 Missing transverse momentum

Neutrinos escape detection in the ATLAS detector due to their weakly interacting
nature. Since the detector provides nearly full solid-angle coverage around the
interaction point, their presence can be inferred from an imbalance in the total
transverse momentum of visible particles in an event. This quantity, denoted as ErTniSS,
is reconstructed as the magnitude of the negative vector sum of the transverse
momenta of all calibrated physics objects, along with a term that accounts for
low-pr tracks not associated with any of these objects [98]:

miss __
Er™ =

Z (—ﬁTObjECt) + Z (_ﬁ%rack)

objects unused
tracks

5.7 Object overlap removal

Since different physics objects are reconstructed independently in the ATLAS
detector while using the same detector signals, the same energy deposits or tracks
can sometimes contribute to more than one object. For example, a single energy
cluster in the calorimeter could be reconstructed simultaneously as an electron,
a photon, and a jet. To avoid double counting and ensure a consistent event
interpretation, a sequential overlap remowval procedure is applied.

The procedure compares pairs of object types and removes one of the two objects if
they are found to overlap geometrically, typically defined using the distance AR
in (1, ¢) space. The order of comparisons and the choice of which object to remove
is predefined according to physics priority. For instance, jets overlapping with
electrons within AR < 0.2 are removed, while subsequently electrons overlapping
with surviving jets within AR < 0.4 are discarded. Similar rules are applied for
muons, photons, and taus, ensuring that each reconstructed object in the final event
is uniquely defined. The overlap removal procedure applied in this analysis follows
the sequence outlined below:

1. Any calorimeter-tagged muon sharing a track with an electron is removed.
2. Any electron sharing a track with a muon is removed.
3. Jets within AR < 0.2 of an electron are removed.

4. Electrons within AR < 0.4 of surviving jets are removed.
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5 Object reconstruction

5. Jets with fewer than three associated tracks within AR < 0.2 of a muon are
removed.

6. Muons within AR < 0.4 of surviving jets are removed.

7. Tau leptons within AR < 0.2 of an electron or a muon with pf. > 2 GeV are
removed (for tau leptons with p7. > 50 GeV, the muon must be a combined-
type muon, i.e., reconstructed using both the Inner Detector and muon
spectrometer).

8. Jets within AR < 0.2 of a tau lepton are removed.
9. Photons within AR < 0.4 of an electron or muon are removed.

10. Jets within AR < 0.4 of a photon are removed.

5.8 Changes in the reconstruction software compared to the
previous inclusive measurement

For this thesis, an updated ATLAS software release is used, corresponding to several
changes in the reconstruction configuration. The main motivation for this transition
is the need for robustness against the higher instantaneous luminosity and pile-up
conditions anticipated for Run 3, as well as improvements in computational per-
formance and long-term software maintainability. While the overall reconstruction
strategy remains unchanged, the updated software incorporates numerous refine-
ments and algorithmic updates across several detector subsystems. As a result, the
reconstruction of higher-level objects such as leptons, photons, jets, and missing
transverse momentum is affected.

A major set of updates concerns the reconstruction of tracks in the Inner Detector.
Compared to the previous release, tighter requirements are applied to track can-
didates, including an increased minimum transverse momentum threshold (from
previously 400 MeV to 500 MeV) and stricter conditions on the number of associated
hits in the silicon detectors (requiring eight hits instead of previously seven). These
changes suppress low-quality tracks, which predominantly originate from pile-up
interactions or random combinations of detector hits [11]. The reconstruction of
primary vertices is also improved by replacing the iterative vertex finder (IVF) [99]
with the updated adaptive multi-vertex finder (AMVF) [12] algorithm, which em-
ploys an approach in which multiple vertex candidates compete for tracks. This
algorithm enhances the separation of closely spaced vertices separated by a millime-
ter or less, which were previously often merged. The AMVF algorithm achieves an
approximately 5% higher fraction of events in which the hard-scatter primary vertex
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5.8 Changes in the reconstruction software compared to the previous inclusive
measurement

is correctly identified and reconstructed. These enhancements in vertex resolution
and purity are essential for accurate impact parameter-based selections and effective
pile-up mitigation.

The previously described GN2 algorithm is another important addition in the up-
dated reconstruction software, replacing the previously used DL1r flavor-tagging al-
gorithm [100]. The DL1r feed-forward Neural Network algorithm relies on high-level
input variables derived from the outputs of lower-level b-tagging algorithms [101-103].
In contrast, GN2 processes track and vertex information directly and can better
exploit correlations between tracks within a jet, leading to significantly improved
rejection of c-jets and light-flavor jets.

Overall, the updates introduced with the new reconstruction setup lead to improved
vertex reconstruction, a reduced rate of misreconstructed fake tracks while maintain-
ing a similar efficiency for tracks originating from the primary interaction, as well as
improved energy and momentum measurements, especially in high-activity events.
Due to the changed reconstruction conditions, the calibration, the identification
criteria, and the WPs were redone and reoptimized by the ATLAS collaboration.
Consequently, the full analysis chain, including the stitching procedure for the signal
sample, as well as the estimation of backgrounds with non-prompt photons and the
signal separation, is reimplemented and revalidated, as described in the following
chapters.
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Most photons reconstructed in the ATLAS detector are not prompt. Instead, they
predominantly originate from hadronic processes such as neutral pion decays, or
are misidentified objects like hadronic jets or electrons. To distinguish prompt
photons from these backgrounds, a combination of isolation requirements and
identification (ID) criteria is employed.

The methodology described in this chapter closely follows that of previously published
ATLAS measurements of the photon identification efficiency performed using the
full Run 2 dataset [92]. The presented measurement was performed in the context of
the major software update described in Section 5.8, which affected various aspects of
object reconstruction and necessitated substantial technical updates and validation
to ensure consistency with the new framework and conditions.

The ATLAS photon ID is based on rectangular cuts applied to a set of shower shape
variables (SSVs), which describe the lateral and longitudinal development of the
electromagnetic shower in the calorimeter system. These variables are defined from
clusters in the calorimeter system, as described in Section 5.3. An overview of the
SSVs used in the Tight photon ID working point (WP) is given in Table 6.1.

The SSVs used in the Tight photon ID WP are grouped into two categories:

e Narrow-strip variables
SSVs that describe the inner core of the calorimeter shower

(fside> ws,3, AE, Eratio)
¢ Relaxed-tight variables
All remaining SSVs used in the Tight photon ID WP
(Bhad(y)> g, Ry W2, ws tot, f1)
The rectangular cuts on these variables are optimized in separate bins of photon

conversion status, transverse energy EZ., and absolute pseudorapidity |77, using the
Toolkit for Multivariate Data Analysis (TMVA) package [104].

Due to known mismodeling of SSVs in simulation, corrections referred to as fudge
factors [93, 105] are applied to photons in MC samples. These corrections shift the
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mean value of the SSV distributions as well as stretch their width to improve the
agreement with the distributions observed in data. These corrections are derived in
bins of the same kinematic and conversion categories as the photon ID cut values.
The fudge factors improve the agreement between data and simulation but residual
shape mismodeling or mismodeling of correlations between variables remains.

Therefore, in order to validate the photon ID performance in data and to derive data-
to-MC scale factors that correct for residual mismodeling in simulation, the photon
identification efficiency is measured using data-driven methods. The measurements
are performed in eighteen E% bins, six bins of pseudorapidity of the calorimeter
cluster associated with the photon |n]|, and separately for converted photons
(those that convert into an eTe™ pair before reaching the calorimeter system) and
unconverted photons:

« E7 bin edges:
(8,10, 15,20, 25, 30, 35, 40, 45, 50, 60, 80, 100, 125, 150, 175, 250, 350, 00} GeV

. ]7721\ bins: [0,0.6),[0.6,0.8),]0.8,1.37),(1.52,1.81),[1.81,2.01), [2.01, 2.37]
e photon conversion status: converted, unconverted

The |n}}| binning is chosen to follow the geometry of the ATLAS electromagnetic
calorimeter and the distribution of passive material in front of it. The barrel region
is divided into three |n)j| bins, separating the central barrel from regions with
increasing material budget, while the end-cap region is similarly subdivided into
three bins to account for changes in calorimeter geometry and material distribution
at larger pseudorapidity. The barrel-end-cap transition region (1.37 < || < 1.52)
is excluded due to reduced calorimeter coverage, strongly varying amounts of passive
material, and generally degraded photon ID performance.

Three complementary methods are employed, respectively targeting the low, medium
and high photon energy ranges. In the following, the former two methods are briefly
summarized. The latter is described afterward in detail and results for the full Run 2
measurement under updated software and reconstruction conditions are presented.
The combined results of all three methods provide a comprehensive measurement of
the photon ID efficiency across the full kinematic range relevant for physics analyses
performed by the ATLAS collaboration.
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6 Measurement of photon identification efficiencies with the ATLAS detector

Shower shape variables used for photon identification. For those
computed in the first electromagnetic calorimeter layer, if the cluster spans multiple
cells in the ¢ direction at a given 7 position, the two cells closest to the cluster
barycenter in ¢ are merged and the variables are computed from this merged
cell [93].

Category Description Name
Hadronic leakage Ratio of E in the first layer of the hadronic calorimeter to Rpaq,
Er of the EM cluster (used over the ranges |n| < 0.8 and
Inl > 1.37)
Ratio of Et in the hadronic calorimeter to Et of the EM Rpad

cluster (used over the range 0.8 < |n| < 1.37)

ECAL middle layer  Ratio of the sum of the energies of the cells contained in a Ry
3 X 7 n X ¢ rectangle (measured in cell units) to the sum of
the cell energies in a 7 X 7 rectangle, both centered around
the most energetic cell

Lateral shower width, \/(ZEml?)/(EEi) — (SEm:)/(SE)2,  wye
where E; is the energy and n; is the pseudorapidity of cell i
and the sum is calculated within a window of 3 x 5 cells

Ratio of the sum of the energies of the cells contained in a Ry
3 x 3 n X ¢ rectangle (measured in cell units) to the sum of

the cell energies in a 3 X 7 rectangle, both centered around

the most energetic cell

ECAL strip layer Total lateral shower width, \/(EEZ (1 — tmax))/(XE;), where ¢ ws tot
runs over all cells in a window of An & 0.0625 and imax is the
index of the highest-energy cell

Lateral shower width, v/(ZE;(i — imax))/(ZE;), where i runs w3
over all cells in a window of 3 cells around the highest-energy
cell

Energy fraction outside core of three central cells, within Sside
seven cells

Difference between the energy of the cell associated with the AE
second maximum, and the energy reconstructed in the cell

with the smallest value found between the first and second

maxima

Ratio of the energy difference between the maximum energy FEratio
deposit and the energy deposit in a secondary maximum in
the cluster to the sum of these energies

Ratio of the energy measured in the first layer of the ECAL to  f1
the total energy of the EM cluster

6.1 Low photon energies

At low photon transverse energies (8 GeV < EJ < 100 GeV), the photon ID efficiency
is measured using the Radiative Z Method [94], which uses a sample enriched in
prompt photons from Z boson decays (Z — ¢l7), where { = (e, u). By selecting
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6.2 Medium photon energies

events with a well-identified dilepton pair and a photon, and requiring the three-
body invariant mass my, to be consistent with the Z boson mass, a high-purity
prompt-photon sample is obtained.

First, the prompt-photon purity both before and after applying the photon ID cuts is
estimated using two complementary methods, a template fit to the my;, distribution,
and a fully data-driven method based on signal and control regions defined by photon
isolation requirements. The two results are combined into a weighted average to
obtain the final purity estimate. The photon ID efficiency sgr)ompt is then computed
as the fraction of prompt-photon events passing the ID criteria out of all prompt
photons in the selected sample, according to

1D . n7ID
1D _ B prompt N 0l

= . 6.1
prompt Pprompt . N’y ( )

€

Here and in the following, the superscript ID indicates that the Tight photon ID
requirement is passed. The subscript v represents all photon candidates, while
the subscript prompt represents prompt photons. The subscript fake is used in
the following to represent non-prompt and misidentified photons (fake photons).
Accordingly, N, and NP are the number of photon candidates before and after
applying the Tight ID selection, respectively, and Pprompt and Pg?ompt are the
corresponding prompt-photon purities in the full dataset. The same formula is also
used by the medium- and high-photon-energy methods described in the following.
To account for the mismodeling of photon ID efficiencies in simulation, data-to-MC
scale factors (SFs) are computed as

EID

1D __ “prompt
SFprompt — IDMC" (6'2)
€y

6.2 Medium photon energies

At intermediate photon transverse energies (25 GeV < EJ < 150 GeV), the photon
ID efficiency is measured using the Electron Extrapolation Method [94], which exploits
the similarity between electromagnetic showers initiated by photons and electrons
in the ATLAS calorimeters. A clean sample of electron candidates is selected using
a tag-and-probe technique [106] in Z — eTe™ events, where one electron (the tag)
passes tight electron ID and trigger requirements, and the other (the probe) is used
to emulate a photon.

To estimate the photon ID efficiency for prompt photons, the SSVs of the probe
electrons are transformed using a Smirnov transformation [107] derived from
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6 Measurement of photon identification efficiencies with the ATLAS detector

simulation, which for each SSV 2 maps the cumulative distribution function of
electrons CDF.(z), onto that of photons, CDF,(x), via a mapping f(z) defined
by CDF.(z) = CDF,(f(z)), effectively transforming the probe electrons to have
photon-like shower shapes. After applying these transformations, the photon ID
criteria are applied to the probe electrons, and the efficiency is defined as the fraction
of probe electrons that pass the photon ID criteria. Corrections are applied for
background contamination and possible mismodeling in simulation.

6.3 High photon energies

At high photon transverse energies (E7, > 25GeV), the photon ID efficiency is
measured using the Matriz Method (sometimes called Inclusive Photons Method) [94,
108]. This method exploits differences in the track isolation properties between
prompt photons and fake photons to extract the purity of selected photon samples
and thereby determine the efficiency of the Tight photon ID selection, according to
Equation (6.1).

The purities are derived using photon track-isolation efficiencies é:

€~ — Efak
¥ ake
Pprompt = = = (63)
Eprompt — Efake
21D ~1D
3 — &
1D _ Y fake
Pprompt - éID _ éID . (64)
prompt fake

A photon candidate is considered to be isolated if there are no tracks with a transverse
momentum p%f“k > 1 GeV within a radius of R = 0.4 around the candidate.

The track isolation efficiencies for all photon candidates, €, and égD, are measured
in data. The corresponding efficiencies for prompt photons, é,rompt and égr)ompt, are
obtained from simulation, using the y+jet MC samples described in Section 4.5.1.
The track isolation efficiencies for fake photons are estimated using a data-driven
approach. This is motivated by the rapidly decreasing fraction of fake photons at
high photon transverse energies, which makes the generation of MC samples with
sufficient statistical precision impractical. In addition, the fake-photon contributions
and their isolation properties are not reliably modeled in simulation. Therefore, the
fake-photon track isolation efficiencies are determined in data using non- Tight-ID
regions, enriched in fake photons, as described below.
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6.3 High photon energies

From the narrow-strip and relaxed-tight SSVs, four orthogonal regions are defined
based on which subset of the Tight 1D cuts is passed:

2 e Region D: passes both narrow-strip and
- 0
S 8 A relaxed-tight cuts, i.e. passes the full
Z Tight ID WP.
<
f?: e Regions A, B, and C are enriched in
83 B C fake photons.
IS

fail pass

narrow-strip variables

To determine the fake-photon track isolation efficiencies in the inclusive photon
sample (regions A, B, C and D) and the Tight-passing sample (region D), the
following approximations are made:

NABCD NABC R?BC . é'?BC _ Pprompt . RABC éABC

éf e = fake o “V'fake __ prompt = <prompt ( 6 5)
ake =™ ArABCD ~ a7ABC ABC )
Nfake Nfake R$ BC - P prompt Rprompt
7D A A 2A _ _pA A
AD N, fake ~_ N, fake __ R’Y €y I prompt Rprompt Eprompt ( 6 6)
€fake = ND ~ NA - RA_P 'RA .
fake fake Y prompt prompt

Here, the superscripts A, B, C and D as well as combinations of those represent the
corresponding regions. Rff represents ratios of total or prompt photon candidates in
the respective regions relative to the full sample. The ratios R,)f and the efficiencies

A X . . X
g2 are measured in data, the ratios Ry,

3 . and the efliciencies éffrompt are obtained
from simulation, using the y+jet MC samples described in Section 4.5.1. The
approximation in Equation (6.5) exploits that the majority of fake photons populate
regions A, B, and C, such that contributions from region D can be neglected in
the calculation of the fake-photon track isolation efficiency. The approximation in
Equation (6.6) exploits the weak correlation between photon track isolation and
narrow-strip SSVs, which arises because the narrow-strip variables describe the
inner core of the photon candidate’s calorimeter shower while isolation is instead
sensitive to the outer activity. These assumptions are tested in simulation and a

corresponding uncertainty is assigned, see Section 6.3.4.

An equation that is quadratic in &gy can be derived from Equations (6.5) and
(6.6). Of the two mathematical solutions, the larger solution is unphysically large
for fake photons, often even exceeding the corresponding éprompt values of prompt
photons, and is therefore discarded. The smaller solution is used to calculate Pprompt-

AID 1D 1D ID
Subsequently, €10 Porompts Eprompts aRd SFpionpy are calculated.
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6 Measurement of photon identification efficiencies with the ATLAS detector

The full Run 2 dataset, described in Section 4.1, and the y+jet and dijet MC samples,
described in Section 4.5, are used for the measurement. Only events where

« at least one of the high level photon triggers described in Ref. [109] is passed,

o the FizedCutLoose photon isolation and Loose ID requirements described in
Sections 5.2 and 5.3 are passed,

o and at least one photon candidate with transverse momentum pJ. > 25 GeV is
present,

are used. Only the highest-p]. photon candidate in an event is used for the calcula-
tions.

Corrections to account for this preselection, mismodeling in simulation, as well as
the handling of special edge cases are described in Sections 6.3.1 through 6.3.3,
uncertainties considered for the efficiency measurement in Section 6.3.4, and results
are presented in Section 6.3.5.

6.3.1 Correction to account for preselection

The Matrix Method aims to measure the photon ID efficiency relative to the full
sample of reconstructed prompt and isolated photons. However, the sample used is
preselected using inclusive photon triggers and the Loose ID criteria, which both bias
the sample toward well-identified photons. Consequently, the measured efficiency is
not directly representative for the full reconstructed photon population.

To account for this, a correction factor fP'® is defined to extrapolate the efficiency
from the preselected sample to the full one. This correction is derived from simulation
and defined as the prompt-photon efficiency of the Tight ID WP relative to all
prompt photons, divided by the corresponding Tight-to- Loose-plus-trigger ratio:

NTight Ntrigger,Tight -1
fpre _ ( prompt,MC ) prompt,MC (6 7)
AN trigger, Loose ’ :
prompt,MC Nprompt,MC

where the superscripts indicate which requirements are passed. fP'® therefore rescales
the efficiency measured in the preselected region to estimate the true efficiency
with respect to the full sample without preselection. The factor is used to adapt
Equation (6.1) to

1D trigger,T'ight
Porompr - 15 o, (6.8)

trigger,Loose )
Pprompt : N’y

ID

6prompt =

with fP' typically being close to unity at high energies, where the trigger and Loose
ID requirements have almost 100% efficiency. At lower photon energies, fP*® becomes
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6.3 High photon energies

non-negligible, with typical values around 0.95 in the lowest E7 bins. Separate
correction factors are computed for converted and unconverted photons in bins of
transverse energy and absolute pseudorapidity.

6.3.2 Exception handling for negative values of track isolation efficiencies

In some bins, the calculated track isolation efficiencies for fake photons, g and
égke, can become negative. This can occur due to statistical fluctuations in the
estimate of Pyrompt, particularly in high-E7. bins in which both égke and ég)ke are
expected to be close to zero and statistics are limited. As negative efficiencies are

unphysical, an exception handling procedure is applied.

For each bin affected by a negative efficiency, a pseudo-experiment (PE) procedure
is performed to recover a physically meaningful estimate. A total of 10,000 PEs are
conducted separately for data and for the y+jet MC sample. In each PE, a number
of events Nf',D is sampled using bootstrap resampling with replacement, where Nfi)D
is drawn from a Poisson distribution centered on the nominal number of events in
the corresponding bin. For each PE, all quantities required to evaluate g, and
éth , as defined in Equations (6.5) and (6.6), are computed.

In a second step, two multivariate normal distributions are constructed using the
mean values and covariance matrices obtained from these data and MC PEs. New
values for the input variables are sampled from the respective distributions. For each
such set of variables, £ and égke are recalculated. If either of the two is negative,
the sample is rejected. This process is repeated until 10,000 pairs of non-negative
efficiencies are obtained.

The mean values of these filtered distributions are used in place of the original values
for égype and ég(e in the subsequent Matrix Method calculations. Out of the 156 bins
in the measurement, two bins required this exception handling procedure. These
bins are listed in Table 6.2. An investigation of the variable values contributing to
the negative efficiencies in these bins revealed no systematic behavior, supporting the
assumption that the negative efficiencies arise purely from statistical fluctuations.

Matrix Method bins (photon conversion type, absolute pseudorapidity
InJ| and transverse energy E7.) where at least one of the computed non-prompt
photon track isolation efficiencies is negative and exception handling is applied.

conversion type | [n}| bin E7 bin [GeV]
unconverted [1.81, 2.01) | [250, 350)
unconverted [1.81, 2.01) | [350, 1500)
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6 Measurement of photon identification efficiencies with the ATLAS detector

6.3.3 Correction to account for mismodeling of prompt-photon leakage
into non- Tight-identification regions

The estimation of g and €}2  via Equations (6.5) and (6.6) relies on simulation
to subtract the contribution from prompt photons in the non- T%ght-ID regions.
However, the fraction of prompt photons passing or failing the individual pho-
ton ID SSV requirements, and consequently the leakage of prompt photons into
these non-ID regions, may be mismodeled in simulation.

To correct for this potential mismodeling, an iterative procedure is applied to the
prompt-photon leakage ratios Rﬁr%rcnpt and R{;‘mmpt. First, a scale factor for prompt
photons failing the Tight ID WP is derived from the scale factor for Tight ID
efficiency, SFE?Ompt (see Equation (6.2)):

1— SFID 8ID

nonlD __ prompt ~ “prompt,MC
SFprompt - 1— 1D ) (69)
Eprompt,MC

ID

prompt,MC 18 the Tight ID efficiency for prompt photons in simulation.

where €

The correction proceeds via the following iterative steps, starting from an initial

nonlD 1.
value of SFp0 0 o = 1
BC _ pABC A
1 Rprompt,i - Rprompt,i - Rprompt,i (610)
ABC _ nonlD ABC
2 Rprompt,i—l—l - SFprompt,i ’ Rprompt,z' (611)
. A _ pABC BC
3: Rprompt,iJrl - Rprompt,iJrl - Rprompt,i (612)
4: Compute . SFL SEpony (6.13)
ompute Eprompt,iJrl’ prompt,i+1- prompt,i+1 '

This procedure is repeated until agl?ompti converges. Fifteen iterations have been

found to be sufficient to achieve convergence in all bins. The initial value is taken
as the nominal result, while the difference to the converged value is used to assess
the associated uncertainty.

6.3.4 Uncertainties

Several sources of uncertainty are considered and are described in the following. The
total uncertainty is computed as the sum in quadrature of the individual components,
assuming that the different sources are uncorrelated. Breakdowns of the individual
uncertainties across the different bins for the presented measurement are shown in
Figure 6.4 and in Appendix B.
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6.3 High photon energies

Statistical

Two separate uncertainties are derived. One arising from the limited size of the
dataset, referred to as statistical uncertainty, and one from the limited size of the
~v+jet MC sample, referred to as MC statistical uncertainty. Both are estimated
using PEs conducted in the same way as described in Section 6.3.2. For each PE,
the photon Tight ID efficiency sg;)ompt is calculated. A number of 200 PEs for
both data and simulation was found to be sufficient to obtain Gaussian-shaped
distributions of eggompt that remain stable when increasing the number of PEs. The
standard deviations of these distributions are taken as the corresponding statistical
uncertainties. Examples of the resulting distributions obtained for the presented

measurement are shown in Figure 6.1.
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Distributions of the photon identification efficiencies from the pseudo-
experiments used to estimate the uncertainties arising from limited statistics in
data (left) and Monte Carlo (right), shown exemplary for converted photons with
In})] < 0.6 and 25 GeV < E7, < 30 GeV.

Track isolation requirement

To assess the impact of the track isolation cone size, the nominal cone radius of
R = 0.4 is reduced to 0.3. The absolute difference in the resulting photon Tight ID
efficiency is taken as the associated uncertainty.

Correction for preselection

The correction factor fP™ is derived from the y+jet MC sample. Sources of uncer-
tainty include the mismodeling of the trigger efficiency and the Loose photon ID
efficiency in this sample, as well as limited statistics. However, the trigger efficiencies
in the relevant kinematic phase space are close to 100% in both data and simulation
and are therefore neglected. The impact of the possible mismodeling of the Loose

ID efficiency is assessed based on the corresponding scale factors SFgf’é’Iffpt measured
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6 Measurement of photon identification efficiencies with the ATLAS detector

with the Radiative Z Method described in Section 6.1. These SFs show sizeable
fluctuations and only cover the range up to EJ. < 100 GeV. To extrapolate beyond
this region, a fit of the form

a
SFéfglfli)t(E%) = m + 1 (614)

is performed, separately for converted and unconverted photons in each |n]| bin.
This functional form is chosen because it has only one free parameter, reducing the
risk of overfitting to statistical fluctuations, it naturally approaches unity at high E7
where the Loose ID efficiency is expected to be close to 100%, and it provides a
stable extrapolation beyond the measured E range.

The largest deviation of the fit, including its 1o confidence interval, from the nominal
value of 1 is taken as the uncertainty due to Loose ID mismodeling. This is then
combined in quadrature with the statistical uncertainty from the v+jet MC sample.
The resulting total uncertainty is applied to fP'®, and the photon Tight ID efficiency
is recalculated for the up and down variations. The maximum deviation from the
nominal result is assigned as the systematic uncertainty on the Tight ID efficiency.
Examples of SFéfngl‘;t values, the corresponding fits and the resulting correction
factors used for this measurement are shown in Figure 6.2.

Correction for prompt-photon leakage

To assess the impact of potential mismodeling of prompt-photon leakage into the
non- Tight-ID regions, the absolute difference between the initial photon ID efficiency
and the efficiency after the final iteration of the correction procedure is taken as the
associated uncertainty. Examples of the evolution of 5£?ompt,i during the iterative
correction procedure are shown in Figure 6.3.

Fudge factors

To account for the uncertainties associated with the fudge factors, each corrected
SSV is varied by adding the corresponding fudge factor uncertainty. Since some
SSVs are strongly correlated, the variations are applied in four sets: (Rpaq) for the
hadronic leakage, (Ry) for the shower width in ¢ direction, (R,,wy2) for the shower
width in 1 direction, and (ws 3, Ws.tot, Fride) for the lateral shower width in the strip
layer. These sets ensure that strongly correlated variables describing similar aspects
of the calorimeter shower are varied together. For each set, the photon ID efficiency
is recalculated, and the difference from the nominal value is taken as the associated
uncertainty. The total fudge-factor uncertainty is obtained as the quadratic sum of
the four contributions.
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6.3 High photon energies
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Upper row: nominal correction factors used to account for the
Matrix Method preselection, shown for converted (left) and unconverted (right)
photons with exemplary pseudorapidity || < 0.6. Statistical uncertainties are
included but too small to be visible. Lower row: corresponding scale factors
with statistical uncertainties for the Loose photon ID efficiency obtained via the
Radiative Z Method, together with the fit function from Equation (6.14) and
its 1o confidence band.
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Iterative evolution of el ., shown for converted (left) and uncon-

verted (right) photons with exemplary pseudorapidity |n}j| < 0.6 and transverse
energy 25GeV < EJ < 30 GeV. Total uncertainties from other sources are indi-
cated by the red band.
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6 Measurement of photon identification efficiencies with the ATLAS detector

Non-closure

The assumption that the narrow-strip variables and the photon track isolation
requirement are only weakly correlated, which is used in Equation (6.6), is tested
using the fake-photon dijet MC sample, described in Section 4.5.2. Due to the
limited MC statistics, the study is performed inclusively across all photon energies.

In the dijet sample, the following quantities are computed, which without any
correlation would both be expected to be close to zero:

~ABCD ~ABC

. ¢ — Ehake |
Agfake — fakeAABCDfake (615)
Etake
~D ~A
£ — &
A Ag{{e — ‘ fakeAD fake‘ ' (616)
Efake

To assess the impact of potential correlation (non-closure), the track isolation
efficiencies of fake photons &gy and ég)ke are independently varied up and down,
resulting in four variations. The photon Tight ID efficiency is recomputed for each.
The absolute differences from the nominal result for the two variations that lead to
a higher ID efficiency are combined in quadrature, and the same is done for the two
that decrease it. The larger of these two combinations is assigned as the non-closure
uncertainty on the photon Tight ID efficiency. The obtained values for Aége and
Aégke are shown in Table 6.3.

Values of Aég,e and Aé}?ke with statistical uncertainties, obtained from
the dijet Monte Carlo sample, used to estimate the Matrix Method non-closure
uncertainty.

| bin converted unconverted

Aépake [%] | Aéfge (%] | Alfake [%] | Aéfgg, [%]
[0.0, 0.6) 10.7£1.1 59+£09|11.2+06 | 64+0.6
[0.6, 0.8) 93+£22 | 46+£1.7|100x+1.1 5.7£0.9
[0.8, 1.37) 70£10]| 52408 7507 | 50x£0.7
[
[
[

1.52,181) | 72+11| 46+09| 75+£13| 51+1.2
1.81,2.01) | 80+15| 45+13| 83+15| 52+14
2.01,237) | 78412 | 56+1.1| 724+1.1| 47+1.0
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6.3 High photon energies

6.3.5 Results: photon identification efficiencies

The measured photon ID efficiencies ggr?ompt and scale factors SFS?Ompt, together

with a breakdown of the associated uncertainties, are shown for converted and
unconverted photons with |}}| < 0.6 in Figure 6.4. Results for all other |n)j| bins
are shown in Appendix B and are also considered in the following discussion.

At low E7, the photon ID efficiency measured in data is smaller than in simulation.
This leads to scale factors starting around 0.90 to 0.95 in the lowest bins, and
gradually approaching unity for £ > 100 GeV. This behavior is expected. At
low E7., photon showers in the electromagnetic calorimeter are broader and more
affected by fluctuations. Simulation slightly idealizes the shower shapes, leading to
an overestimation of the ID efficiency. At higher E7., the showers become narrower,
the SSVs are better modeled, and the data and simulation efficiencies converge.

In the lowest E7. bin (25GeV to 30GeV), the ID efficiencies are around 80%
for most |n)| bins. For medium E7 (around 150 GeV to 250 GeV), efficiencies
increase from about 96% up to 98% for converted photons and from about 92% up
to 96% for unconverted photons, depending on the |5} bin. At low E7,, unconverted
photons have slightly higher ID efficiencies than converted photons because of their
narrower calorimeter showers. At medium to high EZ., converted and unconverted
photons produce showers of more similar width, and converted photons exhibit
slightly higher efficiencies.

The non-closure uncertainty is dominant at low E7. As shown in Table 6.3, the
deviations Aépe. and Aégke differ from zero by several times their statistical
uncertainty, indicating a non-negligible correlation between the track isolation
criterion and the narrow-strip SSVs. The observed non-closure is not specific to
any particular narrow-strip SSV. Instead, it is observed consistently across all
narrow-strip SSVs, pointing to a more global correlation between the track isolation
requirement and the calorimeter-based photon ID.

As discussed in Section 5.8, the reconstruction software has undergone considerable
changes since earlier Matrix Method measurements, in particular with respect to
track reconstruction. Given the number and scope of these changes, it is difficult to
attribute the observed increase in correlation to a single modification. Nevertheless,
it is plausible that the improved rejection of fake tracks and the increased robustness
against pile-up tracks and energy contributions enhance the coupling between
track-based isolation criteria and the calorimeter-based narrow-strip SSVs.

The impact of this correlation on the non-closure uncertainty is particularly pro-
nounced at low EJ. In this region, the separation power of the track isolation

55



6 Measurement of photon identification efficiencies with the ATLAS detector

criterion between prompt and fake photons is reduced. The prompt-photon track iso-
lation efficiency remains relatively constant at around 70% across the full EJ. range.
In contrast, while the fake-photon efficiency approaches zero at high E7., it reaches
values of up to about 50% in the lowest E7J. bins, resulting in a comparatively small
difference between the prompt- and fake-photon efficiencies.
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Prompt photon identification efficiencies with total uncertainties
in data and simulation and resulting scale factors for |n)j| < 0.6 (upper row)
for converted photons (left) and unconverted photons (right). Corresponding
breakdowns of individual uncertainties in the lower row.

As a consequence, the expressions in Equations (6.3) and (6.4) become increasingly
sensitive to upward variations of £pye and ég?ke. In the lOW—E% regions, such
variations can bring the denominator of the equations close to zero, leading to
numerical instabilities. The resulting non-closure uncertainty should therefore be
regarded as highly conservative in this phase-space region.
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6.3 High photon energies

Another large contribution is the fudge factor uncertainty. It becomes one of the
dominant uncertainties for unconverted photons at high E7.. The magnitude of this
uncertainty should be regarded as conservative, since the fudge factors were still
undergoing significant developments at the time of this measurement. As a result,
the variations likely overestimate the true impact of the fudge factor uncertainties.

Track isolation uncertainties also play a significant role at low EJ.. The uncertainty
associated with the correction for prompt-photon leakage is of comparable size and,
for unconverted photons, is dominant in some high—E% bins.

The results obtained with the Radiative Z Method, the Electron Extrapolation
Method, and the Matrix Method are combined using the BLUE method [110]. An
example bin of the combination is shown in Figure 6.5. At low E7., the Matrix
Method carries little statistical weight in the combination due to its large uncertainty
and is therefore only included for Ej. > 50 GeV, while the other two methods
provide sufficient coverage at lower energies. In the regions where the different
methods overlap, they agree well within their respective uncertainties, resulting in
a consistent and comprehensive measurement of the photon ID efficiency across a
large E7. spectrum. The good agreement in the overlap regions suggests that the
underlying assumptions of the Matrix Method remain valid despite the non-negligible
correlations observed between the track isolation criterion and the narrow-strip
variables.
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Photon identification efficiency measured with the Matrix Method,
Radiative Z Method and Electron Extrapolation Method as a function of the
transverse photon energy, shown here for unconverted photons with || < 0.6.
The lower panel displays the corresponding scale factors, including the combined
weighted average with its total uncertainty. Figure courtesy of Francisco Alonso.
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The previous chapters have introduced the theoretical foundations of the SM (Chap-
ter 2) and the single top-quark production mechanisms (Section 2.4), as well as
the experimental setup at the LHC and the ATLAS detector (Chapter 3). The
following chapter provides an overview of the strategy for the measurement of the
differential cross-section of the t-channel single top-quark process in association with
a photon (tgvy) in the leptonic decay channel of the top quark. The dataset and
the MC samples used for the measurement have been described in Section 4.1 and
Section 4.4.

7.1 Event Selection

The measurement is performed in the semileptonic decay channel of the top quark.
The expected detector signature is characterized by:

¢ one isolated high-pt photon,

o a forward jet associated with the spectator quark (typically a valence quark
from the incoming proton, carrying significant longitudinal momentum),

o at least one b-jet (from the top-quark decay),
o a charged lepton (electron or muon),

e missing transverse momentum from the undetected neutrino.

Using the object definitions described in Chapter 5, an event selection is constructed
to target the characteristic topology of the tgvy process and to define a signal region
enriched in signal events. To suppress background contributions from Z-+jets events,
in which the Z boson decays into an electron pair and one electron is misidentified
as a photon, events with an invariant mass of the electron-photon system m,, within
a window around the Z boson mass, 81 GeV < me, < 101 GeV, are rejected.

The signal region requires exactly one b-tagged jet at the 70% efficiency working
point (WP) and vetoes additional b-tagged jets at the looser 85% WP, reflecting the
presence of a single b-jet from the top-quark decay in the tqy process and suppressing
backgrounds containing two top quarks. Two orthogonal control regions are defined
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7.2 Event categorization

to constrain the dominant prompt-photon backgrounds, tty and W~y+jets. The
b-tag multiplicity requirements are modified to enrich the respective backgrounds
while maintaining a topology close to that of the signal region. The exact definitions
of all analysis regions are summarized in Table 7.1.

Definitions of the analysis regions (see Chapter 5 for object definitions).

Requirement Signal region ‘ tty control region ‘ W~+jets control region
Photons exactly 1 (p}. > 20GeV)
Leptons exactly 1 (p5 > 28 GeV)
no additional lepton with pfr > 10GeV
Emiss > 30GeV
Mey not in [81,101] GeV
Jets >1 (P >25GeV) | >2 (P >25GeV) | >1 (P > 25GeV)
b-tags =1 (70% WP) =1 (70% WP) =0 (70% WP)
=1 (85% WP) > 2 (85% WP) >1 (85% WP)

7.2 Event categorization

Since the event topology features a photon, processes in which an electron or
a hadron is misidentified as a photon form major background contributions. In
simulation, events are categorized according to the truth particle! associated with
the reconstructed photon and referred to as either:

o e— fake:
— the truth particle is an electron, or

— the truth particle is a photon but a truth electron is present within
AR = 0.05, in which case the photon is likely radiated from the electron.

o h—~ fake:
— the truth particle is a hadron, or

— the truth particle originates from a hadron.

o otherwise: prompt.

The contributions from events with e—~ or h—~ fake photons are typically not
modeled with sufficient accuracy in simulation. To correct for that, data-driven
methods are used to determine scale factors for both of the fake-photon categories,

"Here, “truth” refers to the particle-level information from the MC simulation.
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7 Analysis Strategy

described in Sections 8.1 and 8.2. The obtained scale factors are applied to MC events
belonging to the respective fake-photon category.

7.3 Signal identification and beyond

After establishing the event selection and background estimation, a Neural Net-
work (NN) is trained to discriminate between signal and background events (Chap-
ter 9). A cut on the output of this classifier is used to subdivide the signal region
into a region containing events that fail the cut (the NN fail region) and a region
containing events that pass the cut (the NN pass region), resulting in a greatly
increased signal purity for the latter. A schematic overview of the analysis strategy
is shown in Figure 7.1.

ControI_Region
tty

Control Region

Signal Region Wny

5

Signal Region Signal Region
NN Pass NN Fail
Differential Differential Differential Differential
Distribution Distribution Distribution Distribution

12

Unfolding to Particle Level
— tgy Response Matrices

v

Binned Likelihood Fit
— Differential Cross-Section

Schematic overview of the analysis strategy. Events are categorized into
two signal regions based on the Neural Network (NN) output and into control regions
enriched in t#y and W+ events. Reconstruction-level distributions in all regions
are used as input to a simultaneous binned likelihood fit. The signal contribution
at particle level is connected to the reconstruction level via response matrices
obtained from simulation. The fit extracts the differential signal normalisation
factors and the corresponding cross-section for the tgy process at particle level.

Differential cross-section measurements are performed for different reconstruction-
level observables, each employing a separate binned likelihood fit, as described
in Section 2.4.2, performed simultaneously across all four analysis regions. The
signal contributions are modeled at particle level and connected to reconstruction
level via response matrices R, derived from simulation for each region r. The
matrix elements define the probabilities for events generated in a particle-level
bin ¢ to be reconstructed in bin b, including the detector acceptance and selection
efficiency. A separate normalization parameter ,uﬁ'” is introduced for each particle-
level bin. For observables that are not defined at reconstruction level in certain
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7.3 Signal identification and beyond

regions, such as observables related to the top quark in the W+ control region, a
response matrix is constructed that instead connects the particle-level distribution
to a common alternative observable, the reconstruction-level p% distribution. While
such response matrices exhibit significant off-diagonal contributions, this choice
allows a consistent treatment of the signal contribution across all regions. It also
retains sensitivity to the composition of background processes such as tty and W+,
therefore improving the constraints on the corresponding normalization parameters
in the fit. The fit determines the values of all fit parameters that maximize the
likelihood?, taking into account the folding (i.e. detector response) of the particle-
level signal contributions via the response matrix. The fit is performed using
the TREXFITTER framework [111], which employs the MINUIT package [112] to
determine the parameter values that best describe the data.

The likelihood function is constructed as a product of Poisson probabilities and
constraint terms (Pois) and Gaussian constraints (N') over all particle-level bins i
and reconstruction-level bins b in all regions r,

E(ndata ‘ u7 Ry HPOIS data ‘ npred( L, ’7))
-HN 05 ] 0,1)

tqv ~r tqv g bkg _bkg
H POIS zbr 1b7“ zbr HPOlS | ’7 Tbr )’ (71)

i,b,r

where u, 8, and ~ denote the sets of all corresponding parameters, n9* denotes
all observed numbers of events ng“},ta, and nb 4 denotes the predicted yield in bin b

of region r. The predicted yields are given by

rd
np e, 0 Z’nb”szr ) i g
e [ 0y (0) + Yy (0) + ngther(8) |, (7.2)

where ,ut(” are normalization parameters corresponding to the particle-level signal
contribution in bin ¢, and nt‘” are the particle-level signal yields in simulation,
which are mapped to reconstruction—level yields via the response matrix R, »(0).
The dominant prompt-photon background contributions from t¢y and W+ produc-
tion nZtZ(B) and ng,fﬁ(e) are modeled at reconstruction level with normalization

parameters /ﬁ'y and V7, respectively, while all other background contributions

2In practice, the fit is performed by minimizing the negative logarithm of the likelihood, which
improves numerical stability and is equivalent to maximizing the likelihood.
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7 Analysis Strategy

are included in n$'h°r(@). The normalization parameters g are unconstrained in the

likelihood, i.e. no constraint terms are applied in Equation (7.1).

Systematic uncertainties o}””", arising from sources such as modeling, analysis-

specific effects, and calibration measurements, are incorporated via nuisance pa-
rameters 0, which modify the predicted yields. For each source of uncertainty k,
alternative distributions corresponding to variations of :tasy 5" are used as additional
inputs to the fit. Interpolation between the nominal and varied distributions is
used to parametrize the yields as a function of 8, where 6, = 0 corresponds to the
nominal prediction and 6, = %1 to the iaZYSt variations. These variations can affect
both the normalization and the shape of the distributions. The nuisance parameters
are constrained by Gaussian terms N () | 0,1), which represent the uncertainties
as likelihood contributions during the fit.

The « parameters allow the predicted yields in each bin to fluctuate according to the
statistical uncertainties of the simulated samples. Introducing separate parameters
for each individual background process would lead to an impractically large number
of parameters. Therefore, inclusive parameters 7}; l;g are used, which scale the total
background contribution per bin b and region r. These parameters are constrained
according to Equation (7.1) by P01sson terms with fixed values T;D ke (nplC otat)?
derived from the simulated yields n € and the correspondmg statlstlcal uncer—
tainties aztat Smaller statistical uncertamtles correspond to larger values of T,

and therefore to stronger constraints on ’yb . For the tgv signal, separate pa—
rameters 'y are introduced for each response between particle-level bin ¢ and
reconstructlon level bin b. These ’771;;)1,7' are constrained by corresponding values Zfz,
which are derived from the signal yields and statistical uncertainties associated with
each response. Since, for a given particle-level bin, each reconstruction-level bin
receives only a fraction of the events, the statistical uncertainty is dominated by
the reconstruction-level contribution, and the particle-level statistical uncertainty is

neglected.

)

The subdivision of the signal region into the NN fail and NN pass regions enhances
the sensitivity of the fit to the signal contribution. In particular, the NN pass region,
with its higher signal purity, is expected to provide strong constraints on the signal
normalization parameters. The main result of the fit is a set of signal normalization
parameters at particle level. The measured differential gy cross-section atq'y’meas
in bin ¢ is obtained by scaling the corresponding particle-level cross-section in

simulation, am’MC with the fitted normalization parameter qu%ﬁ according to
tqy,meas __  tqv,fit tqy,MC
9 =My "0 : (7.3)
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Backgrounds involving misidentified or non-prompt photons are typically difficult to
model accurately using Monte Carlo (MC) simulation. In this analysis, background
contributions arising from electrons misidentified as photons (e — ~ fakes) and
hadronic objects misidentified as photons (h— -y fakes) are therefore estimated using
dedicated data-driven methods. These methods are tailored to the specific features
of the analysis and are described in the following sections.

8.1 Estimation of background contribution from electrons
misidentified as photons

Electrons and photons are both reconstructed from clusters of energy deposits in the
electromagnetic calorimeter (see Section 5.3). Because of their similar properties,
electrons may falsely be reconstructed as photons. This can happen for several
reasons. The electron track may fail to be reconstructed, it may be misclassified
as originating from a photon conversion, or the electron may radiate a photon via
bremsstrahlung that is then misidentified as a prompt photon. To correct for possible
differences between data and MC, scale factors SF7 are derived and applied to
all MC events that are, as described in Section 7.2, classified as e —~ fakes.

8.1.1 Methodology

The probability for an electron to be reconstructed as a photon, denoted as P¢~7,
is estimated in Z+jets events as

e N(Z—e)

 2-N(Z—ee)’ (8:1)

where N(X) is the number of events reconstructed in the corresponding final-state
configuration. The factor of two in the denominator accounts for the possibility that
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8 Data-driven estimation of backgrounds with misidentified or non-prompt photons

either electron in the Z — ee decay may be reconstructed as a photon. A data-to-MC
scale factor is then defined according to Equation (8.1) as

Pita Naata(Z = e7)  Nuc(Z — ee)

SFe77 = —data — : : 8.2
Puc'  MuclZ 5 NawalZ 0 52
For convenience, the two factors in Equation (8.2) are defined as
,U/ZG’V _ Ndata(Z_>e’7)’ (83)
Nuc(Z —ey)
Zee _ Ndata(Z—me). (8.4)
Nyvo(Z —ee)

Two control regions (CRs) and one validation region (VR) with the nominal object
definitions described in Chapter 5 are used:

o Z — ey CR: one electron, one photon, zero b-tags (77% WP),
e Z — ee CR: two electrons, zero photons, zero b-tags (77% WP),
e Z — ey VR: one electron, one photon, at least one b-tag (77% WP).

In all regions, events containing muons are rejected. As in the signal region sum-
marized in Table 7.1, electrons are required to satisfy pT > 28 GeV, and events are
rejected if additional electrons with pT > 10 GeV are present. The invariant mass
of the electron-photon or electron pair must satisfy 71 GeV < my, mee < 111 GeV.
Additionally, the missing transverse momentum is required to be below 30 GeV,
suppressing contributions from processes with genuine neutrinos, such as leptonically
decaying top-quark processes, thereby increasing the purity of Z boson events. The
separation between control and validation regions ensures that the scale factors are
derived in an environment enriched with electrons as well as e —~y fakes, and tested
in a topology closer to the signal region. The measurement is performed in six bins
of absolute photon pseudorapidity of the associated calorimeter cluster |7721|, with
bin edges given by

[0,0.3),[0.3,0.6), [0.6,1.0), [1.0, 1.37), (1.52,1.81), [1.81,2.37),

and separately for the six photon conversion types defined in Table 5.2, giving a total
of 36 bins. The u#®’ and p?® factors are extracted in the Z — ey and Z — ee
control regions, respectively:

« Distributions of me, in each bin, as well as the inclusive m,, distribution, are
taken from the nominal MC samples described in Section 4.4. The dominant
contributions in both regions arise from Z+jets production.
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8.1 Estimation of background contribution from electrons misidentified as photons

« For each |n]| and conversion-type bin, two binned likelihood fits to the observed
data yields are performed, one in each control region. The fit procedure is
similar to the procedure described in Section 7.3 but without any constrained
nuisance parameters. The likelihoods are constructed as a product of Poisson
probabilities over the histogram bins b,

EZee(ndata ‘ MZee) — HPOis(ngata ‘ nz)red(uZee))’ (85)

b
EZe'y(ndata ‘ MZe’yHuB:s’B) — Hpois(ngata ‘ nbpred(luZe’y’ HB:;,B))’ (8.6)
b

where n92% denotes all observed numbers of events ngata, nfred denotes the
predicted number of events in bin b, and the normalization factor ;3 and the
parameters 3 are used to model additional contributions in the Z — ey region
via a third-order Bernstein polynomiall.

e In the Z — ee control region, the predicted yield is modeled as

n;))red _ MZee . anee + n[k;kg’ (87)
where an €€ denotes the contribution from the Z — ee events and n?kg is the
sum of all other background contributions. The parameter ;Z° scales the
overall normalization of the Z+jets contribution.

e In the Z — ey control region, the predicted yield is modeled as
”i)red = 'LLZe’y : anB’Y + n};kg + /’LBS : B3(/67 mb)a (88)

where an67 denotes the contribution from the Z — ey events and Bg is the
Bernstein polynomial described above, evaluated at the bin-center mass value
mp, and normalized to [0, 1].

The parameter values of %€, #¢7, /53, and the three 3 parameters that maximize

the likelihood functions (8.5) and (8.6) are determined in the fits. Conceptually,
pZe¢ primarily constrains the overall normalization of the Z+jets process using
the Z — ee control region. The parameter 4#¢Y then accounts for possible effects
from the mismodeling of e — ~ fakes. The final scale factors, derived from the
obtained p?®Y and p?® values according to Equations (8.2) to (8.4), are applied to

all e —~ fake background MC contributions.

!Bernstein polynomials are linear combinations of polynomials that can approximate the
shape of any continuous function. Here, a third-order Bernstein polynomial of the form
B3(B,z) = (2° + B2 -3z (1 — x) + B1 - 3x(1 — 2)” + Bo - (1 — 2)®) is used.
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8 Data-driven estimation of backgrounds with misidentified or non-prompt photons
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Figure 8.1: Invariant mass distributions in the Z — ey control region (CR),
exemplary for unconverted photons with pseudorapidity 1], < 0.3 (top) and for the
Z — ee CR (bottom), before (left) and after (right) the binned profile likelihood fit.
Data (black points) are compared to the stacked MC contributions. The improved
post-fit agreement confirms the validity of the fits.

8.1.2 Systematic uncertainties

Systematic uncertainties are estimated by repeating the measurement with alterna-
tive assumptions and evaluating the impact on the resulting scale factors. Unless
stated otherwise, the absolute difference between the nominal result and the result
obtained under the variation is taken as the corresponding uncertainty contribution.
The individual contributions are added in quadrature to obtain the total systematic
uncertainty, assuming that the different sources are uncorrelated. The variations
considered are:

Generator modeling

The nominal SHERPA Z+jets sample is replaced with a sample with an alternative
generator setup described in Section 4.4.5, using MADGRAPH5__AMC@NLO for
the matrix element calculations and PyYTHIA for the parton shower modeling.
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8.1 Estimation of background contribution from electrons misidentified as photons

Rare background modeling
The likelihood fits to the m,, distributions are performed without the third-order
Bernstein polynomials.

Z~+jets and W~y-+tjets contributions
The likelihood fits to the m.y and m,. distributions are performed without including
the Z~+jets and W~+jets MC contributions.

Photon energy calibration

The photon energy calibration is derived for prompt photons and may not fully
apply to misidentified electrons. Following the common approach suggested by
previous ATLAS studies, this uncertainty is evaluated using symmetric up and down
variations of the fake photon energy by +1%. If the nominal result lies between
the up and down variations, half of their difference is taken as the uncertainty.
Otherwise, the larger deviation with respect to the nominal result is assigned.

Mass window
The invariant mass requirements on me, and me. in both CRs are varied

from [71,111] GeV to [81,101] GeV.

8.1.3 Results: scale factors and uncertainties

The results of the likelihood fits to the me, and me, distributions in the Z — ey
and Z — ee control regions are shown in Figure 8.1. In both cases, the largest
contribution arises from the Z+jets process, followed by Z~v+jets and, in the Z — ey
region, also a smaller W~+jets component. Other backgrounds are negligible. The
post-fit distributions show improved agreement between data and the combined
MC prediction in normalization, and for m., also in shape, demonstrating that the
likelihood fits successfully constrain the normalization factors p2¢¢ and pu?e?.

The resulting scale factors SF77 with uncertainties are shown in Figure 8.2 and Ta-
ble 8.1 as a function of photon pseudorapidity and conversion type. For unconverted
and DoubleSi photons, the scale factors are relatively close to unity across all ]nzl|
bins, indicating good modeling of these well-reconstructed photon types. In contrast,
SingleTRT (SingleSi) photons exhibit larger scale factors, up to about 1.6 (2.0) in
the central region, indicating these bins are more sensitive to mismodeling. This is
expected because single-track conversion photons closely resemble electrons and are
therefore more affected by potential mismodeling of conversion-vertex reconstruction
efficiencies and differences in material modeling. Intermediate scale factors are
obtained for DoubleTRT and DoubleSiTRT photons, indicating partial mitigation of
mismodeling effects due to the presence of two tracks, although the quality of TRT
tracks is lower than that of Si tracks. In the central detector region, the presence
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8 Data-driven estimation of backgrounds with misidentified or non-prompt photons

of the Insertable B-Layer along with multiple high-precision pixel and SCT layers
enables very accurate track reconstruction, so the electron-photon classification
relies heavily on track-based information. The observed tendency for larger SFs
in this region may therefore hint that potential mismodeling of track and vertex
reconstruction has a strong effect on the electron-photon classification.

> F T T
7
in oL | 13 TeV, 140 fb™*
» & Unconverted
i SingleSi
18 o SingleTRT
o DoubleSi ]
1.6 — a + DoubleTRT —
L ¢ 'i ' DoubleSiTRT ]

1
P

o
(=]
»

0.8 i | | | | |
%0 Styy O3 <//;/7 <//;7 W/;k/

«'S03 9 N0g

18z
//;/7

v
<‘18 /7/

<10 Ws /<235

The e— scale factors SF°~7 with total statistical and systematic
uncertainty as a function of photon pseudorapidity for different conversion types.
The scale factors are derived from binned profile likelihood fits in the Z — ey and
Z — ee control regions.

The statistical uncertainty is generally small compared to the systematic components,
reflecting sufficient control region statistics, particularly for the first four conversion
types. Among the systematic uncertainties, the generator modeling uncertainty
is often dominant. This is expected, since the matrix element and parton shower
modeling significantly affect the event kinematics and radiation patterns. Variations
in simulated jet activity, parton-level interactions, and photon radiation lead to
changes in the reconstructed kinematics and identification efficiencies of leptons and
photons, which in turn impact the shapes of the invariant mass distributions used in
the likelihood fits. The mass window variation also contributes significantly to the
total uncertainty in several bins. The photon energy calibration and rare background
uncertainties contribute at an intermediate level, with some exceptions such as
the rare background uncertainty for DoubleTRT photons in the lowest |77;Y1| bin.
Variations from the V-~ contributions are generally subdominant. Overall, the total
uncertainty is larger at small |7]§1|7 particularly for DoubleTRT and DoubleSiTRT
photons, where the lower event counts lead to larger relative fluctuations in the
systematic variations. In most bins with |n}}| > 0.6, the total uncertainty remains
below 10%.
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8.1 Estimation of background contribution from electrons misidentified as photons

The e —y scale factor results and uncertainties for all photon absolute
pseudorapidity |n)| and conversion type bins.

Conversion type | |n])] SFe™7 || stat. | shower | rare V~ | energy | mass | total
Unconverted [0.0, 0.3] 1.12 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | +£0.02 | £0.03
[0.3, 0.6] 1.02 +0.01 | £0.02 | £0.02 | £0.01 | £0.01 | +£0.01 | £0.03
[0.6, 1.0] 1.03 4+0.01 | £0.01 | £0.02 | £0.01 | £0.01 | £0.02 | £0.04
[1.0, 1.37] 0.99 4+0.01 | £0.03 | £0.02 | £0.01 | £0.02 | £0.01 | £0.04

[1.52, 1.81] 0.92 +0.01 | £0.01 | £0.02 | £0.01 | £0.01 | £0.01 | £0.02
[1.81, 2.37] 1.03 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02

SingleSi [0.0, 0.3] 2.05 +0.01 | £0.10 | £0.01 | £0.01 | £0.01 | £0.01 | £0.10
[0.3, 0.6] 1.57 +0.01 | £0.02 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02
[0.6, 1.0] 1.50 +0.01 | £0.05 | £0.01 | £0.01 | £0.02 | £0.01 | £0.05

[1.0, 1.37] 1.25 +0.01 | £0.01 | £0.02 | £0.01 | £0.01 | £0.02 | £0.03
[1.52, 1.81] 0.96 +0.01 | £0.03 | £0.02 | £0.01 | £0.01 | £0.02 | £0.04
[1.81, 2.37] 1.13 +0.01 | £0.01 | £0.01 | +£0.01 | £0.01 | £0.01 | £0.01

SingleTRT [0.0, 0.3] 1.55 +0.01 | £0.03 | £0.01 | £0.01 | £0.01 | £0.01 | £0.03
[0.3, 0.6] 1.48 +0.01 | £0.11 | £0.04 | £0.01 | £0.02 | £0.05 | £0.13
[0.6, 1.0] 1.11 +0.01 | £0.02 | £0.02 | £0.01 | £0.01 | £0.04 | £0.05

[1.0, 1.37] 1.04 +0.01 | £0.05 | £0.01 | +0.01 | £0.01 | £0.01 | £0.05
[1.52, 1.81] 0.96 +0.01 | £0.01 | £0.01 | +0.01 | £0.01 | £0.02 | £0.02
[1.81, 2.37] 1.03 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02 | £0.03

DoubleSi [0.0, 0.3] 0.98 +0.01 | £0.01 | £0.01 | +0.01 | £0.01 | £0.01 | £0.02
[0.3, 0.6] 0.96 +0.01 | £0.03 | £0.01 | £0.01 | £0.01 | £0.01 | £0.04
[0.6, 1.0] 0.91 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02

[1.0, 1.37] 0.94 +0.01 | £0.02 | £0.02 | £0.01 | £0.01 | £0.01 | £0.03
[1.52, 1.81] 0.87 +0.01 | £0.01 | £0.02 | £0.01 | £0.01 | £0.02 | £0.03
[1.81, 2.37] 0.88 +0.01 | £0.02 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02

DoubleTRT [0.0, 0.3] 1.25 +0.03 | £0.02 | £0.15 | £0.01 | £0.01 | £0.02 | £0.15
[0.3, 0.6] 1.13 +0.03 | £0.03 | £0.02 | £0.01 | £0.02 | £0.05 | £0.07
[0.6, 1.0] 1.07 +0.03 | £0.02 | £0.01 | £0.01 | £0.05 | £0.12 | £0.14

[1.0, 1.37] 1.10 +0.01 | £0.01 | £0.03 | £0.01 | £0.01 | £0.02 | £0.04
[1.52, 1.81] 1.13 +0.01 | £0.01 | £0.02 | +0.01 | £0.01 | £0.08 | £0.08
[1.81, 2.37] 1.27 +0.02 | £0.02 | £0.02 | +£0.01 | £0.01 | £0.04 | £0.06

DoubleSiTRT [0.0, 0.3] 1.53 +0.04 | £0.13 | £0.04 | +£0.01 | £0.05 | £0.12 | £0.19
[0.3, 0.6] 1.28 +0.02 | £0.05 | £0.09 | +0.01 | £0.01 | £0.02 | £0.11
[0.6, 1.0] 1.02 +0.02 | £0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.03

[1.0, 1.37] 1.07 +0.01 | £0.01 | £0.02 | £0.01 | £0.01 | £0.02 | £0.03
[1.52, 1.81] 1.04 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02 | £0.03
[1.81, 2.37] 1.00 +0.01 | £0.01 | £0.01 | £0.01 | £0.01 | £0.02 | £0.02

8.1.4 Validation: photon kinematics in the validation region

The derived scale factors are applied and validated in the Z — ey validation region,
which is kinematically similar to the analysis signal region. Figure 8.3 shows the
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8 Data-driven estimation of backgrounds with misidentified or non-prompt photons

photon pseudorapidity and conversion-type distributions before and after applying
the scale factors. Before as well as after applying the corrections, the MC prediction
exceeds the data yields by about 5%, consistent with residual mismodeling not
directly addressed by the e — v scale factors. After applying the scale factors,
the agreement between the shapes of the distributions in data and MC improves,
indicating that the corrections derived in the control regions are applicable to
a topology close to the signal region. This provides confidence in the robustness of
the e —~ background estimation.
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Figure 8.3: Photon pseudorapidity (top) and conversion type (bottom) distribu-
tions with statistical uncertainties indicated by the hatched band, in the Z — ee
validation region, shown before (left) and after (right) applying the e — - scale fac-
tors.
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8.2 Estimation of background contribution from non-prompt
photons as well as hadrons misidentified as photons

The main sources of h— -~ fakes are neutral mesons, predominantly neutral pions,
which decay into pairs of photons (7 —~7) before reaching the calorimeters. These
photons can be sufficiently collimated to overlap and mimic a single isolated photon
in the detector. Additionally, non-prompt photons may originate from secondary
decays, for example in jets containing heavy-flavor hadrons.

To estimate this background contribution, the ABCD method [113-115] is employed.
The method, associated systematic uncertainties, the results, and validation are
presented in the following.

8.2.1 Methodology: ABCD method

The ABCD method relies on constructing four orthogonal regions (region A, B, C,
and D) based on two binary selection criteria that are approximately uncorrelated.
Regions A, B, and C fail at least one of the two criteria and are therefore enriched in
background events. These regions are used to estimate the background contribution
in the target region D, which passes both selections.

For the h—~ fake estimation, all four ABCD regions are defined using the signal
region as a baseline, but without the photon ID and isolation criteria, as illustrated
in Figure 8.4. The isolation criterion is defined in Section 5.2 and used as one of
the two ABCD region criteria. To obtain the second criterion, the SSVs used for
photon ID are split into two groups as described in Chapter 6: narrow-strip variables
and relaxed-tight variables. Because the narrow-strip variables describe the core of
the photon shower, they are expected to be only weakly correlated to the photon
isolation, which is instead sensitive to the surrounding activity. Consequently, they
are used as the second ABCD region criterion. Additionally, all ABCD regions
require the photon candidate to pass the relaxed-tight variable cuts. Therefore,
passing all SSV cuts as well as isolation, the target region D corresponds to the
signal region defined in Section 7.1.

Because of the expected weak correlation between isolation and the narrow-strip
variables, the relation
Nh—>’y(A) Nh—)’y (D)

data ~ data ( 8 9)
h h :
‘N’d.?;)a’y (B) Nd;aﬂ{ (C)

can be assumed, with Ng;; (X) being the h— ~ fake yields in data for different

regions X. However, in order to account for the actually non-zero correlation
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pass

B C

isolation requirements
fail

fail pass
narrow-strip variables

Schematic representation of the ABCD region definitions used for the
h—~ fake estimation. All regions also require the photon candidate to pass the
relaxed-tight variable selection. Regions A, B and C are enriched in h— -y fakes,
while region D corresponds to the signal region.

between the two region criteria, a non-closure correction factor 6 is calculated. This
factor is derived from simulation as

Nhﬁ\'y(B) Nh%'y(D)

§ = —MC MG (8.10)
h h
Ny (A) Ny (©)
and applied to Equation (8.9). This leads to:
N'Y(A) - NI (0
N=7(p) = —data data 277 . ¢, 8.11
data ( ) N(;za—t;fy(B) ( )

The respective h— -~y fake yields in data for the background regions are obtained by
subtracting the prompt photon and e —~ fake contributions, estimated from MC,
from the total yields:

NITT(X) = Ngaga(X) — NEZPPY(X) — SF77 - NG (X) (8.12)

The scale factor SF®~7 is derived as explained in Section 8.1. Finally, data-to-MC
scale factors for h— -y fakes are calculated as:

h

Vi (D) 1

These scale factors, determined in bins of photon transverse momentum, absolute
pseudorapidity and separately for converted and unconverted photons, are applied
to all h—~ fake background contributions in MC.
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8.2.2 Systematic uncertainties

Several systematic uncertainties are considered in the estimation of the h—~ fake
background. These uncertainties arise from the limited size of the dataset, the
modeling of the largest background processes and assumptions made during the
calculation of SF"™?. Each source of uncertainty is described in the following. The
total uncertainty is computed as the sum in quadrature of the individual components,
assuming that the different sources are uncorrelated.

Limited data statistics

The uncertainty arising from limited data statistics is estimated using 1000 pseudo-
experiments (PEs). In each experiment, all data yields are randomly varied according
to Poisson statistics. For each pseudo-dataset, the full scale factor calculation is
repeated, resulting in a Gaussian-like distribution of scale factors. The standard
deviation of this distribution is taken as uncertainty.

PEs are used instead of analytic error propagation to capture non-linear effects
and correlations in the scale factor calculation. Statistical uncertainties from MC
samples are neglected, as the MC event counts are more than an order of magnitude
larger than the corresponding data yields and therefore have a negligible impact.

Shower modeling of tt

Since the tt process is the dominant source of h — ~ fakes, shower modeling
uncertainties are evaluated specifically for this process. For that, the nominal
tt sample (produced with PyYTHIA8) is replaced with the alternative HERWIGT
sample described in Section 4.4.2. The scale factor is recalculated with this sample,
and the difference to the nominal result is taken as uncertainty.

Renormalization and factorization scales of tt and tt~y

The uncertainty is evaluated independently for the t¢ and ¢ty MC samples by varying
the renormalization (ur) and factorization (up) scales. For each of the following
combinations:

{0.5,0.5}, {0.5,1.0}, {0.5,2.0},

{pr, pr} x { {1.0,0.5}, {1.0,2.0},
{2.0,0.5}, {2.0,1.0}, {2.0,2.0}

the full scale factor calculation is repeated for each variation, and the envelope of
the deviations from the nominal result is taken as a symmetric uncertainty.

Cross-section of tt
The tt cross-section is varied up and down by 6%, which reflects the theoretical
uncertainty on its inclusive prediction (see Section 4.4.2). For each variation, the
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full scale factor calculation is repeated. The larger of the two resulting deviations
from the nominal value is taken as symmetric uncertainty.

Non-closure parameter 6

To estimate the uncertainty associated with the non-closure parameter 6, the
previously described variations to the t¢ sample are applied in the calculation of 6.
These include the use of the alternative HERWIG7 sample instead of the nominal
PyTHIAS8 sample, variations of the renormalization and factorization scales, and
the 6% variation of the tt cross-section. In total, eleven 6 values are derived from
these variations and used in the scale factor calculation. The largest deviation of
the resulting scale factor from the nominal value is taken as uncertainty.

Prompt photon modeling in background regions

To account for the mismodeling of prompt photon contributions in the background
regions, the approach described in Ref. [116] is followed. The dominant ¢ty contri-
bution is varied up and down by 15%, while the contributions from other V~y-+jets
processes are varied simultaneously by 30% in the same direction. The h—~ scale
factors are recalculated, and the larger of the two deviations from the nominal result
is taken as uncertainty.

SF®~7 uncertainty
The impact of SF*~7 on the subtraction of the e —~ fake contribution from data is
evaluated by varying the scale factor up and down within its uncertainty. For each
variation, SF"™7 is recalculated, and the larger deviation from the nominal value is
taken as uncertainty.

8.2.3 Results: SFs and uncertainties

To account for dependencies on kinematic properties, the estimation is performed
in bins of the photon transverse momentum p%, absolute pseudorapidity of the
associated calorimeter cluster |7721|, and separately for converted and unconverted
photons:

e pt bins: [20,40) GeV, [40, c0) GeV
e |nJ| bins: [0,0.3),[0.3,0.6),[0.6,1.0), [1.0,1.37), (1.52,1.81), [1.81, 2.37]
e photon conversion status: converted, unconverted

The detector transition region between 1.37 < [n}| < 1.52 is excluded. For un-
converted photons, the two highest |7]Zl| bins are merged due to limited statistics,
resulting in a total of 22 bins.
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Figure 8.5 shows the h — v scale factors with statistical and total systematic
uncertainties. The scale factors mostly lie between 1.0 and 1.4, reflecting a general
underestimation of the hadron-to-photon fake contribution in simulation. Only
in two bins, the scale factors are slightly smaller than one. No strong trends are
observed across |n )| or between the different p]. bins. With relatively small statistical
uncertainties, the measurement is mostly limited by systematic uncertainties. In
addition, Tables 8.2 and 8.3 list the final scale factors in all bins for converted
and unconverted photons, respectively, along with the corresponding non-closure
parameters, individual uncertainty contributions, and the total uncertainty.
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Resulting h— ~ scale factors as function of |n]|. Statistical uncer-
tainties, total systematic uncertainties, and the combined total uncertainties are
shown. Results for converted photons are displayed in the upper row, results for
unconverted photons in the lower row.
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The h—y scale factor results and uncertainties in all photon absolute
pseudorapidity |n]j| and transverse momentum pJ. bins for converted photons,
obtained using the ABCD method.

[ndl P [GeV] SF'7 | 9 stat | shower | scales tf | o | scales tty | non-clos. | prompt | SF*77 || total
[0.0, 0.3] [20, 40] 1.21 1.00 || £0.07 | +0.18 +0.21 +0.10 +0.05 +0.06 +0.04 | £0.02 || +0.32
[40, =] 1.24 1.07 || £0.09 | £0.10 +0.23 +0.11 +0.05 +0.20 +0.04 +0.02 || +£0.35
[0.3, 0.6] [20, 40] 1.17 1.09 || £0.07 | £0.19 +0.19 | £0.09 +0.05 +0.01 +0.05 | £0.01 || +0.30
[40, o] 1.02 1.11 || £0.08 | £0.03 +0.19 +0.09 +0.05 +0.12 +0.04 +0.03 || £0.27
[0.6, 1.0] [20, 40] 1.11 0.99 || £0.07 | £0.24 +0.18 +0.09 +0.05 +0.01 +0.05 +0.01 || +0.33
[40, 0] 1.15 1.08 || £0.07 | £0.06 +0.18 | £0.08 +0.03 +0.05 +0.03 | £0.01 || +0.23
[1.0, 1.37] [20, 40] 1.34 1.03 || £0.06 | +0.16 +0.21 +0.10 +0.05 +0.06 +0.05 +0.01 || +£0.30
[40, o0] 1.31 1.10 || £0.07 | £0.11 +0.19 +0.09 +0.04 +0.10 +0.03 +0.01 || £0.27
[1.52, 1.81] | [20, 40] 1.43 1.15 || £0.07 | £0.01 +0.23 +0.10 +0.05 +0.15 +0.05 +0.01 || £0.31
[40, o0] 1.04 1.08 || £0.07 | +0.05 +0.17 | £0.08 +0.04 +0.07 +0.04 | £0.01 || +0.23
[1.81, 2.37] | [20, 40] 1.24 1.03 || £0.07 | £0.01 +0.24 | £0.11 +0.05 +0.04 +0.05 +0.01 || +0.29
[40, o0] 0.98 1.10 || £0.08 | +0.11 +0.24 +0.11 +0.04 +0.07 +0.04 | £0.03 || £0.31

The h—y scale factor results and uncertainties in all photon absolute
pseudorapidity |n)| and transverse momentum pJ. bins for unconverted photons,
obtained using the ABCD method.

[ndl P [GeV] SF'7 | 9 stat | shower | scales tf | oy | scales tty | non-clos. | prompt | SF*77 || total
[0.0, 0.3] [20, 40] 1.29 0.99 || £0.05 | £0.26 +0.18 | £0.09 +0.11 +0.06 +0.09 | £0.01 || £0.37
[40, o0] 1.13 1.04 || £0.08 | £0.23 +0.21 +0.09 +0.17 +0.10 +0.15 +0.02 || +0.42
[0.3, 0.6] [20, 40] 1.17 | 0.98 || £0.05 | £0.22 +0.17 | £0.08 +0.10 +0.05 +0.09 | +0.01 || +0.33
[40, =] 1.22 1.00 || £0.09 | £0.35 +0.21 +0.10 +0.17 +0.07 +0.16 +0.02 || +0.50
[0.6, 1.0] [20, 40] 1.25 1.00 || £0.05 | £0.24 +0.18 +0.09 +0.10 +0.01 +0.09 +0.01 || +0.34
[40, o] 1.11 0.99 || £0.08 | £0.23 +0.19 +0.09 +0.15 +0.10 +0.13 +0.02 || +£0.39
[1.0, 1.37] [20, 40] 1.23 0.95 || £0.06 | £0.19 +0.18 +0.08 +0.08 +0.01 +0.07 | £0.00 || +0.30
[40, oo] 0.93 1.00 || £0.09 | +0.22 +0.15 +0.07 +0.13 +0.08 +0.13 +0.02 || +0.36
[1.52, 2.37] | [20, 40] 1.44 0.99 || £0.08 | £+0.20 +0.24 +0.11 +0.11 +0.03 +0.12 +0.01 || +0.38
[40, o0] 1.38 1.07 || £0.14 | +0.62 +0.33 +0.15 +0.18 +0.11 +0.18 +0.03 || £0.79

Figure 8.6 shows the breakdown of individual uncertainty sources contributing to the
total uncertainty. The dominant contributions across most bins come from t¢ shower
modeling and renormalization/factorization scale variations. This is expected, given
that most h— -y fakes originate from ¢t events.

The tt shower uncertainty is noticeably smaller in some converted-photon bins at
high pJ and at low pJ. in the end-cap regions. Conversely, it is noticeably larger in
the unconverted-photon, high-p}., end-cap bin.

The e — ~ scale factor uncertainty is negligible in all bins. Other uncertainties
contribute at moderate levels, depending on the bin.

The uncertainty associated with the non-closure parameter 6 varies significantly. It
is generally small for unconverted photons, where 6 also stays relatively close to unity
across all bins. For some converted-photon bins, the uncertainty is notably larger.
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Figure 8.6: Breakdown of systematic uncertainties for the h—~y scale factors as
a function of |n))|, for converted (top) and unconverted (bottom) photons with low
(left) and high (right) transverse momentum.

In these, 6 can deviate by up to 15% from unity, suggesting that the assumptions of
the ABCD method may not hold as well in these kinematic regions. However, the
non-closure uncertainty, being evaluated using an envelope of variations, is sensitive
to statistical fluctuations in any of these variations. No systematic trend or clear
underlying cause is observed. The larger non-closure uncertainties in certain bins
are therefore likely due to an unfavorable combination of limited statistics and
systematic effects, and can be considered conservative.

8.2.4 Validation: kinematic distributions of photons

Figure 8.7 shows the |1721| distributions in the background regions A, B, and C,
shown here for the low-p]. bin. Corresponding distributions for the high-p}. bin are

included in Appendix C. The distributions generally agree in shape between data
and simulation, with data yields exceeding simulation by up to around 20%. These
higher data yields are consistent with the previously derived h — ~ scale factors
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8 Data-driven estimation of backgrounds with misidentified or non-prompt photons

being mostly larger than one.

Figure 8.8 shows the |n}| distribution in the target region D for the low-p] bin,
before and after applying the h — ~ scale factors. Distributions for the high-pl,
bin are provided in Appendix C. As in the background regions, data yields tend to
exceed simulation by up to around 20%. In the target region, the discrepancy is more
pronounced for converted photons, particularly in the end-cap regions. Applying the
scale factors significantly reduces this discrepancy, especially for converted photons.
This confirms that the derived scale factors improve the modeling of the h—~ fake
contribution in the signal region, bringing it into better agreement with the observed
data.
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Figure 8.7: Distributions of |n}| in the background regions (A, B, C) for converted
(left) and unconverted photons (right). The hatched bands represent statistical

uncertainties.
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unconverted photons (bottom) before applying the h—~ scale factors (left) and
after applying them (right). The hatched bands represent statistical uncertainties.



The signal region defined in Section 7.1 is enriched in tq-y events but still dominated by
background processes. To enhance the signal-to-background ratio, a discriminating
variable is constructed based on the available observables of the selected objects and
event topology. This is achieved using a feed-forward Neural Network trained to
distinguish signal-like events from background-like events.

0.1 Introduction to feed-forward Neural Networks

Neural Networks (NNs) are a class of machine learning models capable of approxi-
mating complex nonlinear functions. They are widely used in high-energy physics
to exploit correlations between multiple observables and improve the discrimination
between signal and background processes [117].

9.1.1 Basic structure of a feed-forward Neural Network

A feed-forward NN consists of an input layer, one or more hidden layers, and an
output layer. The schematic structure is outlined in Figure 9.1. Each input node
corresponds to one input feature (or observable) describing an event. The value of
that observable for a given event is propagated to all neurons in the first hidden
layer. Each hidden layer contains multiple neurons, and each neuron computes
a weighted sum z; of its inputs from the previous layer z; plus a bias term b;:

N N
zZj = Z’u}ijl'i + bj = Z’wijl'i, (91)
=1 i=0

where IV is the number of inputs to the neuron j and w;; are the weights connecting
input ¢ to neuron j. The bias term allows the neuron to shift its output independently
of the inputs, enabling the NN to account for systematic offsets in the input values.
It can equivalently be incorporated into the weight vector by defining b; = wo;
and zg = 1.
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Hidden Hidden Hidden Hidden
layer 1 layer 2 layer 3 layer (last) Input nodes
Bias nodes
Input Neurons
layer Activations
. Weights
<+ + Omitted
: m Example
. Output

Conceptual structure of a feed-forward Neural Network with input,
hidden, and output layers. The example neuron illustrates the weighted sum, bias
term, and activation function.

An activation function f(z;) is applied to the weighted sum to produce the output

aj = f(zj), (9.2)

which is then passed as input to all neurons in the next layer. Activation functions
introduce non-linearity, enabling the NN to model complex dependencies between
input variables. Common activation functions include the sigmoid, tangens hyper-
bolicus, and Rectified Linear Unit (ReLU) functions. In this analysis, the Leaky
ReL U activation function is used for the hidden layers:

f(x) = { =0 (9.3)

ar, ifzr<0’

where « is a small positive number. This function outputs positive values unchanged,
which typically form the main contribution to the abstract representation of features
in the layer’s input. Negative inputs are scaled by «, allowing neurons to make
subtle adjustments to the feature representation. This also ensures that neurons
never become completely inactive, unlike with the standard ReLU function where
negative inputs are set to zero.
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9.1 Introduction to feed-forward Neural Networks

The output layer aggregates all outputs from the last hidden layer to produce the
NN prediction. In binary classification, a single neuron with a sigmoid activation
function is commonly used. The sigmoid function is defined as

fla) = —

e 9.4
1_‘_67:13’ ( )

mapping input values to the range (0, 1). This output is interpreted as the probability
that the event is signal-like.

9.1.2 Training procedure

In high-energy physics, NNs are often trained in a supervised manner using MC
events, where the true classification of each event (the label) is known. A represen-
tative subset of the full MC sample, called the training set, is used for this purpose.
The goal of the training is to iteratively adjust the NN weights to minimize a loss
function that quantifies the difference between predicted and true labels. In this
analysis, the binary cross-entropy loss function is employed:

N
L=~ > [uiloga) + (1~ y)log(1 — 3], 95)
1=1

where N is the number of training events, y; is the true label of event ¢, and g; is
the predicted probability of the event being signal-like.

Gradients of the loss with respect to the NN weights are computed using backpropa-
gation [118]. These gradients are then used by an optimizer algorithm to update
the weights. Common algorithms include the stochastic gradient descent [119],
RMSProp [120], and ADAM [121] optimizers. In this analysis, the ADAM opti-
mizer is used, which combines adaptive learning rates for each parameter with
momentum-based updates to improve convergence and training stability.

During training, the training set is divided into batches, which are random subsets
of the full training set. After each batch is processed, the weights are updated.
The NN is trained over multiple epochs, where one epoch corresponds to one full
iteration over the entire training set.

9.1.3 Techniques for stable training and generalization
To ensure stable training and that the NN does not simply memorize the training set

(a phenomenon known as overfitting) but learns features that generalize to unseen
events, several standard techniques are often employed. These include:
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9 Signal identification with Neural Networks

Input scaling

A common approach is to scale input features to zero mean and unit variance
(also called standard scaling) to prevent features with large numerical ranges from
dominating the gradient updates. Alternative approaches, such as min-max normal-
ization, also exist [122]. The scaler is fitted on the training sample and then applied
to all events.

Batch normalization

Batch normalization [123] normalizes the outputs of each layer within a batch to
have approximately zero mean and unit variance. Batch normalization is typically
applied before the activation function, though it can also be applied after. Each
neuron has two additional trainable parameters, a scale and a shift, which allow the
NN to adjust the normalized values and therefore represent features across a wide
range of numeric values. Batch normalization typically leads to faster convergence
during training and provides a mild regularization effect, as the mean and variance
used for the normalization fluctuate slightly across batches.

Dropout

Dropout [124] is a regularization technique in which the output of a fraction of
neurons (chosen at random) is zeroed for each training batch. This prevents the NN
from relying too heavily on specific neurons and encourages it to learn redundant,
more general feature representations. The fraction of dropped neurons, referred
to as the dropout rate, is typically chosen between 0.1 and 0.5 depending on the
model complexity and training set size. Dropout is mostly applied in early or middle
layers. Later hidden layers are often left intact to allow for the NN to form stable,
high-level representations just before the NN output.

Sample splitting and cross-validation

A common approach to assess the generalization performance of a NN is to divide
the available MC sample into independent subsets. Typically, the majority of events
is used as the already mentioned training set. A smaller subset, the wvalidation
set, is used to monitor the model performance during training. For example, the
NN loss can be evaluated on the validation set after each epoch to detect overfitting.
In many applications, a separate test set is also reserved to evaluate the final NN
performance on fully unseen events.

When MC statistics are limited, reserving separate validation and test sets may
significantly reduce the effective training sample size. In such cases, k-fold cross-
validation provides an efficient alternative to assess the generalization performance of
a NN. The full MC sample is divided into k equally sized and statistically independent
subsets, or folds. Then, k independent models are trained, each using a different
fold as validation set and the remaining k — 1 folds as training set. Each model is
applied to the events of the corresponding validation fold, providing predictions on
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unseen events. Performance metrics, such as the NN loss, are computed for each
fold and averaged across all folds to obtain an overall performance estimate. This
approach is computationally more expensive but allows for an efficient use of limited
MC statistics, as all events are used for both training and validation. Additionally,
cross-validation reduces the dependence on a single random train-validation split.
In practice, ATLAS studies most often employ k = 2, i.e., two-fold cross-validation,
which ensures a robust performance estimation with reasonable computational
costs.

9.2 Neural Network input samples and variables

The nominal MC signal and background samples described in Sections 4.3 and 4.4
are used to train and evaluate the NN. In addition, alternative generator samples
for the tqy, tty, and tt processes, as well as top-quark-mass variations for the tt
process, described in Sections 4.3.1, 4.3.2, 4.4.1 and 4.4.2, are included to increase the
available statistics for the training. The inclusion of alternative generator samples
also reduces the sensitivity to variations in the MC generator setup. For all samples,
only events passing the signal-region selection, described in Section 7.1, are used.

FEach event is assigned a training weight that determines its relative contribution to
the loss function during the NN optimization. These weights are derived from the
nominal MC event weights, which already include cross-section normalization and
calibration scale factors. For NLO MC samples, events with negative weights can
occur. They mainly arise from the subtraction of overlapping contributions between
the matrix element calculation and the parton shower algorithm. Events with
negative MC weights cannot be used directly for the NN training, as they reverse the
sign of the loss contribution and can lead to unstable and poorly behaved gradient
updates for the binary cross-entropy loss function. Instead, the absolute values of
the weights are used. The negative weights are generally small and are found not to
have a large impact on the distributions of the NN input variables. While taking
the absolute values increases the overall normalization, the shapes of kinematic
distributions are preserved. The normalization is subsequently corrected in the
following scaling steps, which also ensure statistically representative and numerically
stable training conditions, following the procedure described in Ref. [125]:

1. The top-quark-mass-variation samples contain fewer events than the nominal or
generator-variation samples and are therefore assigned proportionally smaller
weights.
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9 Signal identification with Neural Networks

2. For each process represented by multiple samples (nominal, generator variation,
mass variation), the weights are scaled to preserve the overall nominal cross-
section.

3. The total sum of weights of signal and background events is equalized while
maintaining the internal ratios, including the production-to-decay ratio of tgvy
events described in Section 4.3. This prevents the NN training from being
dominated by the more abundant background events.

The input variables used for the NN are based on the reconstructed final-state
objects described in Section 7.1. Low-level features include the transverse mo-
mentum (pr), pseudorapidity (), and azimuthal angle (¢) of the photon, lepton,
b-tagged jet, and forward jet, defined as the highes.t—pzF jet with |n| > 2.5, as well as
the missing transverse momentum ErTniSS. If no forward jet is present in an event,
the corresponding input features are set to a default value. To make it easier for
the NN to learn characteristic event topologies, several high-level observables are
derived. These include kinematic properties of composite final-state objects (such
as the reconstructed W boson, top quark, or combinations of multiple final-state
objects), angular distances, and event quantities such as the number of jets and the
total scalar transverse momentum Ht. An overview of all 39 input features is given
in Table 9.1.

Overview of input features used for Neural Network training. All quan-
tities are derived from reconstructed final-state objects which are the photon (),
lepton (¢), b-tagged jet (b), and forward jet (f), as well as from the reconstructed
missing transverse momentum (EX). Lorentz vectors of the W boson and the
top quark (t) as well as other composite systems are reconstructed from these

objects.
Feature | Description
Py transverse momentum of X € {v,¢,b, f, (v,0), (7,t)}
BT missing transverse momentum
Hr total scalar transverse momentum
EX energy of X € {(v, f),W}
nx pseudorapidity of X € {~,¢,b, f}
¢x azimuthal angle of X € {v,¢,b, f, ERiss}
AOXY | polar-angle distance for (X,Y) € {(f,7), (t,7)}
mX invariant mass of X € {(v,), (7,b), (7, f), (¢, ), (b, f), t}
ma transverse mass for X € {(v, £, EXS), (¢, Emiss) (£, b, EXiss)}
AnXY | pseudorapidity difference for (X,Y) € {(v,b), (v, f), (¢,b)}
ARXY | angular distance for (X,Y) € {(v,€), (7, f), (¢,b), (¢, f)}
Yeonv photon conversion flag
Njets number of reconstructed jets
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To ensure numerical stability and comparable scales across variables, transformations
are applied to several input features. Momentum- and energy-related quantities are
expressed on a logarithmic scale to achieve a more even spread across their value
ranges. Angles and angle distances (¢X and A#*Y) are transformed using their
cosine values to account for their periodic nature.

9.3 Neural Network setup

The NN model used in this analysis is implemented using KERAS [126] with
a TENSORFLOW [127] backend. It is a fully connected feed-forward NN with an
input layer for the 39 features, which are transformed using standard scaling (see
Section 9.1.3). The NN has four hidden layers with decreasing sizes of 256, 128, 64,
and 32 neurons. The pre-activation output of each hidden layer is followed by batch
normalization and then passed through a Leaky ReLU activation with o = 0.1 (Equa-
tion (9.3)). Dropout with a rate of 0.3 is applied to all hidden layers except the
last. The output layer consists of a single neuron with a sigmoid (Equation (9.4))
activation. A schematic overview of the NN architecture is shown in Figure 9.2.
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Architecture of the feed-forward Neural Network used in this analysis.
Each block represents one layer of the model, showing dimensions as well as applied
normalizations, activations, and dropout. The model has about 5.4 - 10* trainable
weights in total.

The weights of all layers with trainable parameters are initialized using Glorot
uniform initialization [128]. The NN is trained with the ADAM optimizer using
a learning rate of 1073 and the binary cross-entropy loss function (Equation (9.5)).
The batch size is set to 2048 events, and training is performed for 200 epochs.
Two-fold cross-validation as described in Section 9.1.3 is applied.
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9.4 Results: signal identification

The training progress of the NN is monitored through the training and the validation
loss and signal purity evaluated after each epoch. Figure 9.3 shows the evolution of
these quantities. The signal purity is determined at a fixed selection cut on the NN
output. This cut is chosen such that, after accounting for MC weights, a total of
800 signal events are selected. This value provides a practical compromise between
sufficiently high event count and signal purity. It is chosen to be representative of
the signal yield in the subsequent differential measurement.

The signal purity after the first training epoch is approximately 57%. The NN further
improves the separation during training, with the loss decreasing and the purity
increasing up to about 70% for the training set. For the validation set, both the loss
and purity gradually converge after approximately 100 epochs, reaching a purity of
about 63%. Since convergence occurs well before the final 200" epoch, the chosen
number of epochs is deemed sufficient. The training and validation metrics show
a modest difference, indicating stable training and comparable performance on both
sets.

2
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Training and validation loss (left) and signal purity at a fixed NN out-
put cut (right) as a function of training epoch. The cut is chosen such that,
including event weights, a total of 800 signal events are selected. The solid lines
represent the mean across the cross-validation folds, while the shaded areas indicate
the envelope spanned by the folds.

The discriminative performance of the trained NN is evaluated on the full input
sample using the two-fold cross-validation procedure. Figure 9.4 shows the resulting
NN output distribution for all considered processes, alongside the corresponding
receiver operating characteristic (ROC) curve. The ROC curve shows the signal
efficiency (true positive rate) as a function of the background efficiency (false positive

88



9.4 Results: signal identification

rate) for different NN cut values. The output distribution shows good separation,
with background events concentrated near low NN scores, around 0.1, while the
signal events predominantly populate the high-score region near 1. The ROC curve
quantifies this performance, yielding an area under the curve of 0.87, which indicates
strong discriminative power.

Events

True Positive Rate

0.8

0.6

0.4

\,

0.2 e

ol b b b

\,
I

. . . .
1.0 0.0 0.2 0.4 0.6 0.8 1.0
False Positive Rate

0.0 . 4 0.6 0.8
Neural Network Output,

Output distribution of the Neural Network for signal and background
processes (left), and corresponding Receiver Operating Characteristic curve (right).
The Neural Network shows clear separation between signal- and background-
dominated regions, with an area under the curve of 0.87.

Overall, the NN successfully distinguishes signal from background, showing stable
training behavior and a clear separation in the output distribution. In the following,
signal-region events with an NN output larger than 0.9 are referred to as the NN
pass signal region, while those failing this requirement are referred to as the NN
fail signal region. The resulting event yields in the signal and control regions are
summarised in Table 9.2. The NN pass signal region retains 814 signal events,
corresponding to a signal efficiency of about 35% with respect to the inclusive
signal region, and a signal purity of about 57%, compared to about 11% before
applying the NN selection. This demonstrates that the NN output is a powerful
discriminant, providing a solid basis for subsequent differential measurements. The
largest background contribution arises from top-quark pair production, contributing
about 27%, followed by top-quark pair production in association with a photon at
about 7%, while all other backgrounds are subdominant.

The composition of the signal region before and after the NN selection is illustrated
in Figure 9.5. A substantial enrichment of the ¢qy signal contribution is observed.
This improvement is primarily driven by a strong suppression of the ¢ty background,
whose relative contribution is reduced from about 38% to about 7%. In contrast,
backgrounds from misidentified electrons are only mildly reduced, remaining at
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a level of about 28% in the NN pass signal region. This indicates that e — ~
fakes exhibit kinematic properties similar to prompt photons, making them more
challenging to distinguish from the signal. The contribution from h — v fakes is
suppressed more strongly, although it remains subdominant in both regions.

Table 9.2: Event yields in the signal region, split by Neural Network selection,
and in the two control regions. Uncertainties correspond to statistical uncertainties
from the Monte Carlo samples.

Process NN pass SR | NN fail SR tty CR W~ CR
tqy 814+6 1486 + 13 605+ 6 1132 £8
tty 104 +2 7912 + 16 7739 + 16 6447 + 14
WA+jets 28 £+ 2 1413 £ 17 399 £ 8 15733 £ 70
Zy+jets 18+1 598 £ 11 164 £ 7 4162 £+ 33
tt 394 £ 8 6526 + 33 6098 + 31 5085 + 28
single top 58 £ 3 1354 £ 15 686 + 11 1300 £ 15
W +jets 442 144 + 13 2943 1881 + 134
Z+jets 15+2 317+ 11 67+ 3 1445 4+ 55
Total MC 1435 £ 11 19751 £ 49 15788 £ 38 37184 4+ 169
Data 1447 19883 15182 37627
tqy h-y h-y
ey
ey (28.1%)
. ) (30.6%) Signal region
) Signal region way Pass NN
(37t-t‘9/%) (56.7%) Other prompt

" (4.1%)
thy

Other prompt
i (7.3%)

wy  (8.0%)

(6.8%)

Figure 9.5: Composition of the signal region before (left) and after (right) the
Neural Network selection. Shown are the relative contributions of prompt-photon
processes, while background processes without matrix-element photon radiation
are separated into e -y and h — vy fakes. The category Other prompt includes
prompt-photon contributions from these backgrounds as well as all other prompt-
photon contributions below 5%.

A comparison between data and simulation in the NN pass signal region as well as the
two control regions is shown in Figure 9.6. For the NN pass signal region, the total
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9.4 Results: signal identification

event yield is in agreement with the prediction at the level of about one percent, well
within statistical uncertainties. No significant deviation from the SM expectations is
observed. The differential distributions of the photon transverse momentum p:} and
calorimeter-cluster pseudorapidity 7); show fluctuations consistent with statistical
uncertainties, with most bins agreeing within one standard deviation. For the
angular distance between the top quark and the photon AR", good agreement is
observed in the central region of the distribution. In the lowest AR bins, the data
yields tend to be slightly below the prediction, while the highest ARY bins show
a tendency toward slightly higher yields in data. All observed deviations remain
within two statistical standard deviations. In the control regions, small deviations
between data and simulation are observed. A slight trend towards higher data
yields at larger transverse momenta is observed, in particular in the W~ control
region. Given that only statistical uncertainties are considered at this stage, these
deviations do not indicate any significant issue in the modeling of the dominant
prompt-photon backgrounds.
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Figure 9.6: Comparison between data and simulation in the signal and control
regions. In the signal region, a requirement on the Neural Network output to be
greater than 0.9 is applied. Shown are reconstruction-level distributions of the
photon transverse momentum p7. (top left), pseudorapidity 1)} (top center), and
the angular distance between the reconstructed top quark and the photon AR
(top right) in the signal region, as well as p. in the ¢ty control region (bottom left)
and W+ control region (bottom right), with statistical uncertainties.

91



A detailed study of t-channel single top-quark production in association with a pho-
ton (tqy) at the ATLAS experiment was presented, using the full Run 2 dataset
of proton-proton collisions at a center-of-mass energy of 13 TeV. The tgvy process
is among the rarest top-quark production modes in the Standard Model (SM).
The process has attracted particular interest following previous measurements by
the CMS collaboration and the ATLAS collaboration, both of which reported an
excess with a significance of about two standard deviations [21, 22]. The analysis
components presented and validated in this thesis under updated software and re-
construction conditions are intended to serve as groundwork for a future differential
measurement.

A central aspect of the tgy analysis is the modeling of the tgy signal. The simulation
of this process requires special treatment, as photon radiation during the decay of the
top quark is only available at leading order in dedicated tqy samples. To address this
limitation, a stitching procedure was implemented, following the strategy established
in the previous inclusive measurement, which combines next-to-leading-order tqy
events describing photon radiation in the production stage with single-top t-channel
events where photon radiation arises from the decay via the parton shower. The
resulting stitched sample provides an effective next-to-leading-order description of
the full tgy process. Extensive validation studies at particle and reconstruction level
demonstrate that this procedure yields stable kinematic distributions and does not
introduce distortions in observables relevant for the analysis.

A precise understanding of the ATLAS photon identification efficiency is essential
for the tqy analysis. A measurement of the photon identification efficiency at high
photon energies was presented using the Matrix Method, which exploits differences
in track isolation properties between prompt and non-prompt photon candidates.
The method was validated under the updated ATLAS software and reconstruction
conditions. In combination with complementary measurements at lower photon
energies, this provides a consistent description of photon identification efficiencies
across the full energy range relevant for ATLAS analyses.

The estimation of backgrounds involving misidentified photons constitutes one
of the dominant challenges in the tgvy analysis. In particular, backgrounds from
electrons and hadrons misidentified as photons, as well as non-prompt photons
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mostly originating from hadron decays, contribute significantly to the signal region.
These backgrounds were estimated using data-driven techniques, thereby reducing
the reliance on simulation, as photon misidentification is known to be difficult to
model accurately. The derived scale factors lead to improved agreement between
data and simulation for the studied photon kinematic distributions.

To enhance the separation between signal and background, a Neural-Network-based
classifier was trained using kinematic and topological observables. The Neural
Network (NN) exhibits effective discrimination power. For events with a NN output
greater than 0.9, the selected sample is strongly enriched in tqvy events, with a purity
of about 57%, compared to about 11% before the NN selection. Good agreement
between data and simulation is observed in the NN-selected signal region, with no
significant deviations from the SM expectation.

Building on the results presented here, several directions for future work can be
outlined. Further gains in signal separation could be achieved through additional
optimization of the NN or by employing more advanced architectures, such as Graph
Neural Networks, for which a modest performance improvement has already been
demonstrated in related studies [125]. The next step, currently under development, is
a differential cross-section measurement of the tqy process, which requires unfolding
reconstructed distributions to particle level. Candidate observables include photon
kinematics and angular separations, which are sensitive to the radiation pattern and
the underlying dynamics of the process. With increased statistics expected from
Run 3, such measurements can be extended into higher-energy kinematic regions,
where potential deviations from the SM may become more pronounced.

In addition, differential tqy measurements can be interpreted in the framework of
effective field theories (EFTs). Such EFT interpretations parameterize possible
effects of physics beyond the SM through higher-dimensional operators. In this
analysis, operators affecting the interaction of the top quark with electroweak
gauge bosons are of particular relevance, especially the operators O and Oyp.
The Oy operator modifies the coupling between the top quark and the SU(2), gauge
fields. As aconsequence, the tqy process is sensitive to Oy through the production
and the decay of the top quark, as well as photon radiation from the top quark. The
O.p operator modifies the coupling between the top quark and the U(1)y gauge
field. As a result, O;p affects interactions involving neutral gauge bosons, such as
photons. Differential tqy measurements are therefore sensitive to both operators.
Figure 10.1 summarizes the current constraints on these operators from individual
ATLAS and CMS measurements. The Oy operator is constrained by several
measurements, with the strongest bounds obtained from a CMS combination of
multiple top-quark production processes. In contrast, O;p is currently constrained
primarily by ATLAS measurements of top-quark pair production in association
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10 Conclusions and outlook

with a Z boson or a photon, resulting in somewhat weaker constraints. This
highlights the potential of a differential tqy measurement to provide additional
sensitivity and further constrain these operators. The work presented in this
thesis establishes a validated analysis framework for tgvy studies under updated
reconstruction conditions and provides a solid basis for such future measurements.
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A Single-top-quark + photon signal modeling
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Figure A.1: Transverse momentum distributions for the tqy LO sample and the
stitched signal sample. The upper row shows the lepton transverse momentum pr‘}
at particle-level (left) and reconstruction-level (right). The lower row shows particle-

level transverse momenta of the systems formed by the lepton and neutrino pf}”,
(vb

the lepton, neutrino and photon pfrw, as well as the lepton, neutrino and b-jet p

The lower panels display the ratios between the stitched and LO samples.
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Figure A.2: Particle-level angular separation of the lepton and the pho-
ton AR’ (left), the b-jet and the photon AR (middle), as well as the lepton and
the b-jet AR (right), for the tgy LO sample and the stitched signal sample. The

lower panels display the ratios between the stitched and LO samples.
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B Photon identification efficiency measurement at
ATLAS at high photon energies
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Figure B.1: Prompt photon identification efficiencies with total uncertainties
in data and simulation and resulting scale factors for 0.6 < |n)}] < 0.8 (upper
row) for converted photons (left) and unconverted photons (right). Corresponding
breakdowns of individual uncertainties in the lower row.
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Figure B.2: Prompt photon identification efficiencies with total uncertainties
in data and simulation and resulting scale factors for 0.8 < |n}j| < 1.37 (upper
row) for converted photons (left) and unconverted photons (right). Corresponding
breakdowns of individual uncertainties in the lower row.
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Figure B.3: Prompt photon identification efficiencies with total uncertainties
in data and simulation and resulting scale factors for 1.52 < |n]|| < 1.81 (upper
row) for converted photons (left) and unconverted photons (right). Corresponding
breakdowns of individual uncertainties in the lower row.
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Figure B.4: Prompt photon identification efficiencies with total uncertainties
in data and simulation and resulting scale factors for 1.81 < |n}j| < 2.01 (upper
row) for converted photons (left) and unconverted photons (right). Corresponding
breakdowns of individual uncertainties in the lower row.
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breakdowns of individual uncertainties in the lower row.
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Figure C.1: Distributions of |n]| in the background regions (A, B, C) for converted
(top) and unconverted photons (bottom). The error bands represent statistical
uncertainties.
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