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Abstract

This thesis presents three analyses based on proton—proton collision data recorded
by the ATLAS detector at the Large Hadron Collider, using the full Run 2 dataset col-
lected between 2015 and 2018 at a centre-of-mass energy of /s = 13 TeV, correspond-
ing to an integrated luminosity of 140 fb71, and data recorded during the first part of
Run 3 between 2022 and 2024 at /s = 13.6 TeV, corresponding to 165 fb~!. The anal-
yses focus on a detailed investigation of the Higgs boson within the Standard Model
(SM), through the precision measurement of one of its fundamental parameters, the
Higgs boson mass my;, and the search for a rare SM decay mode not yet observed,
namely the decay into a low-mass dilepton system and a photon.

The first analysis presents a precision measurement of the Higgs boson mass in the
diphoton decay channel, H — -y, using the full Run 2 dataset. The Higgs boson mass
is measured to be my = 125.17 +0.11 (stat.) £ 0.09 (syst.) GeV = 125.17 £ 0.14 GeV.
The improved precision with respect to previous measurements is driven by the larger
dataset and by significant advances in the calibration of the photon energy response,
resulting in a measurement that is now statistically limited. A combination with the
corresponding Run 1 measurement yields my = 125.22 £0.14 GeV.

The second analysis furthermore combines the Higgs boson mass measurements ob-
tained in the H — vy and H — ZZ" — 4{ decay channels using ATLAS Run 1 and
Run 2 data. The combined result, my; = 125.11 £ 0.09 (stat.) & 0.06 (syst.) GeV =
125.11 & 0.11 GeV, achieves a relative precision of 0.9 per mille and represents the
most precise determination of the Higgs boson mass to date. All mass measurements
are found to be consistent with each other and with previous ATLAS and CMS results.
The third analysis presents a search for the rare Higgs boson decay into a low-mass
dilepton system with a photon, H — ¢y (¢ = e, u), using partial Run 3 data. The
search targets the low dilepton mass region m,, < 30 GeV, where the decay pro-
ceeds predominantly via an off-shell photon. The analysis is currently under ATLAS
internal review, and preliminary expected results based on statistical uncertainties
only are reported. The expected 95% confidence level upper limit on the production
cross section times branching ratio is 1.65 (0.70) times the SM prediction under the
signal-plus-background (background-only) hypothesis, and an expected significance
of Z = 2.53 ¢ is obtained for a SM signal.

In addition, studies of the ATLAS detector performance relevant for these analyses are
presented, including the optimisation of the multivariate Monte Carlo-based energy
calibration for electrons and photons in Run 2 and Run 3, and dedicated studies of
merged-electron identification, which are essential for the rare-decay H — ¢{+y search.
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Introduction

The research presented in this PhD thesis is based on proton—proton collision data recorded
by the ATLAS [1] detector at the Large Hadron Collider (LHC) [2]. The analyses exploit
the full Run 2 dataset collected between 2015 and 2018 at a centre-of-mass energy of
/s = 13 TeV, corresponding to an integrated luminosity of approximately 140 b, as
well as proton—proton collision data recorded during the first part of Run 3 at an in-
creased centre-of-mass energy of /s = 13.6 TeV. The Run 3 dataset considered in this
thesis corresponds to data collected up to 2024, amounting to an integrated luminosity
of about 165 fb ™'

The LHC is the world’s largest and most powerful particle accelerator. The ATLAS de-
tector is one of the two general-purpose experiments at the LHC, together with CMS [3],
and is designed to address a broad range of physics phenomena, from precision mea-
surements of Standard Model (SM) processes to searches for physics beyond it. The SM
provides a unified theoretical framework for the description of strong and electroweak
interactions [4, 5] and encompasses all known elementary particles, including matter
fields and force carriers.

A central component of the SM is the Higgs mechanism, independently proposed in 1964
by Higgs [6], by Englert and Brout [7], and by Guralnik, Hagen and Kibble [5] which
accounts for the generation of particle masses while preserving electroweak gauge in-
variance. This mechanism postulates the existence of a scalar field, known as the Higgs
field, whose quantum excitation manifests as the Higgs boson. The discovery of a Higgs-
like particle by the ATLAS and CMS experiments in 2012 [9, 10] provided experimental
confirmation of this mechanism and established the origin of mass for elementary parti-
cles through spontaneous electroweak symmetry breaking.

Following this discovery, a primary objective of the ATLAS physics programme has been
the precise determination of the Higgs boson properties. In particular, the Higgs boson
mass, My, plays a central role as a fundamental input parameter of the SM. Since Higgs
production cross sections and decay branching ratios depend sensitively on my;, a pre-
cise experimental determination of the mass is essential for testing the consistency of the
Higgs couplings with SM predictions and for probing potential deviations associated
with physics Beyond the Standard Model (BSM).

The measured value of my is a key input to global fits of electroweak observables [11]
and plays an important role in testing the internal consistency of the SM, in particular
through the interplay between the masses of the top quark and the W and Higgs bosons.
Moreover, the stability of the electroweak vacuum depends sensitively on the Higgs

xi



xii Thesis overview

boson mass [17]. Its measurement therefore provides insight into whether the Universe
resides in a stable global minimum of the Higgs potential or in a metastable state.

The Run 1 combined measurement of the Higgs boson mass in the H — ZZ* — 4/ and
H — 77 channels by the ATLAS and CMS experiments yielded [15]

my; = 125.09 +0.24 GeV = 125.09 4 0.21 (stat.) +0.11 (syst.) GeV, (1)

which is since then considered the nominal value of mp in the High Energy Physics
(HEP) community.

Therefore, the first two analyses presented in this thesis focus on the precision mea-
surement of the Higgs boson mass with the ATLAS detector. The first analysis presents
the legacy measurement in the diphoton decay channel, H — 7, using the full Run 2
dataset recorded at a centre-of-mass energy of /s = 13 TeV, corresponding to an inte-
grated luminosity of 140 bt [14].

Although the H — 77 decay is rare, with a branching ratio of approximately 0.227%,
this is compensated by the excellent photon trigger and reconstruction efficiencies of
the ATLAS detector, together with the high resolution of the diphoton invariant mass,
M., of the order of 1-2 GeV. These features lead to a clear and well-resolved signal peak
above a smoothly falling background, making this channel one of the two golden channels
for the Higgs boson discovery, alongside H — ZZ" — 4/.

The Higgs boson mass is determined from the position of the narrow resonant peak in
the m,, distribution, superimposed on a large continuum background dominated by
Quantum Chromodynamics (QCD) diphoton production, with additional contributions
from y+jet, dijet, and Drell-Yan processes. The invariant mass is reconstructed from
the measured photon energies and directions with respect to the diphoton production
vertex, and signal purity is enhanced by requiring two high-quality, isolated photons
originating from the same primary vertex.

Compared to earlier ATLAS measurements based on Run 1 or partial Run 2 datasets
(36 b~ ! collected between 2015 and 2016) [15], this full Run 2 H — <y analysis [14]
benefits from the larger dataset, an new photon reconstruction algorithm with improved
energy resolution [16] an enhanced determination of the photon energy scale with re-
duced systematic uncertainties [17], and an optimised event classification strategy. To
further improve the precision on the Higgs boson mass, the Run 2 result is statistically
combined with the previous ATLAS measurement in the H — 77 channel based on
25 fb~! of Run 1 data collected at /s =7and 8 TeV [13].

The second analysis presented in this thesis is the measurement of the Higgs boson mass
obtained by combining the H — ZZ* — 4/ [18] and H — 7y [14] decay channels. The
result [19] is based on 140 fb ™' of pp collision data collected by ATLAS during Run 2
at a centre-of-mass energy of /s = 13 TeV, and is subsequently combined with the
corresponding Run 1 ATLAS measurements in both channels at /s = 7 and 8 TeV.

The combination is performed using a profile likelihood ratio approach, which allows for a
consistent treatment of statistical and systematic uncertainties and their correlations be-
tween the two decay channels. A single value of the Higgs boson mass, my, is assumed
and simultaneously fitted in both channels from the positions of the resonant peaks ob-
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served in the my, and m,, distributions. This full Run 2 result supersedes earlier mea-
surements based on partial Run 2 datasets and benefits from the larger data sample, as
well as from improved calibrations of the electron and photon energy [17] and of the
muon momentum [20].

Despite the discovery of the Higgs boson more than a decade ago, several rare decay
modes predicted by the SM have not yet been observed, owing to their small branching
ratios and large backgrounds. Among these, the H — uu decay provides the most direct
probe of the Higgs boson Yukawa coupling to second-generation fermions, while the
loop-induced H — Z+y decay is particularly sensitive to potential BSM effects.

ATLAS has recently reported improved analyses of both channels using partial Run 3
data collected between 2022 and 2024, in combination with Run 2 results [21]. In the H —
up channel, an excess with a significance of 3.40 (2.5¢ expected) is observed, providing
evidence for this decay mode [?7]. The H — Z+ analysis yields an observed (expected)
significance of 2.5¢ (1.90) [23]. Previously, the ATLAS and CMS Run 2 combination
reported the first evidence for the H — Z+ decay with a significance of 3.40 [24].

In this context, the third analysis presented in this thesis is a Run 3 search for the rare
SM Higgs boson decay into a photon (7) and an off-shell photon (y*), H — 77", where
the virtual photon internally converts into a dilepton pair, 7" — ¢¢ (¢ = e, u). Several
processes contribute to the same ¢/ final state, including Dalitz decays mediated by
an off-shell photon or a Z boson, as well as Higgs boson decays accompanied by pho-
ton radiation via final-state radiation (FSR). Their relative contributions depend on the
invariant mass of the dilepton system, m,,. The decay mediated by a virtual photon
dominates the low dilepton mass region, m,, < 30 GeV. Restricting the analysis to this
region ensures statistical independence from the H — Z+ search, which targets events
with an on-shell Z boson and requires |m,, — mz| < 10 GeV, where m; = 91.2 GeV.
Beyond providing sensitivity to the Higgs boson decay rate, such ¢/+ final states probe
potential modifications of the Higgs boson couplings arising from extensions of the
SM [25]. In addition, three-body Higgs boson decays offer a sensitive handle on possible
CP-violation in the Higgs sector through the study of angular and kinematic observ-
ables, such as the forward-backward asymmetry [26, 27].

The CMS Collaboration performed a search in the iy final state using 35.9 fb~! of Run 2
data collected at /s = 13 TeV, setting a 95% Confidence Level (CL) upper limit on the
Higgs boson production cross section times branching ratio of 4.0 times the SM expec-
tation [28]. The ATLAS Collaboration subsequently extended this search using the full
Run 2 dataset (139 fb™ ') [29], providing evidence for the H — ¢{v process with an ob-
served (expected) significance of 3.2¢ (2.10) and a measured signal-strength parameter
of u =1.5+0.25.

The analysis presented in this thesis is based on pp collision data recorded at a centre-
of-mass energy of \/s = 13.6 TeV during the Run 3 data-taking period between 2022
and 2024, corresponding to an integrated luminosity of 165 fb~'. It benefits from both
the increased dataset and the higher centre-of-mass energy with respect to Run 2, which
lead to an enhancement of the Higgs boson production cross sections that increased from
approximately 55.83 pb at /s = 13 TeV to about 59.98 pb at /s = 13.6 TeV.

The analysis follows the strategy developed for the Run 2 search [29]. Events are se-
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lected by requiring two leptons (electrons or muons) and a photon in the final state,
and are subsequently categorised into mutually exclusive classes to maximise the signal
sensitivity.

Due to the kinematics of the signal process, the energy deposits of the two electrons in
the electromagnetic calorimeter are often reconstructed as a single cluster. Two types of
electron candidates are therefore defined: resolved electrons, where a cluster is associated
with a single inner-detector track, and merged electrons, where a single cluster is asso-
ciated with two tracks and represents a merged electron pair. Events are accordingly
divided into three channels: py, resolved ee, and merged ee. Special care is required for
the merged-electron channel, where a dedicated identification algorithm is employed to
reconstruct two electrons within a single electromagnetic cluster. The energy calibration
for merged electrons is derived from that used for converted photons, as their signatures
closely resemble early photon conversions in the tracking detector.

The three-body invariant mass spectrum is fitted independently in each category using
a Double-Sided Crystal Ball (DSCB) function to model the signal, while the background
is described by an analytical function selected using the spurious signal method. The
significance of a possible excess is evaluated through a simultaneous fit, and limits are
set on the Higgs boson production cross section times branching ratio for the H — £y
process. The expected results are presented in this thesis, while the observed results will
be reported in an upcoming ATLAS publication.

Thesis summary and personal contribution

This thesis is composed of nine Chapters:

* Chapter 1 presents the theoretical framework relevant to this thesis, including the
formulation of the SM of particle physics, spontaneous electroweak symmetry
breaking, and the Higgs mechanism.

* Chapter 2 describes the LHC accelerator complex at CERN, providing an overview
of its main components and performance during Run 2 and Run 3.

* Chapter 3 provides a detailed description of the ATLAS detector, with particular
emphasis on the Liquid Argon electromagnetic calorimeter, which plays a central
role in the measurements presented in this thesis, especially for photon reconstruc-
tion. During my doctorate I worked within the ATLAS Liquid Argon Calorimeter
group, involved on both the day-to-day operation of the calorimeter and to the up-
grade of the readout electronics foreseen for the High Luminosity Large Hadron
Collider (HL-LHC) phase. For the former activity, I have been one of the on-call
experts for the system that delivers the high voltage to the calorimeter electrodes,
collecting more than 30 on-call weeks during Run 3. My duties ranged from solv-
ing hardware issues happening during the data-taking, as well as hardware and
software maintenance during the periods without proton beams circulating in the
LHC. For the latter activity within the HL-LHC upgrade, I worked on the Low
Voltage Power Supply (LVPS) system of the calorimeter Front-End Crates. In par-
ticular, I tested different DC/DC conversion solutions for the Front-End Boards and
evaluated the noise introduced into the readout chain.
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¢ Chapter 4 reviews the Higgs boson phenomenology at hadron colliders, in partic-
ular at the LHC. It focuses on the Higgs boson production mechanisms and decay
modes, the past Higgs boson mass measurements at the LHC, the width measure-
ment, determination of the spin, parity, charge conjugation and the coupling mea-
surements.

e Chapter 5 presents the software algorithms used for the offline reconstruction, iden-
tification, and calibration of physics objects in the ATLAS detector, with particular
emphasis on photons and electrons, and also covering muons, jets, and missing
transverse momentum.

e Chapter 6 details the photon and electron energy calibration steps in ATLAS dur-
ing Run 2 and Run 3. My personal contribution focused on one of the first steps of
the calibration chain: the training, maintenance, and optimisation of the multivari-
ate Monte Carlo-based energy calibration described in Section 6.3. This calibration
had not been updated since 2017; I revised and re-optimised it for the full Run 2
data-taking conditions and extended it to the Run 3 detector and simulation config-
uration.

* Chapter 7 presents the precision measurement of the Higgs boson mass in the
H — v decay channel using the full Run 2 dataset recorded by ATLAS at a
centre-of-mass energy of /s = 13 TeV, corresponding to an integrated luminosity
of 140 b1, published in August 2023 [14]. I was the main analyzer, being involved
in most aspects of the work, including event categorisation and optimisation, signal
and background modelling, the evaluation of systematic uncertainties, the imple-
mentation of the statistical model, the extraction of the final results, the combination
with the Run 1 measurement, and the validation of the analysis through extensive
cross-checks.

e Chapter 8 describes the combined measurement of the Higgs boson mass [19] ob-
tained by combining the H — 7y results presented in Chapter 7 with the one from
the H — ZZ" — 4/ decay channel [15], using the full Run 2 dataset recorded by
ATLAS at /s = 13 TeV, together with the corresponding Run 1 ATLAS measure-
ments at \/§ = 7 and 8 TeV. I was one of the main contributors to this work, fo-
cusing on the H — v input and the implementation of the statistical combination
framework, including the treatment of systematic uncertainties and their correla-
tions between the two decay channels and data-taking periods.

* Chapter 9 presents the Run 3 search for the rare SM Higgs boson decay into a
photon and an off-shell photon, H — 7", where the virtual photon internally
converts into a low-mass dilepton pair, 7" — £¢ (¢ = e, u), myy < 30 GeV. The anal-
ysis is based on proton—proton collision data recorded at a centre-of-mass energy of
/s = 13.6 TeV during the Run 3 data-taking period between 2022 and 2024, corre-
sponding to an integrated luminosity of 165 fo~!. Tam the primary contributor to
this analysis and have been taking care of most aspects of the analysis, from data
reduction, to signal and background modelling, to the statistical interpretation of
the results. The analysis is currently under ATLAS approval stage and is expected
to be made public in spring 2026.






1 | TheStandard Model and the Higgs boson

The theoretical foundation of my research doctorate is the Standard Model (SM) of par-
ticle physics.

The SM provides a unified framework for describing both strong and electroweak inter-
actions and classifies all known elementary particles, including matter fields and force
carriers. Developed between the 1950s and 1970s [30], it has proven extraordinarily suc-
cessful, accurately predicting phenomena up to the highest energies currently probed
and passing every experimental test to date.

In the SM, each particle is associated with a quantum field characterized by specific
transformation properties under the Poincaré group, which determine its spin and par-
ity. Their interactions arise from the principle of local gauge invariance, ensuring the
renormalizability of the theory and its consistency at all energy scales. The SM com-
bines the electroweak theory of Glashow [31], Weinberg [32], and Salam [33, 34] with
Quantum Chromodynamics (QCD), the gauge theory of the strong interaction. A key
element of the SM is the Higgs mechanism [6—5], which allows particles to acquire mass
without violating electroweak gauge invariance. It predicts the existence of a scalar
field—the Higgs field—whose excitations correspond to Higgs bosons. The observa-
tion of a Higgs-like particle by the A Toroidal LHC ApparatuS (ATLAS) and Compact
Muon Solenoid (CMS) experiments [9, 10] in 2012 provided compelling confirmation of
this mechanism and clarified the origin of elementary particle masses. Through spon-
taneous electroweak symmetry breaking, the Higgs field generates mass terms via its
interactions with the SM particles.

Chapter 1 provides an overview of the topic: Section 1.1 introduces the SM, presenting
its elementary particles in Section 1.1.1 and its fundamental interactions in Section 1.1.2.
The Higgs mechanism is then discussed in Section 1.2.

1.1 The Standard Model

The SM is a gauge quantum field theory based on the internal symmetries of the Lie
group SU(2); x U(1)y x SU(3)¢ [4, 5]. The subgroup SU(2); x U(1)y provides a uni-
fied description of Quantum Electrodynamics (QED) and the weak force, collectively
referred to as the electroweak force. As explained later in Section 1.2.1, the electroweak
symmetry is spontaneously broken via the Higgs mechanism to U(1)g,;, which governs
electromagnetism. The subgroup SU(3)., on the other hand, describes the strong force,
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as formulated by QCD. Therefore, the SM accounts for three of the four known funda-
mental forces—excluding only gravity, which at the subatomic scale is by far the weakest
and can be safely neglected at HEP scales probed by hadron collider experiments.

1.1.1 Elementary particles

The SM classifies all the known elementary particles into two main categories: fermions
and bosons.

Fermions Fermions are particles with half-integer spin that obey the Pauli exclusion
principle. In the SM, there are 12 fundamental spin—% fermionic fields, grouped into two
subcategories of six particles each: quarks and leptons. Each subcategory is organized
into three generations (or families) of doublets with identical electroweak quantum numbers
(electric charge and weak isospin) but increasing mass. The first generation consists of
the up and down quarks (1, d) and the electron with its neutrino (e, v,); the second gen-
eration comprises the charm and strange quarks (c, s) and the muon with its neutrino (,
v,); and the third generation includes the top and bottom quarks (t, b) and the tau with
its neutrino (7, v;). Leptons interact only via the electroweak force, while quarks also
experience the strong force. A key feature of the strong interaction is that quarks cannot
be observed as free particles; they are always bound together to form colourless states
called hadrons (see Section 1.1.2). Hadrons composed of three quarks have half-integer
spin and are called baryons, whereas hadrons composed of a quark-antiquark pair have
integer spin and are referred to as mesons. The SM also includes the anti-particles of
all fermions, which have the same mass but opposite quantum numbers. The neutrino
fields are considered massless, although experimental evidence from neutrino oscilla-
tions indicates that they possess a small but non-zero mass [35, 36].

Bosons The local gauge symmetry of the SM entails spin-1 gauge fields associated
with the group generators; their quanta, the gauge bosons, mediate the fundamental in-
teractions. The strong interaction is carried by eight massless gluons (g), which couple
to the colour charge of quarks. The electroweak interaction is mediated by the W and
Z bosons, massive particles that couple to the weak isospin and weak hypercharge of
fermions. The photon < is massless and couples to the electric charge of fermions. The
last particle of the SM is the Higgs boson H, hypothesized in 1964 [6—5] to explain the
origin of mass for the massive gauge bosons and, more generally, for all elementary par-
ticles.

Figure 1.1 shows a schematic representation of the SM particles and their main proper-
ties.

1.1.2 Fundamental interactions

As previously discussed, the SM is formulated as a quantum field theory exhibiting local
gauge invariance under the symmetry group SU(2); x U(1)y x SU(3)c. An overview
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Figure 1.1 — Schematic overview of the SM elementary particles. Fermions, arranged into
three generations, are shown on the left, while bosons appear on the right. Their masses and
main quantum numbers are also indicated.

of its mathematical formulation is presented in the following paragraphs] .

Quantum Electrodynamics

The QED describes the electromagnetic interaction between Dirac fermions and the pho-
ton vector field. It is based on the requirement of gauge invariance under the Abelian
U(1) symmetry group. Free (non-interacting) spinor fields i(x), corresponding to spin-
% fermions of mass m and charge g, are described by the Dirac Lagrangian:

L = iy D, — mipyp, (1.1)

where ¢ = 1/J+'yo denotes the Dirac adjoint, and the 7" are the Dirac matrices satisfying
the Clifford algebra. The Dirac Lagrangian, ngreac, is invariant under global U(1) trans-

Theoretical foundations and illustrative calculations are primarily adapted from the standard references
by Peskin and Schroeder [37] and by Mandl and Shaw [38].
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formations, implemented via the unitary operator U = ™2, where a is a constant phase,
independent of the space-time coordinate x, and Q is the generator of the group, acting
on the fermion field as Q¢ = ¢. The corresponding transformation laws for i and its
Dirac adjoint are given in Equation (1.2):

Plx) — ¢ (x) = *Cy(x) = e p(x),

. . (1.2)
Plx) — ¢ (x) = “9(x) = e “P(x),

which directly implies that the Dirac Lagrangian also remains invariant under a global
U(1) gauge transformation, £I%¢! = £ The gauge principle extends this invariance
to local U(1) gauge transformations, where the phase « now depends on the space-time
coordinate, a(x). However, applying the same transformations as in Equation (1.2), one
finds that the Dirac Lagrangian is no longer invariant under local U(1) transformations.
This is because the derivative term d,,§(x) produces an additional term proportional to

the derivative of the phase, d,a(x), which does not cancel:

3, p(x) — 3, ["Mp(x)] = O[3, (x) +i(d,a(x))p(x)]. 1.3)

Local gauge invariance is restored by reformulating the theory from free to interact-
ing. The partial derivative d,, is replaced by the covariant derivative D, (x), acting on the
fermion field as follows:

Dy(x)l/)(x> = [ay + iqu(x)]llf(x)f (1.4)

where a new vector field A, (x) (called gauge field) arises — associated with a spin-1
particle, the photon y — which transforms under local U(1) phase transformations as:

A, (x) — AL(x) = A,(x) - ;aya(x). (15)
The transformation law of A, (x) cancels the additional term generated by the deriva-
tive in Equation (1.3). Introducing the covariant derivative restores the local gauge in-
variance of the Lagrangian. The resulting Lagrangian, obtained by replacing the par-
tial derivative with the covariant derivative, also describes the interaction between the
fermion field ¢(x) and the gauge field A, (x). To complete the QED Lagrangian, a
gauge-invariant kinetic term for the gauge field is added to describe the free propaga-

tion of the vector field A, (x)—explicitly without any mass term: L‘,iree = —1F" F,,. This
term is constructed from the field strength tensor F,,, defined as:
F,, =9,4A,— 0,4, (1.6)

which is invariant under the gauge transformation in Equation (1.5). The complete QED
Lagrangian is therefore given by:
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.- - 1
Loep = iy Dy — mipp — EFWFW
. _ - 1
= i3, — mPy — g 9 A, — JFE,, .7

free int free
= Lpirac + Loep + £,/

where the interaction term, ESED = —qpy" A, describes the coupling between the
fermion field and the gauge field, i.e., the electron and the photon. Summing up, to
obtain a locally gauge-invariant QED theory, it is necessary to introduce an interaction
term between the Dirac fermion field and a new vector field AH, associated with a mass-

less spin-1 particle, the photon. A mass term of the form %m,ZYAHA” is forbidden, as it
would break gauge invariance. This principle holds in general: whenever a theory is
promoted from global to local gauge invariance, it is necessary to introduce as many
massless vector fields as there are generators of the symmetry group. Since U(1) has
a single generator, in QED we introduce only one gauge boson, the photon, which is
massless and neutral. Consequently, photons do not interact with each other, as QED is
an Abelian theory.

Quantum Chromodynamics

A stronger attractive force was postulated to explain how the atomic nucleus remains
bound despite the protons” mutual electromagnetic repulsion. This hypothesized force
was called the strong force because, as the name implies, it is the strongest of the four
fundamental forces. At a distance of 1 femtometer (1 fm = 10715m), its strength is
approximately 137 times that of the electromagnetic force, about 10° times that of the
weak force, and roughly 10°® times that of gravitation. Numerous observations over the
last century led to the development of QCD:

e From the studies of the properties of the hadrons being discovered, the idea of mul-
tiplets appeared. This suggested a composite structure for hadrons, consisting of
fundamental components called quarks. In the early 1960s, the static quark model
proposed by Gell-Mann [39] and Zweig attempted to explain the hadron mass spec-
trum. However, it was clearly not the final theory of the strong interaction, as it was
not a quantum field theory and did not describe the dynamics between quarks.

e Experiments at the Stanford Linear Accelerator Center (SLAC) National Accelera-
tor Laboratory first showed in 1956 that the proton is not a point-like particle (Hof-
stadter [40] and collaborators, using elastic scattering between electrons and pro-
tons). About ten years later, deep inelastic scattering (DIS) measurements showed
that at sufficiently large momentum transfer, electron—proton scattering can be de-
scribed as scattering between electrons and the proton’s constituents. However, it
was found that these constituents account for only about half of the proton’s total
momentum. This provided clear evidence for the presence of additional compo-
nents in nucleons beyond quarks: the neutral mediators of the strong interaction,
called gluons.



6 1.1 The Standard Model

® The Japan Deutschland England (JADE) experiment [41] at the e"e” collider at
Deutsches Elektronen-Synchrotron (DESY) showed that quarks cannot be observed
as isolated particles; instead, they produce hadronic jets, i.e., collimated sprays of
hadrons.

All these complex phenomena can be explained by QCD, a non-Abelian gauge theory
based on the SU(3), symmetry group, where the subscript C denotes the colour charge
carried by particles subject to the strong force. The colour charge in QCD plays the
same role as the electric charge in QED. However, there is a fundamental difference be-
tween the electric charge and the colour charge: while there is a single electric charge,
the phenomenology of the strong interaction suggests that quarks possess three types
of colour, called red, green, and blue. Consequently, each quark field of a specific flavour
(f = u,d,c,s,t,b) is a colour triplet, {¢(x) = (w}(x),lpjgf(x),gb?(x)), under the transfor-
mations of SU(3)c. Quarks with different colour charges attract one another, and the
particles that mediate this strong interaction are called gluons. Since the SU(3) sym-
metry group has eight generators, the massless vector fields required by the theory, i.e.
the gluons, are also eight in number. Unlike QED, QCD is a non-Abelian theory: glu-
ons therefore carry colour charge themselves and exhibit self-interactions, unlike neutral
photons, which do not interact with one another.

Similarly to QED, a theory that describes the strong interaction is obtained by requiring
local gauge invariance under SU(3):

8
P(x) — ¢P'(x) =exp [igs Y 6% (x) t“] ¥(x), (1.8)

a=1

where g is the strong coupling constant typically expressed in terms of a; = é, which
defines the strong coupling constant, 6”(x) are eight space-time dependent parameters,
and t* are the eight generators of the group. Imposing local gauge invariance requires
the introduction, via the covariant derivative, of eight spin-1 boson fields — the colour
fields or gluons AZ (x) — analogous to the photon field A, (x) introduced in QED.

The QCD Lagrangian is therefore given by:

. . 8
£oon = L) [ (D, ()5 =ty () = YR, 19)

where:
e the subscript f denotes the quark flavour, f = u,d,c,s,t,b;
e the indices i and j run over the three colour quantum numbers (red, green, blue);
* 15 (x) represents the quark fields, grouped in the colour triplet (¢ (x), gb?(x), lpjl? (x));

e the first term includes both the free propagation of quarks and their interaction with
the gluons through the covariant derivative, defined as

8
(Dy(x))ij = ay(sij + igS Z t%Af‘(x), (1-10)
a=1
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where ' = A?/2 are the generators of SU(3), given in terms of the Gell-Mann
matrices A”;

e the second term describes the free propagation of gluons and their self-interactions.
FZV (u,v =0,1,2,3 are Lorentz indices, a runs over gluons types) is the gluon field
strength tensor, defined as

8
E (x) = 0,A0(x) — 9, A (x) — g5 Y fUAN(x)AL(x), (1.11)
b,c=1

where f “0¢ are the structure constants of S U(3). The term in the Lagrangian contain-
ing FZV gives rise to the kinetic energy of gluons and to cubic and quartic interaction
terms, corresponding to three-gluon and four-gluon vertices.

Due to the non-Abelian nature of Quantum Chromodynamics, the strong coupling con-
stant ag is a running coupling. Its scale dependence arises from quantum corrections
associated with gluon self-interactions, which lead to a negative S-function. As a conse-
quence, &g depends on the momentum transfer Q of the scattering process, i.e. ocS(QZ).
At large momentum transfer, the strong coupling is given by

127

(33—2nf)1n< o’ )

2
AQcp

as(Q%) ~ (1.12)

where 7 is the number of quark flavours (1 = 6 in the SM) and Aqcp ~ 200 MeV
sets the energy scale for perturbative QCD predictions. As a result of this dependence,
QCD exhibits two salient properties: asymptotic freedom and colour confinement:

* asymptotic freedom: as the energy scale of the process Q* — oo, the strong coupling
between quarks logarithmically approaches zero, meaning that at high energies the
interaction becomes weaker and quarks behave almost as free particles;

* colour confinement: at low momentum transfer, of the order of Agcp, the coupling
between quarks diverges. This implies that quarks cannot be isolated; although
this behaviour has not yet been analytically proven, it underlies the phenomenon
known as colour confinement, which states that coloured particles, such as quarks
and gluons, cannot be observed in isolation, but only within colourless hadrons.
At high energies, when attempting to extract a quark from a hadron, new g4 pairs
and gluons are produced. Since free coloured particles cannot exist, the quark and
antiquark are bound into colourless hadrons via hadronization, resulting in the for-
mation of a hadronic jet.

Electroweak interactions

The development of the electroweak theory was not straightforward, as it required sev-
eral decades of theoretical and experimental progress. In the 1930s, a major step was
the postulation of the neutrino by Pauli [42], proposed to explain the continuous energy
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spectrum in B-decay (n — p +e +7,). In the 1950s, further advancement came from
the experimental discovery of parity violation in weak interactions.

A first theoretical framework for weak interactions was established in 1934 by Fermi [43],
who formulated a four-fermion contact interaction to describe S-decay. However, this
theory was non-renormalizable, leading to divergences in higher-order calculations and
failing to provide a consistent description of weak interactions at high energies. Nev-
ertheless, it highlighted key features of weak interactions, such as their short range, the
Vector-Axial (V-A) structure of the charged weak current, and the fact that a conserved
leptonic current between the electron and its neutrino hints at a conserved charge, the
weak isospin.

In 1961, Glashow [44] proposed a unified description of electromagnetic and weak inter-
actions based on the SU(2); x U(1)y gauge symmetry group. The subscript L indicates
left-handed fermions: only the left-chiral components of quarks and leptons, defined as
P (x) =11 75)¢(x), interact with the three gauge fields associated with the SU(2);
group, W;,(x), i = 1,2,3. Left-handed fermions transform as doublets under SU(2);
transformations, whereas the right-chiral components, g (x) = 3(1+ 75)¢(x), are sin-
glets under SU(2); and do not couple to the W;,(x) gauge fields. The three generators
of SU(2);, T; with i = 1,2,3, are termed weak isospin operators. A summary of the left
and right chiral components of leptons and quarks under the SU(2); symmetry group
is provided in Table 1.1.

Isospin Leptons Quarks
i t
Left-handed T;= t2 Ve i Yu , r " , ¢ ,
_1 e i T d s b
2 L L L L L L
Right'handed T3 :0 ER,]/[R,TR MR,dR,CR,SR,tR,bR

Table 1.1 — Left and right chiral components of leptons and quarks under the SU(2); sym-
metry group. Right-handed neutrinos do not exist in the original formulation of SM.

The U(1) group in the electroweak theory is not the same as in QED: its charge is not
the electric charge Q, but a new quantum number called the weak hypercharge Y, which
affects the left-handed and right-handed components of fermions differently, whereas
the electromagnetic current treats left- and right-handed components in the same way.
The U(1)y group has a single generator Y associated with the weak hypercharge, and
consequently one gauge field, denoted by B, (x). In the context of the electroweak theory,
the electric charge operator Q can be expressed in terms of the weak isospin and weak
hypercharge operators through the Gell-Mann-Nishijima relation:

Y
This relation illustrates in a simple way one of the key points of the construction of the

electroweak theory: the correct combination of the weak isospin current and the weak
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hypercharge current produces the electromagnetic current.

The electroweak Lagrangian is given by:

1

- . 13 o
Leyw = iy Dy + iy Dy tpr — 1 Y WHIW, — ;B””BW, (1.14)

i=1
summing over all the left-handed and right-handed fermions ¢; and ;. The first two
terms describe the free propagation of fermions and their interaction with the gauge
fields; the last two terms describe the free propagation of the gauge fields. The field
strength tensors included in the Lagrangian of Equation (1.14) are defined as:

. . . 3. .
W = QWY — YW — g Y W (1.15)
k=1
and
mo— 9"BY — VB, (1.16)

where g and g are the coupling constants associated with SU(2); and U(1)y, respec-
tively, and ¢’* are the Levi-Civita tensor components.

Asin QED and QCD, local gauge invariance is restored by introducing the covariant
derivative D). In the electroweak theory, D, acts differently on left-handed fermion
doublets, which transform non-trivially under SU(2);, and on right-handed fermion
singlets, which are singlets of SU(2);.

For a left-handed doublet ¢; , the covariant derivative reads

DylPL(x) =

3 .
9, t+ig ; T,W, (x) + ig'YBy(x)l P (x)

. 3 /
1g W lW g Y,
=0 pL(x) + 5 (w; +ﬂz‘wj _W3 ) () + iS5 B () (117)

. 3 / 1 cA72
i (§Wy+8YLB,  gW, —iW,)
= aylpL(x) + 2 , 1 . 2]4 3}1 / ! l/JL(x)/
g(WM + zWM) —sW, +8Y.B,

where T; = 0;/2 are the generators of SU(2); and Y; denotes the hypercharge of the
left-handed doublet.

For right-handed fermion singlets ¢z, which do not couple to the SU(2); gauge fields,
the covariant derivative reduces to

DylpR( )

3+ 15 YyB, >] ¥r(x).
(1.18)

] —I—ngW T—i—zgYB()]v,bR()

Replacing the covariant derivative of Equations (1.17) and (1.18) into the Lagrangian of
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Equation (1.14), one obtains the interaction terms between fermions and gauge bosons:

3., 1 a2

1. gW, +g Y B, (W, —iW,) g

Ly = —=§r7" < 1 .0 3 VL — SYrPrY'Bupr, (1.19)
2 g(wy+lwy) _gwu +g/YLBu 2

where the sum runs over all the left-handed and right-handed fermions ¢; and . Al-

ready in Equation (1.19), one can identify the linear combinations of the gauge fields that

correspond to the physical W™ bosons, defined as

+ 1 12
Wi = % (wy T zwy), (1.20)
which mediate the charged weak current interactions between the up and down com-
ponents of the weak isospin doublets. The electromagnetic interaction, mediated by the
photon field Ay as in QED, and the neutral weak current interaction, mediated by the Z

boson field ZH’ arise instead from a rotation of the W*> and B fields by the Weinberg weak

mixing angle 6y
Ay cosfy —sinfy B, w21)
Z, ~ \sin O  cosOp W;’ . .

To identify the gauge field A, with the photon field of electromagnetism, a further re-

lation between the electric charge e, the coupling constants g and g’, and the Weinberg
angle must be satisfied: e = gsinf, = g’ cosfyy. Alongside the photon, another gauge
boson enters the neutral sector of the electroweak interactions: the Z boson. The Z bo-
son mediates weak neutral interactions between quarks and leptons of the same flavour,
with different coupling strengths for left-handed and right-handed chiral components.
Writing the Lagrangian of Equation (1.19) in terms of the physical fields W™, Z, and A,
it is possible to exhibit explicitly the three types of interactions — electromagnetic (EM),
weak charged current (CC), and weak neutral current (NC) — in the Lagrangian:

int
Legw=  Lew +  Lec + Enc
S~ "
Electromagnetic ~ Charged Current ~ Neutral Current

= —eQpr"pA, —Tllw” W, (Ty = iTy) + W, (Ty +1Ty)|
%/_/
o CC
h 5 .2
T sty costyy VT [T3(1=7°) — Qsin® by | y. (122)

NC

The described formulation of the electroweak theory is elegant, mathematically consis-
tent, and predictive. However, it presents two major issues that need to be addressed:

* The boson fields W; , Z, and A, must be massless to preserve the gauge invariance
of the theory. While for the photon field A, this is indeed the case (m, = 0), the
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other vector bosons have non-negligible masses [45, 46]:
my = 80360.2£9.9 MeV, my = 91.1876 £ 0.0021 GeV. (1.23)

Furthermore, mass terms of the form m%,\,Wi’” W;F and m%Z" Z,, would explicitly
violate the gauge invariance of the theory;

* The chiral nature of the electroweak gauge group forbids explicit mass terms for
fermions as well, whereas they were allowed in QED. A mass-like term in the
Lagrangian would be of the form myp = m(P g + Pripr), but each term in
this sum is not gauge-invariant, since SU(2); acts differently on left-handed dou-
blets and right-handed singlets. Nevertheless, experimental data confirm that all
fermions are massive.

1.2 The Higgs boson

The problem of introducing the masses of the gauge bosons and fermions in the SM
without spoiling the local gauge invariance of the theory was solved in 1964, when
Higgs [0], Englert and Brout [/], and others proposed the Higgs mechanism and sponta-
neous symmetry breaking. These mechanisms allow the various particles to acquire mass
dynamically through their interaction with a scalar field ®(x), without losing the gauge
invariance of the theory, which is necessary for its renormalizability.

1.2.1 The Higgs mechanism
The Higgs mechanism in QED

In this section, a simple illustrative example will be presented to show how the Higgs
mechanism works, before introducing all the complications arising from the non-Abelian
structure of the SU(2); x U(1)y group. This Abelian example demonstrates how a mass
can be given to the QED photon. Consider a complex scalar field ¢ = \% (1 +i¢pp) with
a self-interaction potential of the form:

U(P) = Alp™9)> + 1 (9" 9). (1.24)

The following Lagrangian describes the dynamics of the scalar field ¢, its self-interaction,
its coupling with the massless gauge field A, (x) and the free propagation of the gauge
field:

Lrtiggs = (D"9)" (D) — () + L% = (D'9)"(D,9) ~ A9"9)* ~ 1(9"9) — ;P Fyu,

(1.25)
where D, = d,, +ieA, is the covariant derivative (same as in Equation (1.4)) and F,,, is
the field strength tensor of Equation (1.6). The Lagrangian in Equation (1.25) is invariant
under local U(1) phase transformations of the form:

D) — ¢'(0) = (), AL) — A = 4,00~ 0,e(0). (126)
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The scalar potential U(¢) of Equation (1.24) is the key ingredient of the Higgs mecha-
nism. For A > 0 and yz > 0, the potential has a unique minimum at ¢; = ¢, = 0. For
A > 0and yz < 0, the potential acquires a “Mexican hat” shape, as shown in Figure 1.2,
featuring a local maximum at ¢; = ¢, = 0 and a degenerate circle of minima given by

2 .
B0 = M &%, with 6 € [0,2n). (1.27)

AT
| AR B

edann
RN
[ ]

Figure 1.2 — Shape of the Higgs potential U(¢) in two dimensions, for A > 0 and yz <0,asa
function of the real and imaginary components of the field (see Equation (1.24)).

Although all these states are equivalent, ¢(x) adopts one of them as its ground state con-
figuration. This choice gives rise to what is usually called spontancous symmetry breaking,
i.e., the symmetry is no longer manifest in the chosen ground state. Conventionally, the
adopted ground state has 0 = 0, giving

2
Y Bl S
$o=1\ 5 =7 (1.28)

where v is defined as the Vacuum Expectation Value (VEV) of the field ¢. It is possible
to redefine the field around its vacuum expectation value ¢, by introducing two real
fields, o and 7, which represent the radial and tangential excitations of the field about
the minimum:

1% 1 .
¢ = \—@—k\ﬁ((fﬁ—zq). (1.29)

Substituting Equation (1.29) into the Lagrangian of Equation (1.25), one obtains an ex-
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panded Lagrangian with several interesting features:

179
Ltiiggs = 5¢v A A

Mass term for the gauge field

1 2 2
Z TS R P B
+ Z(BV(T)(E) o) —uo 5 402(7
Higgs field o
1
+ 5(9,m)(9")

Goldstone boson 77

1
+eoARdy i +eA" (09,1 —19,0) + EEZAVA#(UZ +17%) - zyvz o’
- GFUE (130)
3w ' .
A,—,/

The first term underlined in red corresponds to the mass term for the gauge field A,
showing that the gauge boson acquires a mass m, = ev through its interaction with
the scalar field, without explicitly breaking gauge invariance. The second term in blue
describes the dynamics of the scalar field o, commonly referred to as the Higgs field,

which acquires a mass m, = 4/ —Zyz = v/2A v and exhibits tri-linear and quartic self-
interactions. The third term in green corresponds to a massless scalar boson, the Gold-
stone boson 1 and the remaining terms include interactions among the fields and the
kinetic term of the gauge field. The Goldstone boson arises as a direct consequence of
the spontaneous breaking of a continuous symmetry, in accordance with the Goldstone
theorem [47]. The theorem states that if M out of N generators of a continuous sym-
metry are spontaneously broken, M spin-0 massless particles will appear in the theory.
Although the Goldstone boson plays a key role in spontaneous symmetry breaking, it
does not appear as a physical particle, since it can be gauged away. Specifically, if instead
of the redefinition in Equation (1.29), one chooses the representation

0(3) = s (o o) exp |12,

it is possible to perform a local gauge transformation called the unitary gauge, which re-
moves the imaginary part of ¢ and therefore the Goldstone boson # from the Lagrangian:

P(x) — ¢/ (x) = exp {—i”(;)] $(x) = = (o+ 0(x), .
1, n(x) '

Ay(x) — A;{(x) =A,(x) —-09,—=.



14 1.2 The Higgs boson

After this gauge transformation, all the terms that describe the massive vector boson A,
and the massive scalar Higgs boson ¢ are still present in the Lagrangian.

The Higgs mechanism in the SM

The Higgs mechanism illustrated in the simpler QED case in the previous section can be
extended to the SU(2); x U(1)y group in order to introduce mass terms for the gauge
bosons of the electroweak sector, while keeping the photon massless, m, = 0. This
procedure is not applied to the SU(3) group of QCD, since the gluons remain massless.
Let us consider a weak isospin doublet of complex scalar fields,

4>+(x)>
d(x) = , 1.32
) <¢°<x) (-2

which transforms under SU(2); and U(1)y gauge transformations as described in Sec-
tion 1.1.2, with weak hypercharge Y = +1. The self-interaction potential of the scalar
doublet is given in the same form as in Equation (1.24):

U(P) = A(DTD)? + 12 (@ D). (1.33)

Considering also the covariant derivative D,, to ensure local gauge invariance, the La-
grangian describing the dynamics of the scalar doublet &, its self-interaction, and its
coupling to the massless gauge fields is

Lijiggs = (D'®)"(D,®) — U(®) = (D'®)"(D,®) — A(®'®)* — 1> (@'®).  (1.34)

Asin Section 1.2.1, for A > 0 and ;42 < 0, the potential U(P) exhibits a degenerate circle
of minima. The field ®(x), however, will acquire one of these states as its ground state
configuration, spontaneously breaking the SU(2); x U(1)y symmetry. Since the Higgs
mechanism should preserve the U (1) symmetry of QED, the Higgs boson must be neu-
tral: for the down component, we have Q = 0 and T3 = —%, so according to Equa-
tion (1.13), the weak hypercharge is Y(®) = +1. Conventionally the adopted ground

state is chosen to be
1 (0 —i?
P, = — , with v=1/—. 1.35
Y (v) V2 -39

Expanding the field ®(x) around its VEV, it can be written as

1 0
*M =7 (v +H+IY, ;7].) / (1.36)

where the three Goldstone bosons 7; (j = 1,2, 3) appear, corresponding to the three bro-
ken generators. As in the simpler QED case, these non-physical fields can be eliminated
through a suitable gauge transformation, known as the unitary gauge. After performing
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this transformation, the scalar doublet takes the form

o = 1 0 1.37
(x)_\/i<v+H(x)>’ (1.37)

where H(x) is the physical Higgs field, representing quantum excitations around the
VEV v. Introducing this expression into the Lagrangian of Equation (1.34), one obtains:

1 A
Lriggs = 5 (9, H)(9"H) + W2 H” — A\vH® — ZH4

Higgs field H dynamics

2 2 2 12\ 2
gV o, (&g i
W W S 7, 7

Mass terms for W= and Z

gzw—w+,ﬂH2 (g2+g,2)z Z}‘»Hz gsz—w‘i‘,}lH (g2+g/2)vz Z}‘»H
M g Al H Wy Ty Al

Interaction terms between fields

(1.38)

The term in the first row describes the dynamics of the Higgs field H, which acquires a

mass
my = \/ —21* = V2A v, (1.39)

and exhibits trilinear and quartic self-interactions. While the VEV v can be determined
experimentally from the Fermi coupling constant G [48],

0= ——— ~ 246 GeV, (1.40)
V2Gp

the coupling A remains a free parameter of the theory, leaving the Higgs boson mass
mpy as an undetermined quantity before its experimental measurement. The second line
describes the mass terms of the W and Z fields, related to the weak coupling constants g
and g’, the Weinberg angle 8}y and v:

gU vy g +3” gv My (1.41)

m = — m = = =
w z 2 2cosby  cosby’

in good agreement with the experimental values [45, 46]. The last line includes interac-
tion terms between the Higgs field and the gauge bosons.
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Mass generation for fermions

The chiral nature of the electroweak gauge group forbids explicit fermion mass terms as
well. A Dirac mass term in the Lagrangian of the form

mepp =me (Prpg + PrYr) (1.42)

is not gauge-invariant, because the group SU(2); x U(1)y acts differently on the left-
handed and right-handed components of the fermion field. However, experimental ev-
idence confirms that all fermions are massive. Once again, the solution arises from the
interaction with the Higgs doublet ®(x) and its charge conjugate O (x) = —iT* ®(x),
together with spontaneous symmetry breaking.

Let us focus on a single quark family. Gauge-invariant Yukawa interaction terms involv-

ing the weak isospin doublet ( Z) and the right-handed singlets 1y and dy are included

L
in the SM Lagrangian:

After spontaneous symmetry breaking, the Yukawa Lagrangian gives rise to mass terms
for both up- and down-type quarks (—m,iiu and —m,dd), as well as interaction terms
between the massive fermions and the Higgs field. By expanding the Higgs doublet ®
in terms of its VEV and the real scalar field H, as shown in Equation (1.37), the Yukawa
Lagrangian becomes:

YuY o Yd% 5. Yu o Ya 7
L = —==ilu — dd — “=auH — “=ddH. 1.44
Yukawa \/E \/i \/E \/E ( )
The fermion masses 1m,,(5) = y,,\%v are directly proportional to the Yukawa couplings y,a),

which also determine the interaction strengths between the fermions and the Higgs bo-
son, as shown in the second part of Equation (1.44).
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This thesis presents results derived from proton-proton collision data provided by the
Large Hadron Collider (LHC) [2].

The LHC is the world’s largest and most powerful particle accelerator. It is located
at the European Organization for Nuclear Research (CERN), near Geneva, Switzerland.
The LHC is a circular collider for protons or heavy ions, with a circumference of 26.7 km,
situated approximately 100 meters underground. It was constructed in a tunnel origi-
nally built between 1984 and 1989 for the Large Electron-Positron Collider (LEP), which
operated from 1989 to 2000.

The LHC was designed to surpass the energy limitations of the LEP and to explore
new frontiers in particle physics. Completed in 2008, it has been operational ever since,
undergoing several upgrades and improvements over the years. The LHC was designed
to collide protons at a maximum centre-of-mass energy of /s = 14 TeV and lead ions at
a maximum centre-of-mass energy of /s = 5.5 TeV per nucleon pair.

The first data-taking period, known as Run 1, took place from 2010 to 2012, with pp colli-
sions at /s = 7 TeV (2010-2011) and 8 TeV (2012). Following the Long Shutdown 1 (LS1)
from 2013 to 2014, the accelerator was consolidated and finally delivered collisions for
Run 2 (2015-2018) at a centre-of-mass energy of 13 TeV and an instantaneous luminosity
ofupto L =2x 10** em™2s ™! (for its definition, refer to Section 2.5). After another tech-
nical shutdown ( Long Shutdown 2 (L52), 2019-2021) for maintenance and upgrades,
the LHC started its Run 3 in July 2022, colliding protons at a centre-of-mass energy of
13.6 TeV and reaching an instantaneous luminosity of up to £ = 2.4 x 10 em s
Since this thesis is based on data collected during both Run 2 and Run 3, this Chapter
provides a brief overview of the LHC conditions and its main operational parameters
during both Runs.

2.1 From LEP to LHC

LEP was a circular electron—positron accelerator and collider. Although e*e™ colliders
offer several advantages over hadronic machines for precision measurements—primarily
because electrons and positrons are elementary particles, unlike composite hadrons—this
implies a well-defined initial state in terms of energy, momentum, and particle type,
since the full center-of-mass energy is available in the hard interaction and no parton dis-
tribution functions are involved. As a consequence, the final states are typically cleaner
and not dominated by underlying QCD activity or pileup. However, they also have a
major drawback: energy loss due to synchrotron radiation emission.

17
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In circular accelerators, charged particles emit synchrotron radiation when accelerated
along a curved trajectory. The energy loss due to synchrotron radiation is inversely pro-
portional to the fourth power of the particle’s mass [49]:

4
P = d—E o E—, (2.1)

at it
where E is the particle’s energy and m its mass. Consequently, lighter particles, such as
electrons, lose a substantial amount of energy in circular motion, which makes achieving
high energies in circular colliders particularly challenging. In contrast, heavier particles,
such as protons, radiate far less energy, allowing them to reach much higher energies in
circular accelerators. To illustrate the magnitude of this effect, a proton is approximately
1836 times more massive than an electron [46], leading to a synchrotron radiation loss

for electrons relative to protons of about

4
% x (Z”) ~ 10", (2.2)
p e

assuming both particles have the same energy E.

Given this significant difference in behavior between electrons and protons in circular
colliders, the LHC was designed as a proton-proton collider to achieve the highest pos-
sible collision energies. Since the LHC reuses the LEP tunnel, the radius of curvature R
is essentially the same, allowing protons to reach energies several orders of magnitude
higher than electrons in LEP. While LEP achieved a maximum centre-of-mass energy
of /s = 209 GeV [50], the LHC was designed to reach a maximum centre-of-mass en-
ergy of /s = 14 TeV. This, of course, can only be achieved if higher magnetic fields
are applied to keep the particles on the same orbit, according to the relation between the
magnetic field B, the radius of curvature R, and the particle momentum p:

p[GeV] ~ 0.3 - |q| - B[T] - R[m]. 2.3)

2.2 Proton-proton interactions

As mentioned in Section 1.1, protons are not elementary particles but bound states of
partons, namely quarks and gluons. Because of this composite nature, proton-proton
collisions at the LHC can be classified into two main categories:

* Soft collisions are long-distance, low-momentum-transfer interactions between two
protons in the colliding beams. Under these conditions, the protons effectively be-
have as point-like rather than composite particles. The final-state particles typically
have low transverse momentum and are produced at small angles with respect to
the beam axis. Although they do not usually mimic high-pr hard-scattering sig-
natures, soft interactions contribute to the underlying event and pileup, thereby
affecting detector occupancies and the reconstruction performance;

e Hard collisions are short-distance, high-momentum-transfer interactions between
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the constituent partons of the colliding protons. In these interactions, the inter-
nal structure of the protons becomes relevant, and the partons can be treated as
quasi-free particles, approaching the regime of asymptotic freedom in QCD (see
Section 1.1.2). The final-state particles produced in hard collisions typically have
high transverse momentum and are emitted at larger angles with respect to the
beam axis.

These hard collisions are of particular interest for studying fundamental interactions and
for searches for new physics phenomena. However, the composite nature of protons in-
troduces an additional layer of complexity in the analysis and interpretation of collision
data. Each parton carries only a fraction x of the proton’s total longitudinal momentum
p:

Pparton = X Pproton with0 <x <1, (2.4)
where the value of x varies from event to event and from parton to parton within the
same proton. The probability of finding a parton of type i carrying a momentum frac-
tion x at a scale Q° is described by the Parton Distribution Function (PDF) f;(x, Q%).
The PDFs cannot be computed from first principles using perturbative QCD and must
instead be determined from experimental data through global fits. However, once their
behaviour at a given reference scale Q% is known, their energy-scale dependence is gov-
erned by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution equations
[51-53], which describe how parton densities evolve with the probing scale.

At all momentum-transfer scales, the proton contains valence quarks, sea quarks, and
gluons. As Q7 increases, gluon radiation and quark-antiquark pair production enhance
the gluon and sea-quark densities, particularly at small values of x, where they become
dominant over the valence contribution.

An example of quark and gluon PDFs within the proton, extracted from the NNPDFE3.1
NNLO set [54], is shown in Figure 2.1 at two different scales, Q2 = yz = 10 GeV? and
Q% = i* = 10* GeV2.

These PDFs encode the non-perturbative structure of the proton and are essential for
calculating the total cross section for a hard scattering process pp — X:

1 1
Opox = X | [ v file1, @) £, @) 65-x(8), @3
L]

where 0;;_, x($) is the parton-level cross section for partons i and j and Vi = VX1%58
is the parton-parton centre-of-mass energy, with /s being the proton-proton centre-of-
mass energy. Another consequence is that the exact parton-parton centre-of-mass energy
/4 is not known a priori, as it depends on the unknown momentum fractions x; and x,.
To sum up, there are two main features characterising pp interactions. First, the actual
parton-parton centre-of-mass energy is not exactly known and is lower than the nominal
proton-proton centre-of-mass energy. This feature allows a broad range of centre-of-
mass energies to be probed, even at fixed proton beam energy. Second, the interesting
hard-scattering events (the most common being multi-jet final states) are hidden beneath
the large QCD background arising from soft collisions, secondary interactions (pileup,
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Figure 2.1 — Example of PDFs multiplied by the momentum fraction x, evaluated at two

different scales: Q2 = yz = 10 GeV? (left) and Qz = yz = 10* GeV? (right), for quarks and
gluons within a proton. The PDFs are taken from the NNPDF3.1 NNLO set [54].

see Section 2.5), and the hadronisation of the remnants of the two hard-scattered protons
(the so-called underlying event).

The exploration of rare processes therefore requires both high beam energies and high
beam intensities: the former to enable the production of massive particles and to benefit
from the typical increase of the cross section with energy (see Section 4.1 and Figure 4.1),
and the latter to ensure a sufficiently large number of events for statistically significant
measurements.

2.3 LHC operation and accelerator complex

The LHC [2, 55] is a synchrotron, namely a circular accelerator in which charged par-
ticles follow a closed orbit and are accelerated by time-synchronised electromagnetic
fields. The increase in energy is provided by radio-frequency (RF) cavities, which gen-
erate an electric field parallel to the particle motion. If the circulating bunches remain in
phase with the RF frequency (400 MHz), they receive an energy boost at each passage
through a cavity. In particular at the LHC, acceleration up to the nominal beam en-
ergy of \/s/2 is achieved using eight superconducting RF cavities. The synchronisation
mechanism also stabilises the beam energy: protons that arrive slightly earlier or later
than the ideal time, because they have, respectively, higher or lower energy than the
nominal value, receive a corrective accelerating or decelerating kick, which gradually
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brings them back toward the reference energy.

The curved trajectory of the beams is maintained by dipole magnets, which generate a
magnetic field perpendicular to the direction of motion. This field provides the Lorentz
force required to bend the particles along the circular path. As the beam energy in-
creases, the dipole field must be ramped up accordingly to keep the particles on the
same orbit, as expressed in Equation (2.3). The LHC employs 1232 niobium-titanium
superconducting dipole magnets, each about 15 m long, operating at a temperature of
1.9 K and generating a magnetic field of up to 8.33 T to bend the beams along the 26.7 km
tunnel. A photo and scheme of the LHC and its dipole magnets are shown in Figure 2.2.

MR AT

(@) (b)

Figure 2.2 — (a) Photo [55] of the LHC tunnel showing a 3D view of the dipole magnets. (b)
Cross-section of an LHC dipole magnet, showing the cold mass and vacuum chamber [56].
The two proton beams travel within the two adjacent beam pipes, which can be seen at the
centre of the ring’s cross-section.

In addition to dipoles, the accelerator employs other types of magnets to ensure beam
stability and focusing. Quadrupole magnets generate a field that focuses the beam in
one transverse plane while defocusing it in the orthogonal plane; by arranging them in
alternating sequences, a net focusing effect is achieved. The LHC uses 392 supercon-
ducting quadrupole magnets, each 5-7 m long. Higher-order multipole magnets, such
as sextupoles, octupoles and decapoles, are employed to correct chromatic and nonlinear
aberrations in the beam optics, compensate for imperfections, and maintain the required
beam emittance over many turns.

The coordinated action of RF cavities and magnetic elements allows the beam to be
accelerated up to the design energy while keeping it focused and confined along the
reference orbit.

The LHC is not the first stage of proton (or ion) acceleration. Protons are injected into the
LHC already accelerated to high energies in four steps by a chain of linear and circular
accelerators [57]:

e From 2020, the first step is Liner accelerator 4 (Linac4), a linear accelerator de-
signed to boost negative hydrogen ions (H ) to an energy of 160 MeV. The ions are
stripped of their two electrons to produce protons just before being injected into the
next accelerator in the chain. Linac4 is 86 m long and located 12 m below ground.
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During LS2, it replaced Liner accelerator 2 (Linac2), which had previously acceler-
ated protons to 50 MeV for Run 2.

* Protons from Linac4 are injected into the Proton Synchrotron Booster (PSB), which
consists of four stacked synchrotron rings with a circumference of 157 m. Here they
are accelerated to 2 GeV.

¢ The protons are then transferred to the Proton Synchrotron (PS), a single-ring syn-
chrotron with a circumference of 628 m, equipped with 277 magnets, including 100
dipoles to bend the beams. They are accelerated up to 26 GeV in this stage.

¢ The final step before injection into the LHC ring is the Super Proton Synchrotron
(SPS), the second-largest machine in CERN'’s accelerator complex, with a circum-
ference of nearly 7 km. The SPS can accelerate protons up to 450 GeV, at which
point they are injected into the LHC. It contains 1317 electromagnets, including
744 dipoles to bend the beams around the ring.

The entire CERN accelerator complex is illustrated in Figure 2.3.

The CERN accelerator complex
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Figure 2.3 — Schematic layout of the CERN accelerator complex [58]. The main accelerator
chain starts from Linac4 and proceeds through the PSB, PS, SPS, and finally to the LHC.

Eventually, the protons are injected into the LHC at an energy of 450 GeV and acceler-
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ated to the final energy of 6.5 TeV (6.8 TeV) per beam for Run 2 (Run 3), resulting in a
total centre-of-mass energy of 13 TeV in Run 2 and 13.6 TeV in Run 3.

2.4 Main experiments at the LHC

The two proton beams circulating in the LHC travel in opposite directions within two
adjacent beam pipes, which are maintained at ultrahigh vacuum, as shown in the scheme
of Figure 2.2b. Along the LHC tunnel, there are four main collision points corresponding
to the locations of the four principal experiments, also visible in Figure 2.3:

e ATLAS[1]and CMS [3] are general-purpose detectors designed to cover a broad
range of physics measurements in pp and heavy-ion collisions. They are used to
study the SM, including the Higgs boson, and to search for new physics. The CMS
detector is built around a large superconducting solenoid magnet generating a 4 T
magnetic field; the complete detector measures 21 m in length, 15 m in width, and
15 m in height. The ATLAS detector will be described in greater detail in Chapter 3.

e Large Hadron Collider beauty (LHCb) [59] is a forward spectrometer optimised for
studying particles containing b or ¢ quarks. It focuses on flavour physics and pre-
cision measurements of CP-violating processes. Unlike ATLAS and CMS, which
surround the collision point with a full 477 detector, LHCb uses a series of sub-
detectors arranged along the forward direction, covering a distance of 21 m from
the interaction point (IP) on one side only.

e A Large lon Collider Experiment (ALICE) [60] is a heavy-ion detector dedicated
to studying the quark-gluon plasma and the properties of strongly interacting mat-
ter at extreme energy densities. The 10k-tonne ALICE detector measures 26 m in
length, 16 m in height, and 16 m in width.

Additionally, there are five smaller experiments on the LHC dedicated to specialised
researches. The smallest experiments are the TOTal cross section, Elastic scattering and
diffraction dissociation Measurement (TOTEM) [61] and the Large Hadron Collider for-
ward (LHCY) [62], which focus on "forward particles", protons or heavy ions that brush
past each other rather than meeting head on when the beams collide. TOTEM uses
detectors positioned on either side of the CMS IP, while LHCf is made up of two de-
tectors which sit along the LHC beamline, at 140 m either side of the ATLAS collision
point. The Monopole and Exotics Detector at the LHC - MoEDAL Apparatus for Pen-
etrating Particles (MoEDAL-MAPP) [63] uses detectors deployed near LHCb to search
for a hypothetical particle called the magnetic monopole. The ForwArd Search ExpeR-
iment (FASER) [64] and the Scattering and Neutrino Detector at the LHC (SND@LHC)
[65], the two newest LHC experiments, are situated close to the ATLAS collision point
in order to search for light new particles and to study neutrinos.
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2.5 Luminosity and pileup

In a particle collider such as the LHC, the rate, i.e. the number of events per unit time,

of a given process p is proportional to its cross section o, :
p

d& =L-0 (2.6)
dt P ‘
where the proportionality factor £ is called the instantaneous luminosity and measures
the collision rate per unit cross section. The instantaneous luminosity can be expressed
in terms of key machine and beam parameters, under the assumption of ideal bunch

collisions with Gaussian densities [2]:

Nin
T nbef r;V]r F, (2.7)
n

where:

* N, is the number of particles per bunch;

* 1, is the number of bunches per beam;

® f.ey is the revolution frequency;

* 17, is the relativistic gamma factor;

* ¢, is the normalized transverse beam emittance, representing the spread of the pro-
tons’ positions and momenta in the transverse plane;

° /3* is the value of the beta function at the IP, related to the transverse size of the
beam at the collision point;

e Fisa geometric factor accounting for the reduction in luminosity due to the crossing
angle of the beams at the IP. It is always less than 1.

The value of these quantities changed over the years, as the LHC underwent several
upgrades and improvements to reach its design performance. The main parameters
during Run 2 and Run 3 are summarised in Tables 2.1 and 2.2.

Parameter ‘ Design ‘ 2015 2016 2017 2018
Beam energy [TeV] 7.0 6.5 6.5 6.5 6.5

Nj, protons per bunch [10" p] 1.15 12 1.25 1.25 1.1

np, bunches per beam 2808 2244 2220 1868-2556 2556
Frev [kKHZ] 11.2 11.2 11.2 11.2 11.2

¥ 7462 6929 6929 6929 6929

€, [mmrad] 3.75 26-35 1.8-22 1.8-22 1.8-222
B* [cm] 55 80 40 40 —+30 30 —27—=25
Geometric luminosity loss F [%] 84 84 65 72 61
Crossing angle 6, [prad] 285 370 370 — 280 300 — 240 320 — 260
RMS bunch length ¢, [cm] 7.55 9 9 8 8
Peak luminosity [10*em %51 1.0 <0.6 14 2.1 2.1

Table 2.1 — Summary of beam and machine parameters during the four years of Run 2, com-
pared to the design values [66-68].
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Parameter | Design | 2022 2023 2024
Beam energy [TeV] 7.0 6.8 6.8 6.8
N}, protons per bunch [10" 4 1.15 1.4 1.5 1.6
ny, bunches per beam 2808 2464 2464 2464
ooy [KHZ] 11.2 11.2 11.2 11.2
0% 7462 7250 7250 7250
€, [mmrad] 3.75 1.8-22 21-23 1.8-2.5
B* [cm] 55 60 — 30 120 —30 120 — 30
Peak luminosity [10**em 2s™'] | 1.0 24 22 23

Table 2.2 — Summary of beam and machine parameters during the first three years of Run 3,

compared to the design values [69, 70].

Figure 2.4 and Figure 2.5 show the peak instantaneous luminosity achieved in each fill
for each year of Run 2 and Run 3, respectively. Since 2016 and throughout Run 3, the
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Figure 2.4 — Peak instantaneous luminosity delivered by the LHC during stable beams for
each fill in the four data-taking years of Run 2: 2015 (a), 2016 (b), 2017 (c), and 2018 (d) [71].
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Figure 2.5 — Peak instantaneous luminosity delivered by the LHC during stable beams for
each fill in the four data-taking years of Run 3: 2022 (a), 2023 (b), 2024 (c), and 2025 (d) [72].

The time integral of the instantaneous luminosity defines the integrated luminosity,
L = [ Ldt, which is an important measure of an accelerator’s performance. Integrat-
ing Equation (2.6) over time yields N, = Lo, highlighting that L is proportional to
the number of events of a given type occurring over a specified period. Since the cross
section has the units of an area, the instantaneous luminosity has the dimensions of
em %57, the integrated luminosity is usually expressed in terms of fractions of inverse

barns, where 1b = 1072 cm?.

At the LHC, the luminosity is measured by each of the main experiments. In particu-
lar, for ATLAS the luminosity measurement is derived primarily from the LUminosity
Cherenkov Integrating Detector 2 (LUCID-2) [73], but other measurements are also pro-
vided by the Inner Detector (ID), the Tile Calorimeter, and the ElectroMagnetic EndCap
(EMEC) Calorimeter and Forward Calorimeter (FCal), all in good agreement with each
other (for the detectors description see Chapter 3). Figure 2.6 and Figure 2.7 show the
total integrated luminosity as a function of time delivered by the LHC and recorded by
ATLAS during stable beams for each year of Run 2 and Run 3, respectively. Figure 2.8
shows the total integrated luminosity for the full Run 2 and Run 3 periods.

In particle colliders, the instantaneous luminosity is not constant; for each fill, it de-
creases over time due to the degradation of both the beam intensity (i.e. a reduced num-
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Figure 2.6 — Total integrated luminosity as a function of time delivered by the LHC (green)
and recorded by ATLAS (yellow) during stable beams for each year of Run 2: 2015 (a), 2016
(b), 2017 (c), and 2018 (d) [71].

ber of protons in the bunches) and the emittance (a larger spread of momenta and posi-
tions of the protons within the bunches). The available time for stable-beam data-taking
is optimised by taking into account this luminosity decrease and the duration required
for the accelerator chain to deliver a new beam. The primary factor contributing to the
luminosity decay is the pp collisions occurring at the LHC interaction points.

The LHC delivers such a high instantaneous luminosity that multiple pp interactions
typically occur simultaneously at each bunch crossing within the interaction points. This
is quantified by the average number of inelastic interactions per bunch crossing, known
as the pileup, p. Pileup events, which primarily result from soft collisions, overlap with
the hard interactions of interest and are generally treated as background in physics anal-
yses. Pileup adversely affects the reconstruction of the event of interest, degrading the
energy resolution of physics objects such as jets, leptons, photons, and missing trans-
verse energy (ET' 158 Additionally, it complicates the reconstruction of tracks and ver-
tices by creating a denser environment within the particle detector’s tracker. The pileup
is directly proportional to the instantaneous luminosity:

frev RL)
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Figure 2.7 — Total integrated luminosity as a function of time delivered by the LHC (green)
and recorded by ATLAS (yellow) during stable beams for each year of Run 3: 2022 (a), 2023
(b), 2024 (c), and 2025 (d) [72].

where 03, is the cross section for pp inelastic collisions. Figure 2.9a and Figure 2.9b
show the mean number of interactions per bunch crossing during Run 2 and Run 3, year
by year, respectively. From Figure 2.9c, which provides a comparison between the two
runs, it is possible to observe that the pileup conditions have become more challenging
in Run 3, with an average pileup of about (j)pn 3 = 55 interactions per bunch crossing
in Run 3, compared to about (y)gyn» = 35 in Run 2. Hence, it is important to find a
good compromise between pushing for higher (integrated) luminosities that correspond
to higher data statistics, and worsening of pileup conditions that can degrade the quality
of the data.

In Run 3, the B* luminosity-levelling technique [74] was adopted by the LHC to man-
age the pileup at the pp interaction points for the ATLAS and CMS experiments. This
technique involves adjusting the beam squeezing to regulate the peak instantaneous lu-
minosity, maintaining it at a roughly constant level over several hours. By controlling the
instantaneous luminosity via the B* parameter, the LHC ensures a stable target pileup
for a longer duration during each fill, thereby optimising the data-taking conditions for
the experiments and maximising the integrated luminosity.
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the integrated luminosity and the mean (y) values provided by year in the figure [71, 72].
Figure (c) compares the distributions from Run 2 and Run 3.
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The A Toroidal LHC ApparatuS (ATLAS) experiment [1], along with CMS [3], is one
of the two general-purpose detectors at the LHC. It has a forward-backward symmetric
cylindrical geometry with respect to the 1P, with nearly 47t coverage in solid angle. It
weighs almost 7000 tonnes, measures 46 m in length and 25 m in diameter, and is located
approximately 100 m underground.

The detector consists of several nested sub-detectors which, moving outward from the
beam pipe in the radial direction, are:

¢ the Inner Detector (ID), described in Section 3.3, a high-granularity tracker for the
reconstruction of charged-particle trajectories and the identification of primary and
secondary interaction vertices;

e the calorimeters, characterised in Section 3.4, which measure the energy of elec-
trons, photons, and charged and neutral hadrons;

e the Muon Spectrometer (MS), presented in Section 3.5, which reconstructs and
identifies muon tracks.

The detector also includes a magnet system (Section 3.2), which provides the magnetic
fields required for the measurement of charged-particle momenta in the ID and in the
MS, and the Trigger and Data Acquisition (TDAQ) system (Section 3.6), which analyses
collision events in real time to select the most interesting ones for storage and further
analysis.

The original configuration of the detector, as built for the start of the LHC and for Run 1
data-taking, is described in Reference [1]. As the LHC operating conditions evolved
over the years, as described in Chapter 2, the ATLAS detector underwent substantial
upgrades to maintain excellent performance under increasingly demanding conditions.
The major upgrade between Run 2 and Run 3, which mainly involved the Electromag-
netic (EM) calorimeter, the TDAQ system and the MS, is known as the Phase-I Upgrade.
This upgrade, which moves towards the requirements foreseen for the HL-LHC running
conditions, is documented in Reference [75].

The analyses presented in this thesis use data collected by ATLAS in both Run 2 and
Run 3. Since Run 3 is still ongoing, the results shown here are among the first based
on its (partial) dataset. This section therefore focuses on the Run 3 configuration of the
detector [75], highlighting the main upgrades with respect to Run 2 and their impact on
performance. The current ATLAS configuration is shown in Figure 3.1.

31
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Figure 3.1 — Cut-away view of the Run 3 configuration of the ATLAS detector indicating the
locations of the larger detector sub-systems [/5].

3.1 Coordinate system

A right-handed coordinate system (x,y, z) is defined to describe the position and direc-
tion of particles inside the ATLAS detector. The origin is located at the nominal IP. The
beam direction defines the z-axis, while the x-y plane is transverse to it, with the positive
x-axis pointing from the IP toward the centre of the LHC ring, and the positive y-axis
pointing upward (out of the xz-plane). Since the momentum of the colliding partons
along the beam axis is unknown (see Section 2.2), boost-invariant transverse quantities
are used, defined via the projection onto the xy-plane. Several key quantities are defined
in the transverse plane, such as py (transverse momentum) and ET' iss (missing transverse
momentum). The azimuthal angle ¢ is measured around the z-axis in the xy-plane, with
¢ = 0 along the positive x-axis, while the polar angle 0 is defined with respect to the
z-axis, with 8 = 0 along the positive z-axis and 6 = 7r/2 in the xy-plane. The coordinate
system is illustrated in Figure 3.2a.

The polar coordinates (7, ¢) are used to have a Lorentz invariant angular coordinate
system, where the pseudorapidity 1 is defined in terms of the polar angle 6 as:

n=—In [tan (g)] . (3.1

Positive and negative values of # correspond to the positive and negative directions
along the z axis, with 77 = 0 representing the transverse plane at the IP, as illustrated in
Figure 3.2b. For ultra-relativistic particles (E ~ |p|), the pseudorapidity is approximately
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R A
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Figure 3.2 — (a) The ATLAS detector coordinate system. (b) A sketch to show the relation,
defined in Equation (3.1), between the pseudorapidity 7 and the polar angle 6.

equal to the rapidity y, defined as:

_ 1 E+p,

Rapidity has the useful property that differences in rapidity are invariant under Lorentz
boosts along the beam axis. This makes it particularly convenient for describing particle
production in colliders, where the centre-of-mass frame may differ from the laboratory
frame. The advantage of using pseudorapidity over the standard polar angle is that dif-
ferences in pseudorapidity between two points are also invariant under Lorentz boosts
along the z-axis. This property is particularly useful when analysing events from pp col-
lisions, as the hard interactions between partons can be asymmetric, producing boosted
final states. The angular distance AR between two points in the transverse plane is given

by:
AR =/ (An)* + (Ag)>. (3.3)

3.2 Magnet system

A well-defined magnetic field is necessary to bend the trajectories of charged particles
produced in collisions, allowing their momenta to be measured. A charged particle mov-
ing in a magnetic field follows a curved trajectory, with the radius of curvature depend-
ing on both the particle’s momentum and the strength of the magnetic field, as already
described by Equation (2.3). Therefore, by measuring the radius of curvature and know-
ing the magnetic field strength, it is possible to reconstruct the particle’s momentum. To
generate the magnetic field, ATLAS uses a superconducting magnet system, that pro-
duces a magnetic field over a volume of approximately 12000 m’, ensuring an almost
complete geometric coverage of both the ID and the MS. The ATLAS magnet system,
visible in Figure 3.3, consists of two parts:

e a central solenoid magnet [76], which surrounds the ID within the EM calorimeter
and provides a magnetic field of 2 T along the beam axis. The solenoid is 5.8 m
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long, with an inner radius of 1.23 m and an outer radius of 1.28 m. It is cooled to
4.5 K, and the magnetic field is generated by an electric current of 8 kA.

* a toroidal magnet system, composed of one barrel [77] and two endcap toroids [75].
The barrel toroid consists of eight separate superconducting coils, has an inner di-
ameter of 9.4 m, an outer diameter of 20.1 m, and is 25.3 m long. Each of the two
endcap toroids consists of eight superconducting coils located inside an insulating
vacuum vessel, with a diameter of 10.7 m and a width of 5 m. The endcap toroids
generate a magnetic field near the beam axis to deflect particles with small polar
angles. The toroids are installed outside the calorimeters and produce a toroidal
magnetic field of 0.5 T in the central region and 1 T in the endcap region, covering
the MS volume. The toroidal magnetic field is generated by an electric current of
20 kA.

Figure 3.3 — Scheme of the ATLAS magnet system in red [79]. The solenoid magnet sur-
rounds the ID and is located inside the EM calorimeter and it is the small red cylinder in
the centre. The tile calorimeter is modelled by four layers with different magnetic properties,
plus an outside return yoke. The eight barrel and endcap toroids coils are located outside the
calorimeters and are the large red structures.

3.3 Inner Detector

The Inner Detector (ID) [80, 81] is the innermost detector of ATLAS, and therefore the
closest to the IP. It has a cylindrical geometry, 6.2 m in length and 2.1 m in diameter, and
is composed of a barrel and two end-cap regions, extending the coverage to || < 2.5.
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The ID is designed to measure charged particle tracks with excellent resolution, pro-
viding their direction, impact parameters and momentum; it also reconstructs primary
and secondary vertices and has electron identification capabilities. The momentum mea-
surement is performed by evaluating the curvature of charged particle tracks in the 2 T
magnetic field provided by the solenoid magnet.

It must withstand the radiation produced by the large number of highly energetic parti-
cles emerging from primary and secondary collisions. Its total material budget must be
kept low to minimise the probability that electrons or photons initiate an electromagnetic
shower (or hadrons a hadronic one) before reaching the calorimeter.

The ID is composed of three sub-detectors with different resolution and granularity: the
Pixel detector, the SemiConductor Tracker (SCT) and the Transition Radiation Tracker
(TRT). These systems will be described in the following paragraphs, and their full struc-
ture is shown in Figure 3.4.

Transition Radiation Tracker Transition Radiation Tracker Pixel detector

R endoap [ley  bBarral \

Insertable B-Layer
130

SermniConductor Tracker
B — pavrel
SemiConductor Tracker
ST — ernicog)

Figure 3.4 — Cut-away view of the ATLAS ID [75].

3.3.1 Pixel Detector

The Pixel Detector [52] is the first system encountered by particles emerging from the pp
interaction.

In the barrel region, it comprises 1736 silicon pixel modules arranged in four concentric
layers at radii of 3.3 cm, 5.1 cm, 8.9 cm, and 12.3 cm from the beamline. The innermost
of these layers, known as the Insertable B-Layer (IBL) [83], was added for Run 2 to
improve tracking performance by reducing the distance between the IP and the first
detector layer. The addition of the IBL significantly enhanced the resolution of both the
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longitudinal and transverse impact parameters of tracks, with improvements of up to a
factor of two from Run 1 to Run 2.

Each of the two end-caps contains 288 modules, arranged in three disks. The pixel mod-
ules are segmented both in the R—¢ plane and along the z axis, with a minimum pixel
size of 50 x 250 ymz in the IBL and 50 x 400 ymz in the outer layers (with the longer
side along the z direction).

The detector achieves an intrinsic spatial resolution of 8 ym in the R—¢ plane within
the IBL, which slightly degrades to 10 ym in both the outer barrel and end-cap regions.
Along the z axis, the resolution is 40 ym in the IBL, degrading to 115 ym in the z (R)
direction for the outer barrel (end-cap) layers. Typically, the Pixel Detector provides
between three and four measurement points (hits) for track reconstruction.

3.3.2 SemiConductor Tracker

Following the Pixel Detector, the SCT [54] provides between four and nine additional hit
measurements per track at intermediate radii (from 30 to 51 cm) within the ID volume.
It is composed of eight concentric barrel layers of silicon microstrips arranged into four
cylinders, while the end-cap regions each consist of nine disks, covering a pseudorapid-
ity range of || < 2.5. In total, the SCT contains 4088 modules.

The barrel modules are rectangular, measuring 64.0 x 63.6 mm? with a strip pitch of
80 um, whereas the end-cap modules are trapezoidal, with strip pitches varying from
56.9 ym to 94.2 ym. In the barrel, the strips are oriented parallel to the z axis, while in
the end-caps they are arranged radially. To extract information on the z coordinate in the
barrel, a stereo angle of 40 mrad is set between the two layers in each cylinder; a similar
strategy is adopted in the end-caps to measure the R coordinate.

The silicon microstrips in the barrel (end-cap) regions provide single-hit spatial resolu-
tions of 17 ym in the R—¢ plane and 580 ym along the z (R) direction.

3.3.3 Transition Radiation Tracker

The outermost layer of the ID is the TRT [85], which covers a radial range between
55 cm and 108 cm from the beam line. It is composed of approximately 300,000 thin-
walled drift tubes (or “straws”) interleaved with polyester fibres and foils. In the barrel
region, 50,000 straws, each 144 cm long, are oriented parallel to the beam axis, while the
end-cap regions contain 250,000 straws, 39 cm long, arranged radially. Each straw has a
diameter of just 4 mm and contains a 30 ym gold-plated tungsten wire at its centre. The
straws are filled with a mixture of Xenon and Argon gas.

The TRT provides both tracking and particle identification information:

* when charged particles traverse the straws, they ionise the gas; the drift of the ion-
isation electrons generates a detectable signal. This allows the reconstruction of up
to 36 additional tracking points per track, with a spatial resolution of about 170 ym
in the R—¢ plane;

e the TRT also functions as a transition radiation detector: when a relativistic particle
crosses the interface between two materials with different refractive indices, it emits



The ATLAS experiment 37

transition radiation. The emitted energy scales with the Lorentz factor 7 of the
particle, allowing discrimination between electrons and pions in the energy range
between 1 and 200 GeV, exploiting their mass difference (m, ~ 0.51 MeV while
m_+ = 139.57 MeV [10]).

The transverse momentum resolution of the ATLAS 1D, as measured during Run 1 prior
to the insertion of the IBL, can be parametrised as

‘T(p” 1) _ (48340.16) x 104 GeV - py, (3.4)
T

as reported in Ref. [81].

3.4 Calorimeters

As explained in the previous paragraph, the ID measures charged particle tracks and
momenta (with the exception of muons). At this stage, no information is yet available
on neutral particles or on the particle energy. These measurements are provided by the
calorimetric system.

Calorimeters [56] are instrumented blocks of dense material in which particles interact
through electromagnetic or strong processes. These interactions produce a cascade of
secondary particles, called a shower, with progressively lower energies. The incident
particle’s energy is fully absorbed by the calorimeter material, and the energy deposited
in its active components is converted into measurable signals, such as scintillation light
or ionisation charge, which can be related to the initial particle energy.

Calorimeters can be classified according to their construction into homogeneous and sam-
pling calorimeters:

* Homogeneous calorimeters are made of a single material that is dense enough to
absorb the energy of incident particles while also producing a detectable signal. The
CMS electromagnetic calorimeter [57] is an example of this type, being composed
of PbWOj crystals, an inorganic scintillator;

* Sampling calorimeters consist of alternating layers of different materials: the passive
layers of dense absorber degrade the particle energy, while the active layers produce
a measurable signal. All ATLAS calorimeters described in the following sections
are sampling calorimeters, with different combinations of active and passive mate-
rials depending on the type of shower they are designed to measure.

Homogeneous calorimeters are sensitive to the full energy of the incident particle and
therefore generally provide better energy resolution. In sampling calorimeters, part of
the energy is lost in the passive layers, degrading the resolution; however, they are typi-
cally cheaper and more resistant to radiation.

Calorimeters are further classified into electromagnetic calorimeters, which are designed
to contain electrons and photons through processes such as bremsstrahlung and pair
production, and hadronic calorimeters, which measure hadrons via strong and electro-
magnetic interactions. The ATLAS calorimetric system, shown in Figure 3.5, includes
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both electromagnetic ( Liquid Argon (LAr), described in Section 3.4.2) and hadronic (
LAr and Tile, described in Section 3.4.3) calorimeters, each covering different pseudora-
pidity ranges.
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Figure 3.5 - Cut-away view of the ATLAS calorimeter system that measures the energies and
positions of charged and neutral particles through interleaved absorber and active layers up
to |7] < 4.9. LAr is used as the active medium for the electromagnetic calorimeters and all
of the endcap and forward calorimeters; scintillating Tiles are used for hadron calorimetry in
the central region [75].

3.4.1 Principles of calorimetry

As the EM shower develops in the calorimeter material, it proceeds through successive
bremsstrahlung emission by electrons and positrons and pair production by photons.
As a result, the number of secondary particles increases until their average energy drops
below the critical enerqy €. Below this threshold, ionisation dominates the energy loss
for electrons, while the photoelectric effect dominates for photons. The shower reaches
its maximum at a depth ¢_,,, which depends on the initial energy E, of the incident
particle and on the critical energy e..

The critical energy depends on the properties of the absorber material, in particular on
its atomic number Z, and can be parameterised as:

610 MeV

T 7104 (3.5)

The shower depth t,,,, at which the average energy of secondary particles reaches €, is
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referred to as the depth at the maximum of the electromagnetic shower, and is given by:

tmax = In (EO> + C]‘/ (3.6)
c
where C; is a constant depending on the type of incident particle: C, = —0.5 for electrons
and C, = +0.5 for photons.
At this stage, the showering process ceases, and the remaining particles are fully ab-
sorbed by the material. The longitudinal development of an electromagnetic shower
is characterised by the radiation length, X, which represents the average distance an
electron travels through the material before its energy is reduced by a factor of el ie.
(E(x)) = Ege */%0. The radiation length depends on the absorber material and is given
by:
7164 A 1
Xp [em] = 0 =, (3.7)
Z(Z+1) In(287/VZ) p
where A is the atomic mass of the absorber and p is the density of the material. The depth
required to contain 95% of the shower, expressed in units of Xj,, can be approximated as:

t95% [Xo} ~t ‘I‘ 0082 "‘ 96 (38)

max

For example, for LAr and lead (Pb), which are used in the ATLAS electromagnetic
calorimeter as the active medium and absorber material, respectively, the critical energy
and radiation length are [40]:

o LAr(Z =18): €, =~ 32.84 MeV, X, ~ 14.00 cm;
° Pb(Z =82): ¢, =743 MeV, X, =~ 0.5612 cm.

Therefore, for a primary electron with an initial energy of E = 100 GeV, about 20-25 ra-
diation lengths are required to contain 95% of the electromagnetic shower longitudinally,
corresponding to approximately 260 cm of LAr or about 10 cm of lead.

The characteristic transverse size of an electromagnetic shower is described by the Moliére
radius, pj;, which represents the lateral spread of an electron from the shower axis after
traversing a distance equal to X,. Approximately 95% of the shower energy is contained
within a distance of twice the Moliére radius. The Moliére radius depends only on the
absorber material and it is independent of the incident particle energy. It can be calcu-

lated as:
212 MeV]

Pm [cm] “e. MeV] X Ag-
For LAr and lead, the Moliere radii are [46]:
* LAT: ppr =~ 9.043 cm;
* Pb: pps =~ 1.602 cm.

(3.9)

Electromagnetic showers, initiated by incoming electrons or photons, consist exclusively
of secondary electrons and photons. In contrast, hadronic showers—initiated by incom-
ing hadrons—produce a variety of particles (e.g., protons, pions, neutrons) through nu-
clear interactions with the absorber nuclei. A key process within hadronic showers is the
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decay of neutral hadrons (710, 1, ...), primarily via the ¢ channel, where the resulting
secondary photons generate additional electromagnetic showers within the detector.

The energy deposited by this electromagnetic component is known as the electromagnetic
fraction, f.,, which depends on the initial hadron energy and typically accounts for 30%
to 60% of the total energy of the hadronic shower. The remaining energy corresponds
to the hadronic component, f, .4, which includes processes such as slow neutron produc-
tion and spallation protons. Unlike the electromagnetic component, a fraction of the
hadronic energy does not contribute to the detector signals, due to the loss of invisible
energy, arising primarily from the binding energy of nucleons released during nuclear re-
actions. This invisible energy can account for up to 40% of the total non-electromagnetic
energy. Consequently, the signal produced in a hadronic calorimeter by an incoming
hadron is smaller than that produced by an electron or photon of the same energy. This
difference in response between electromagnetic and hadronic showers is referred to as
non-compensation.

The longitudinal development of a hadronic shower is governed by the interaction length,
Aint Which represents the average distance a particle travels within the absorber material
before undergoing a nuclear interaction. An empirical approximation for the interaction
length, expressed in cm, is given by:

35 A3
)Lint [Cm] ~ 0 , (310)

where A is the atomic mass of the absorber and p its density in g/ cm®. This formula
provides a rough estimate and is valid for order-of-magnitude considerations; more ac-
curate values of A, for specific materials are typically obtained from experimental mea-
surements of hadronic cross sections. For a given material, the nuclear interaction length
Aint 1s significantly larger than the radiation length X, although the exact ratio depends
on the absorber material. For example, for steel (iron), which is commonly used as an
absorber in hadronic calorimeters, /\iFnet ~ 16.8 cm [46], more than an order of magnitude
larger than the corresponding radiation length Xge ~ 1.76 cm. In contrast, for LAr,
which is typically employed as an active medium, )»il;{:‘r = 85.77 cm, approximately six
times larger than Xg*" = 14.00 cm.
The longitudinal containment of 95% of a hadronic shower depends on the initial energy
E of the primary hadron (in GeV) and can be expressed in units of the interaction length
/\int as

toso, [/\int} = tmax [/\int] +2 EO.B' (3.11)

where the depth of maximum shower development is given by
tax [Aing) = 0.2InE +0.7. (3.12)

These expressions are empirical approximations, valid for order-of-magnitude estimates
of the longitudinal development of hadronic showers.

For instance, the 95% longitudinal containment of a hadronic shower initiated by 100 GeV
pions requires several interaction lengths, corresponding to approximately 450 cm of
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LAr or about 120-170 cm of steel. Consequently, hadronic calorimeters, which are typ-
ically designed to have a depth of about 7-10 A;,,;, are substantially larger than electro-
magnetic calorimeters.

nts

In collider experiments, hadronic calorimeters are therefore realised as sampling calorime-
ters, employing dense materials such as steel or iron as absorbers and active media such
as scintillators or liquid argon for signal readout.

Event-by-event fluctuations in the calorimeter response affect the resolution of energy
measurements. The energy resolution of a calorimeter depends on the initial energy of
the incoming particle and can be expressed as:

o(E) a b

—=—=0 - 3.13

E VEE® (3.13)

where o(E) is the standard deviation of the energy measurement, a is the stochastic
term, b the noise term, and c the constant term. The symbol @ indicates that the terms
are combined in quadrature.

The stochastic term arises from the intrinsic statistical fluctuations in the shower devel-
opment and in the sampling process, and decreases with increasing energy. In a homo-
geneous calorimeter, it is primarily influenced by fluctuations in the number of signal
quanta contributing to the calorimeter response. For instance, when the active medium
produces an ionisation signal, this corresponds to the number of ionisation tracks cre-
ated by secondary electrons in the shower. Since this number is typically very large, the
statistical fluctuations have a minimal impact on the energy resolution. By contrast, in
calorimeters that rely on a Cherenkov signal, where the light yield is approximately 30
photoelectrons per GeV of deposited energy, such fluctuations can significantly affect
the resolution. For a homogeneous calorimeter using ionisation signals, the stochastic
term is usually of the order of a few %/ VE.

In electromagnetic sampling calorimeters, the main contribution to the stochastic term
comes from sampling fluctuations, which arise due to event-by-event variations in the
total energy deposited by shower particles in the active material. These fluctuations are
influenced by the sampling fraction (i.e., the proportion of active material relative to
the absorber layers) and the sampling frequency, defined as the number of active layers
traversed by the shower along its longitudinal development. For such calorimeters, the
stochastic term typically ranges from 5% to 20%/+/E.

Hadronic calorimeters present a more complex scenario. In addition to the fluctuations
described above, event-by-event variations in the electromagnetic fraction and in the in-
visible energy component of hadronic showers introduce further contributions to the en-
ergy resolution. These fluctuations typically exhibit a non-Gaussian distribution, caus-
ing their impact on the resolution to deviate from the standard « 1/+/E dependence.
In non-compensating hadronic calorimeters, the stochastic term can range from 50% to
100%/V/'E.

The noise term, b, in Equation (3.13) accounts for contributions from electronic noise in
the readout circuits, which is generally negligible within the energy range relevant for
the ATLAS detector.
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The constant term, c, represents energy-independent contributions to the resolution, such
as non-uniformities in the calorimeter response, calibration uncertainties, and energy
leakage from the rear of the calorimeter. This term becomes dominant at high energies,
where the stochastic term is reduced.

3.4.2 The Electromagnetic Calorimeter

After the ID, the next detector system encountered by particles emerging from the IP
is the Electromagnetic (EM) calorimeter [66-90], a sampling calorimeter that uses lead
as the absorber material and LAr as the active medium. It consists of two main compo-
nents:

e the central LAr Electromagnetic Barrel (EMB), which is 6.4 m long, 53 cm thick,
and has an outer radius of 2.25 m. It covers the pseudorapidity range |17| < 1.475.
The LAr layers are 2 mm thick, while the lead thickness varies between 1.1 mm
and 1.5 mm;

e the LAr ElectroMagnetic EndCap (EMEC), which covers the two end-cap regions
in the range 1.375 < || < 3.2. Each end-cap is 2.7 m long and has an inner radius
of 0.28 m and an outer radius of 2.05 m. The LAr layers are 2 mm thick, while the
lead thickness varies between 1.7 mm and 2.2 mm. The transition areas between
the barrel and end-caps are known as crack regions (1.37 < || < 1.52).

Each section of the EM Calorimeter is housed in its own cryostat to maintain the LAr at
its operational temperature of 89 K.

The particles in the shower ionise the LAr, and the resulting charge is collected by
copper electrodes positioned between the 2 mm LAr gaps. The lead absorbers and
copper electrodes are arranged in an accordion geometry, which ensures full coverage
in the azimuthal angle without dead regions. The sequence of LAr gaps, lead layers
and copper electrodes is illustrated in Figure 3.6a. This design provides an effective
depth of 22 X, in the EMB and 24 X, in the EMEC, ensuring almost full containment of
electromagnetic showers with an energy of up to 1 ~ TeV.

The EM calorimeter comprises 182,468 cells along the # and ¢ coordinates and is seg-
mented into four longitudinal layers, designed to accurately sample the longitudinal
development of electromagnetic showers. The first layer is a presampler, located in front
of the solenoid magnet, while the remaining three layers are arranged in the accordion
geometry, forming the so-called accordion calorimeter. The cell granularity in both #
and ¢ varies across the layers and detector regions, as detailed below and illustrated in
Figure 3.6b for the EMB. The four layers, from the innermost to the outermost, are:

e Layer O or Presampler (L0, PS): covering || < 1.8, it corrects for energy losses oc-
curring upstream of the calorimeter, mainly in the cryostat walls and solenoid. It
consists of a single LAr layer with a thickness of 11 mm, used to correct for energy
losses in the material upstream of the calorimeter corresponding to approximately
2 Xgaty = 0and 4 X, at 7 = 1.4 (see Figure 6.1). The Presampler has a granularity
of Ay x A¢ = 0.025 x 0.1.
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Figure 3.6 — (a) Accordion structure of the EMB calorimeter. The figure shows a view of a
small sector of the barrel calorimeter in a plane transverse to the LHC beams. Honeycomb
spacers in the LAr gap position the electrodes between the lead absorber plates. (b) Granu-
larity of the EMB calorimeter layers in the 77 x ¢ directions.

* Layer 1 (L1, Strips): approximately 3 — 6 X, thick, it is segmented into narrow strips
along 7 to provide precise measurements of the shower shape, crucial for discrimi-
nating single photons from overlapping photon pairs, for example from = 7.
In the EMB, the cell granularity varies from Ay x A¢ = 0.0031 x 0.1 aty = O to
0.0063 x 0.1 at 7 = 1.4, while in the EMEC it ranges from 0.0031 x 0.1 at7 = 1.5 to
0.01 x 0.1aty =2.5.

* Layer 2 (L2, Middle): the thickest layer at about 16 X, responsible for absorbing
most of the shower energy. The cell granularity is Ay x A¢ = 0.025 x 0.025 in the
EMB and varies from 0.025 x 0.025 at ¥ = 1.5 to 0.05 x 0.025 at # = 2.5 in the
EMEC.

* Layer 3 (L3, Back): around 2 X thick, designed to capture any remaining energy
from high-energy showers and allows to estimate the energy leakage in the back of
the calorimeter. The granularity is Ay x A¢ = 0.05 x 0.025 in both the EMB and
EMEC.

A summary of the thickness and granularity of the calorimeter layers is illustrated in
Table 3.1.
The energy resolution of the LAr EM calorimeter has been measured [55]:

o(E) _ 10%
E E [GeV]

©0.7%, (3.14)

which is consistent with the typical performance of sampling electromagnetic calorime-
ters. The sampling term varies with pseudorapidity ||, while the noise term is negligible
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Layer Thickness [X;] Ay xA¢pof EMBatyy =0 Ay x A¢ of EMECaty =15
Presampler up to 2 X 0.025 x 0.1 -

Layer 1 up to 6 X 0.0031 x 0.1 0.0031 x 0.1

Layer 2 up to 16 X, 0.025 x 0.025 0.025 x 0.025

Layer 3 up to 2 X 0.05 x 0.025 0.05 x 0.025

Table 3.1 — A summary of the ATLAS LAr EM Calorimeter layers granularity. Thickness is
given in radiation length (X)) units. Granularity is given as Ay x A¢. It is just reported for
the EMB at 7 = 0 and for the EMEC at 7 = 1.5 as examples.

for energies above 0.5 GeV.

LAr Phase-I Upgrade

The main upgrade of the Run 3 system compared to Run 2 is the implementation of the
new Digital Trigger (DT) readout [91], which provides finer-granularity inputs to the
upgraded trigger system (see Section 3.6). During Run 1 and Run 2, the calorimeter sig-
nals sent to the trigger system consisted of Ay x A¢p = 0.1 x 0.1 Trigger Towers (TT),
formed by the analog summation of the E; from the calorimeter cells across the lon-
gitudinal layers of the calorimeter. The new digital trigger readout path implemented
for Run 3 is based on smaller clusters called Super Cells, obtained by introducing addi-
tional lateral and longitudinal segmentation, splitting the TTs longitudinally into four
layers, with the middle ones further divided laterally along # into four strips each. A
Super Cell can thus cover an area as small as Ay x A¢p = 0.025 x 0.1, depending on the
longitudinal layer in which it is located, with finer granularity in the Strips and Middle
layers (|| < 2.5), as shown in Figure 3.7. In this way, the granularity of the signals
is increased by up to a factor of ten, significantly improving both the trigger selection
efficiency for events with interesting signatures and its discrimination power against
background events.

This increased granularity enables the use of shower-shape variables already at the Level-
1 trigger, allowing a more accurate identification of electromagnetic objects and an im-
proved rejection of hadronic backgrounds. In particular, the digital Super Cell informa-
tion significantly enhances the trigger performance under the high pileup conditions ex-
pected in Run 3 ({(i) ~ 50-60), enabling lower transverse energy thresholds or reduced
trigger rates for electron and photon signatures at a fixed efficiency.

3.4.3 The Hadronic Calorimeters

To cope with the higher particle flux and radiation levels at increasing 17|, the ATLAS
detector is equipped with multiple hadronic calorimeters located outside the EM calo-
rimeter, covering different pseudorapidity regions:

¢ The Tile Hadronic Calorimeter [93, 94] covers the central and extended barrel re-
gions, up to || < 1.7. It is a 8.2 m long cylinder and has an outer radius of
425 m. The Tile Calorimeter is a sampling calorimeter that uses steel plates as
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Figure 3.7 — Trigger granularity from each Ay x A¢ = 0.1 x 0.1 TT after the Phase-I upgrade
of the LAr calorimeter electronics [92]. Ten Et values are provided from 1 — 4 — 4 — 1 longi-
tudinal/transverse samples, each forming a Super Cell.

absorber material and plastic scintillating tiles as the active medium, divided into
three main longitudinal sections. When hadrons interact with the calorimeter, they
produce hadronic showers of secondary particles. The plastic scintillators are ex-
cited by the energy deposited by the shower particles and then emit light, which
is converted into an electrical signal with amplitude proportional to the deposited
energy. The total thickness of the calorimeter corresponds to approximately 11 A,
at |57 = 0, ensuring full containment of hadronic showers. The cell granularity is
Ay x Ap =0.1 x0.1.

* The two wheels of the LAr Hadronic EndCap (HEC) [95, 96], covering the pseu-
dorapidity range 1.5 < || < 3.2, are also sampling calorimeters that use copper or
tungsten plates as absorber material and LAr as the active medium. Each wheel is
approximately 1 m thick and has an outer radius of 2.1 m. The total thickness of the
calorimeter is ~ 103 X, or ~ 9.7 A, [95]. The cell granularity is Ay x A¢ = 0.1 x 0.1
or Ay X A¢ = 0.2 x 0.2, depending on 7. The HEC overlaps with the Tile Calorime-
ter in the transition region 1.5 < || < 1.7 and with the FCal in the forward region
31< |yl <32

The combined performance of the EM and HAD Calorimeters results in a global energy
resolution of [88]
o(E) _ 50%
E E [GeV]

B 3%, (3.15)

for hadrons in the central region (|| < 3.2), which is typical for non-compensating
hadronic calorimeters.
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3.4.4 Forward Calorimeter

The ATLAS Forward Calorimeter (FCal) [97] is designed to measure the energy of both

electromagnetic and hadronic showers in the forward regions, extending the pseudo-

rapidity coverage of the ATLAS calorimetric system to 3.1 < |y| < 4.9. Tolerance to

radiation is fundamental in the forward region: therefore, LAr is used as an active ma-

terial, with copper or tungsten rods acting as absorbers.

The typical energy resolution achieved by the FCal for incoming pions is given by [97]:
c(E)  (942+1.6)%

~ @ (7.5+0.4)%, 3.16
5 EGev] ( ) (3.16)

while for electrons it is:

o(E) L 285L£L0% o 354 0.1)%. (3.17)

E E [GeV]

3.5 Muon Spectrometer

Muons, together with weakly interacting neutrinos, are the only particles capable of
traversing the ATLAS ID and calorimetric systems without being absorbed. Owing to
their much larger mass compared to electrons, muons undergo a substantially reduced
energy loss via bremsstrahlung - by a factor of approximately (1, /m,, ) A2 x 1077 [46]
— which strongly suppresses the probability of initiating electromagnetic showers in the
calorimeters. Furthermore, muons do not participate in strong interactions with the de-
tector material, allowing them to escape the ID and calorimeters with minimal energy
loss.

The Muon Spectrometer (MS) [98], the outermost component of the ATLAS detector,
tracks muon trajectories and measures their momenta within |17| < 2.7, providing trig-
gering capabilities up to || < 2.4. Its design follows the geometry of the air-core toroidal
magnet system (see Section 3.2), which divides the sub-detector into octants and curves
muon trajectories in the (R, z) plane, enabling momentum determination. A cut-away
view of the MS in Run 3 is shown in Figure 3.8.

The ATLAS MSis divided into a central barrel region and two endcaps, each composed
of three stations: inner (closest to the calorimeters), middle (located within the toroidal
magnetic field), and outer (outside the field). In the barrel, these stations form three con-
centric cylindrical layers around the beam axis, while in the endcaps they are arranged
as disks perpendicular to the beam axis, referred to as Wheels.

Due to the large detector volume, continuous tracking is not feasible. Instead, muon
trajectories are reconstructed from straight track segments measured independently in
each station. Multilayered detectors provide several spatial measurements per muon,
which are combined to form local segments and subsequently fitted across stations to
reconstruct full curved muon tracks, matched to tracks reconstructed in the ID.
Precision measurements of the bending plane are provided by Monitored Drift Tubes
(MDT) chambers over most of the detector acceptance (|| < 2.7), supplemented by
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Figure 3.8 — Cut-away view of the ATLAS muon system, which detects charged particles
exiting the barrel and endcap calorimeters and measures their momenta within || < 2.7.
The system is built around an air-core toroidal magnet, and the main components upgraded
for Run 3 (e.g., the New Small Wheels (NSW)) are visible [75].

Cathode Strip Chambers (CSC) chambers in the forward region (2 < |5| < 2.7). Each
MDT chamber consists of 3-8 layers of aluminium drift tubes filled with a high-pressure
Ar/CO, gas mixture, with a 50 ym central wire, achieving a spatial resolution of ap-
proximately 35 um per chamber in the bending plane. CSC chambers are multiwire
proportional chambers providing a resolution of about 40 ym in the bending plane and
5 mm in the azimuthal direction.

Muon triggering is performed by fast gaseous detectors: Resistive Plate Chambers
(RPC) chambers in the barrel region and Thin Gap Chambers (TGC) chambers in the
endcaps. These detectors provide bunch-crossing identification and coarse position mea-
surements in the azimuthal direction, enabling fast muon trigger decisions.

During Phase-I, corresponding to the transition to Run 3, the innermost endcap stations
were upgraded with the installation of the NSW, replacing the Run 2 Small Wheels
(SW). The NSW system employs small-strip TGC and Micro-Mesh Gaseous Structure
(MicroMegas) detectors, which provide both precision tracking and triggering capabili-
ties. This upgrade significantly improves the spatial resolution in both the bending and
azimuthal coordinates in the forward region, leading to a substantial reduction of fake
muon triggers from hadronic backgrounds. Furthermore, the enhanced trigger perfor-
mance allows efficient triggering on lower-pr muons under the high pileup conditions
of Run 3, while preparing the muon system for operation at the HL-LHC.

Fast muon triggering is provided by RPC chambers in the barrel region (|| < 1.05)
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and by TGC chambers in the endcaps (1.05 < || < 2.4), which deliver bunch-crossing
identification and trigger signals with a time resolution of approximately 15-25 ns. With
this configuration, the ATLAS muon spectrometer achieves a momentum resolution of
about 2-3% at pt ~ 10 GeV, degrading to approximately 10% at py ~ 1 TeV.

3.6 Trigger and Data Acquisition system

The LHC beams collide at the IP with a frequency of up to 40 MHz. Given a typical raw
event size of the order of a few megabytes, this would correspond to a data throughput
of O(10-100 TB/s), far exceeding the available storage and processing capabilities of the
ATLAS experiment [99]. Moreover, the vast majority of pp collisions at LHC energies
involve only soft interactions, lacking the distinctive signatures of processes targeted by
the ATLAS physics programme. Therefore, a key component of the ATLAS experiment
is the TDAQ system, which efficiently selects and records only potentially interesting
events, reducing the data output rate to a manageable level. It is a two-level system
comprising a hardware-based Level-1 (L1) trigger [100] and a software-based High-
Level Trigger (HLT) [101].

The L1 trigger is primarily based on two independent subsystems that use custom elec-
tronics to process reduced-granularity information from the calorimeters (L1Calo) and
the muon detectors (L1Muon). These systems identify events containing high-pr lep-
tons, jets, or large missing or total transverse energy, which may indicate the presence
of interesting physics processes. The L1 topological processor (L1Topo) receives Trig-
ger OBjects (TOB) containing kinematic information from the L1Calo and L1Muon sys-
tems and applies additional topological selections. The final L1 trigger decision is pro-
duced by the Central Trigger Processor (CTP), which combines the inputs from L1Calo,
L1Muon, and L1Topo.

The CTP also incorporates information on the LHC bunch pattern, externally config-
ured to define which bunch crossings are eligible for triggering. This information is log-
ically combined with other trigger conditions before generating the L1 decision. Most
triggers are active only during bunch crossings where proton bunches collide (at a rate of
about 30 MHz), although dedicated triggers for background studies can also be enabled
in empty or unpaired bunch crossings.

Up to 512 distinct L1 trigger items can be configured in the CTP. To respect detector
readout latency constraints, the CTP applies preventive dead time to limit the frequency
of consecutive L1 accepts. A simple dead-time constraint ensures a minimum time
between two accepts to avoid overlapping readout windows, while a complex dead-
time constraint limits the number of accepts allowed within a defined number of bunch
crossings to prevent front-end buffer overflows. The maximum L1 accept rate is 100 kHz
with a fixed latency below 2.5 us. Upon receiving an L1 accept signal, the corresponding
events are forwarded to the HLT for further processing.

The HLT operates on a computing farm comprising about 60,000 CPU cores (up from
approximately 40,000 in Run 2) and selects up to 3 kHz of events recorded with complete
detector readout for permanent storage (compared to 1 kHz in Run 2), with additional
bandwidth allocated for partial event readout. The average event processing time is
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approximately 600 ms per event per core.

HLT algorithms reconstruct events with progressively higher levels of detail, either over
the full detector or within specific Regions-of-Interests (Rols) identified by the L1 trig-
ger as containing candidate objects. Unlike the hardware-based L1 system, the HLT
uses full-granularity information from all sub-detectors, achieving improved energy and
momentum resolution and enabling precision tracking for particle identification.

3.6.1 Phase-I Upgrade

Before the start of Run 3, the trigger system underwent a major upgrade [92] to opti-
mise its performance under the new LHC running conditions. The upgraded design
was developed to cope with higher pileup levels while maintaining the same selection
efficiency and reducing the overall L1 trigger rate.

The L1Calo system was significantly enhanced to perform on-detector digitisation of
signals from the LAr calorimeters, enabling electromagnetic cluster reconstruction with
up to ten times finer granularity and jet reconstruction with four times finer granular-
ity. The LAr TTs are distributed to upgraded Feature Extraction (FEX) processors,
which include electromagnetic Feature Extraction (eFEX), jet Feature Extraction (JFEX),
and global Feature Extraction (gFEX). The eFEX exploits full Super Cell granularity
for precise reconstruction of EM objects and hadronically decaying T leptons. In the
region |17| < 2.5, the jFEX receives TTs with twice the granularity of the legacy system,
achieving performance comparable to the Run 2 L1Calo for single-jet triggers and im-
proved efficiency for nearby jets in multi-jet triggers. The gFEX, designed with coarser
granularity similar to the Run 2 system, processes data from the calorimeter on a single
module, enabling the identification of boosted objects and global observables such as
ERSS, crucial for BSM physics searches.

The L1and HLT decisions are governed by trigger menus [102], which define the event
types considered valuable for offline analysis and allocate a target rate to each of them.
Figure 3.9a shows the total L1 trigger rate for a representative LHC fill during Run 3.
Figure 3.9b illustrates the total HLT output rate, broken down by reconstructed streams
such as main physics stream, containing triggers for general physics analyses or specific
signatures, and calibration streams, used for detector performance studies and calibra-
tions.

To end the Chapter, two photos of the ATLAS detector during the LS2 and the installa-
tion of the new NSW are shown in Figure 3.10.
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Figure 3.9 — Total L1 (a) and HLT (b) physics trigger rates versus time for a fill in May 2024,
with peak luminosity L = 2.1 x 10** em %s™! and average pileup (4) = 63 [103]. For L1,
the luminosity is levelled for a period at the beginning of the fill; after that, the rate decreases
with the decaying luminosity. Periodic increases in the L1 rate with respect to luminosity
at the end of the fill are caused by prescale changes, as the luminosity and corresponding
overall resource usage decline. For HLT, the streams presented in the plots are: the main
physics stream, containing triggers for general physics analyses; the B-physics and light states
(LS) stream, containing triggers specific to B-physics analyses; the hadronic physics stream,
containing specialised hadronic triggers including selections for Vector Boson Fusion and di-
Higgs; the express stream, recording events at a low rate for data quality monitoring; other
streams with physics applications, such as zero-bias and background events; the trigger-
level analysis (TLA) stream, recording a limited number of trigger objects; and the detector
calibration and monitoring streams.
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(a)

Figure 3.10 - (a) Cut-away view of the ATLAS detector during an open-detector maintenance
period. The large barrel toroid magnet is visible on the left, while the muon chambers and
calorimeter structures can be seen on the right. This image highlights the sheer scale and
complexity of ATLAS, which measures 46 m in length and 25 m in diameter, and weighs
about 7,000 tons. (b) The 100 tonnes NSW is lowered 80 metres underground in the ATLAS
cavern at the LHC level. The NSW consists in a set of new precision tracking detectors based
on the MicroMegas technology and new trigger detectors Small Strip TGC [104].






4 | Higgs boson phenomenology at the LHC

As discussed in Section 1.2, fermions and weak gauge bosons acquire their masses dy-
namically through interactions with the Higgs field. Consequently, the strength of the
interaction between the Higgs boson and other SM particles is determined by their mass:
for a fermion (weak boson) with mass m, the corresponding Higgs coupling is propor-
tional to m (m?). The SM therefore predicts the strongest interactions between the Higgs
boson and the heaviest particles — namely, the top quark and the weak gauge bosons
— while the couplings to lighter particles (such as leptons and light quarks) are highly
suppressed.

In addition, the Higgs boson does not couple directly to either gluon or photon fields.
This is a direct consequence of the gauge invariance of the SM under the unbroken
SU(3)c x U(1)gy symmetry, as both the color and electromagnetic gauge fields remain
massless.

Consequently, while Higgs boson production and decay processes are predominantly
governed by its couplings to the top quark and the weak gauge bosons, the fact that most
SM particles possess mass leads to a rich and diverse Higgs phenomenology. Further-
more, both the production cross sections and branching fractions depend on the Higgs
boson mass, 1, whose value is not predicted by the theory. A precise measurement
of my, is therefore essential to validate the SM description of the Higgs boson interac-
tions. The following sections provide an overview of the main Higgs boson production
(Section 4.1) and decay processes (Section 4.2) at the LHC, along with a summary of the
key measurements performed since its discovery (Section 4.3) in 2012, with a particular
focus on the mass measurement (Section 4.4) given the topic of this thesis. Subsequent
sections discuss the measurements of the Higgs boson signal strengths and couplings
(Section 4.7), as well as its width (Section 4.5), spin, and CP properties (Section 4.6).

4.1 Higgs boson production modes

At hadron colliders such as LHC, pp collisions occur with a centre-of-mass energy /s,
as described in Chapter 2. In these conditions the SM Higgs boson can be produced
through various mechanisms, each characterized by different initial states and final state
topologies:

o ggF: the gluon-gluon fusion is the dominant Higgs boson production mechanism at
the LHC, accounting for about 87% of the total cross section. Its SM cross section
Oger [105] (for mp = 125.09 GeV at Vs = 13.6 TeV, from QCD and electroweak
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calculations at N°LO and NLO accuracy, respectively) is more than an order of
magnitude larger than that of any other production mode:

O = 52177455 (QCD scale) & 3.2% (PDF + a,) pb. (4.1)

This process proceeds through a loop diagram in which two gluons from the col-
liding protons interact primarily via a top-quark loop to produce a Higgs boson.
The leading-order Feynman diagram is shown in Figure 4.2a. The SM Higgs boson
production cross sections at both /s = 13 TeV and /s = 13.6 TeV are summarised
in Table 4.1.

VBEF: the Vector Boson Fusion process is the second most important Higgs boson
production mode at the LHC. In this mechanism, two quarks from the colliding
protons radiate virtual weak gauge bosons (W™ or Z, collectively denoted as V),
which subsequently fuse to produce a Higgs boson. The final state is characterised
by two energetic jets originating from the scattered quarks, typically located in the
forward regions of the detector, providing a distinctive signature for this process.
The leading-order Feynman diagram is shown in Figure 4.2b, and the correspond-
ing cross sections at /s = 13 TeV and /s = 13.6 TeV are summarised in Table 4.1.

WH and ZH: in the associated production with a vector boson mode (VH), a Higgs bo-
son is produced in association with a W™ or a Z boson. In this process, two quarks
annihilate into an off-shell vector boson V, which subsequently radiates a Higgs
boson — a mechanism known as Higgsstrahlung. This production mode provides
a particularly clean experimental signature thanks to the presence of the accompa-
nying vector boson, which can decay leptonically, enabling efficient triggering and
strong background suppression. The leading-order Feynman diagrams for these
processes are similar to the one shown in Figure 4.2¢, with the Higgs boson emit-
ted from the vector boson line. The corresponding production cross sections at
/s =13 TeV and /s = 13.6 TeV are summarised in Table 4.1.

ggZH: two gluons produce a Higgs boson in association with a Z boson via a heavy
quark loop. This process is similar to ggF, but with an additional Z boson in the
final state. The cross section is smaller than that of the WH and ZH processes, but it
contributes to the overall VH production rate. An example leading-order Feynman
diagram is shown in Figure 4.2d.

ttH and bbH: in the top-antitop (bottom-antibottom) associated production mode, a
Higgs boson is produced in association with a top (bottom) quark-antiquark pair.
This process directly probes the Yukawa coupling between the Higgs boson and the
top (bottom) quark, offering a unique opportunity to study the Higgs-fermion in-
teraction. The leading-order Feynman diagram for the ttH (bbH) process is shown
in Figure 4.2e. These processes are tagged by the presence of multiple jets in the
final state, and, in particular, the presence of jets from the hadronization of bottom
quarks (termed b-jets).

tWH and tqH: subdominant production modes where a Higgs boson is produced
in association with a single top quark. These processes are sensitive to the relative
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sign of the top-Higgs coupling and the Higgs coupling to weak bosons, provid-
ing complementary information to the ttH process. Some example leading-order
Feynman diagrams are shown in Figures 4.2f to 4.2h.

Figure 4.1 shows the behaviour of the Higgs boson production cross sections for all the
different production mechanisms available at hadron colliders, as a function of the LHC
centre-of-mass energy, fixing mp = 125 GeV. The characteristic increase of the cross sec-
tion with energy is clearly visible. In particular, the increase in energy from /s = 13 TeV
to /s = 13.6 TeV leads to an enhancement of about 7.4% in the ggF production cross
section, with similar increases observed for the other production modes. These trends
are more clearly illustrated in Table 4.1, which compares the SM Higgs production cross
sections at the two energies.

V5 =13TeV V5 =13.6TeV

Process Accuracy o [pb] QCD Scale [%] PDF + ag [%] o [pb] QCD Scale [%] PDF + ag [%]
ggF N3LO+NLO 4858 e 32 52.17 e 32
VBF NNLO + NLO 3.782 +o4s 2.1 4.075 +os 2.1
WH NNLO + NLO 1.373 +05 18 1.453 07 18
ZH NNLO + NLO 0.8839 +38 16 0.9422 33 16
ggZH NLO + NLO 0.1227 3 16 0.1359 3 16
ttH NLO + NLO 0.5071 35 3.6 0.5688 e 35
bbH NLO 0.4880 +202 0.5257 B

tWH NLO 0.01517 49 6.3 0.01720 +a9 6.3
tH (t-channel) NLO 0.07425 o 37 0.08353 T 37
{H (s-channel) NLO 0.00288 124 22 0.00306 7 22

Table 4.1 - Comparison of SM Higgs production cross sections at /s = 13 TeV [106] and
13.6 TeV [105] for mpy = 125.09 GeV in pp collisions. The accuracy reported in the table refers
to QCD and electroweak (EW) calculations: when two entries are given, the first corresponds
to the QCD accuracy and the second to the EW accuracy; when a single entry is reported, it
refers to the QCD accuracy only.

Figure 4.3 displays the dependence of the SM Higgs boson production cross sections on
the Higgs boson mass.

4.2 Higgs boson decay processes

After being produced in pp collisions, the Higgs boson has an extremely short lifetime
(approximately 1.6 x 107%s according to the SM [106]) before decaying into other par-
ticles. The Higgs boson can decay into many different final states. The branching ratio
(BR) of a single possible final state X; is defined as the ratio between the corresponding
partial decay width and the total Higgs boson decay width, summed over all possible
decay modes:

I'H— X;)

(4.2)
The SM Higgs boson decay branching ratio for each decay mode can be evaluated as a
function of my. Figure 4.4 shows the branching ratios as a function of the Higgs boson
mass in the range containing the measured value, my € [120,130] GeV. The main SM
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Figure 4.1 - The SM Higgs boson production cross sections as a function of the LHC centre-
of-mass energy [106].

Higgs decay channels in this mass range, along with their characteristic features, are
summarised below:

e H — bb: the decay into a bottom quark-antiquark pair is the most probable
Higgs boson decay mode for a mass around 125 GeV, with a branching ratio of
approximately 58% [106]. This channel is experimentally challenging due to the
large QCD background producing bb pairs. For this reason, it is typically stud-
ied in association with other particles, such as in VH production, where the lep-
tonic decays of the vector boson provide clean experimental signatures and effi-
cient background suppression [107]. Additionally, dedicated searches have been
developed for boosted Higgs bosons decaying to bb, where the two bottom quarks
are collimated and reconstructed as a single large-radius jet with substructure and
b-tagging techniques [108]. These approaches extend sensitivity to high transverse
momentum regimes and provide complementary probes of the Higgs—bottom cou-
pling.

* H— WW*, H — ZZ": the Higgs boson can decay into a pair of massive vector
bosons, with one of them off-shell. The H — WW" decay has the second-highest
branching ratio, approximately 21.5% at my; = 125 GeV [106], while H — ZZ" has
a branching ratio of about 2.6%. These channels are experimentally clean due to the
presence of charged leptons (electrons and muons) in the final state, making them
crucial for Higgs boson studies. The most studied final states include leptonic de-
cays of the vector bosons, suchas H - WW* — (vév ({ = e,y)and H — ZZ" — 4/
(¢ = e, ). Although requiring fully leptonic decays reduces the branching fraction,
these channels were central in the early Higgs boson searches at the LHC. In partic-
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(a) ggF

(c) VH (WH/ZH)

(e) ttH/bbH

(g) tqH (t-channel)

(b) VBF
t/b
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Figure 4.2 — Examples of leading-order Feynman diagrams for the main Higgs boson pro-
duction processes at the LHC: (a) gluon-gluon fusion (ggF), (b) Vector Boson Fusion (VBF),
(c) associated production with a vector boson (WH/ZH), (d) ggZH, (e) top-antitop (bottom-
antibottom) associated production (ttH/bbH), (f) single top associated production (tWH),
single top associated production in t-channel (g), and single top associated production in s-

channel (h).
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uncertainties are represented by the width of the coloured line for each production mode.

ular, the H — ZZ* — 4/ channel with £ = e, #, known as one of the golden channels
for Higgs boson discovery (see Section 4.3), provides an exceptionally clean signa-
ture with excellent mass resolution, enabling precise measurements of Higgs boson
properties.

e H— 1ttt ,H—ct, H— ptpu: the decay into a tau lepton pair is the second
most probable fermionic decay mode of the Higgs boson, with a branching ratio
of approximately 6.3% [106]. The decay into a charm quark-antiquark pair has a
branching ratio of around 2.9% and is a key probe of the Higgs-charm Yukawa cou-
pling, though it is very challenging to observe directly due to large backgrounds.
Dedicated searches for H — c¢ decays have been performed by the ATLAS and
CMS collaborations, setting upper limits on the production rate that are several
times larger than the SM expectation and constraining the Higgs-charm coupling
modifier [109, 110]. The decay into a muon pair is much rarer, with a branching ratio
of about 0.022%, and both collaborations have reported evidence for this mode [22,

]. These channels provide important tests of the Yukawa couplings to second-
and third-generation fermions.

e H — gg, H — v: although the Higgs boson does not couple directly to the mass-

less gluons and photons, it can decay into these particles via loop processes involv-
ing heavy charged particles, such as the top quark and W boson. The H — gg
decay has a branching ratio of about 8.6% at my = 125 GeV [106], but is indistin-
guishable from the huge QCD background at hadron colliders. Conversely, while
the H — v decay is much rarer, with a branching ratio of approximately 0.227%,
it provides a clean experimental signature due to the excellent photon energy reso-
lution of the detectors. For these reasons, the H — 7y decay mode was the second
golden channel for the Higgs boson discovery. Examples of leading-order Feynman
diagrams for this process are shown in Figure 4.5.
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* H — Z+: this decay mode involves the Higgs boson decaying into a Z boson and a
photon via loop processes and can be sensitive to potential BSM effects. However,
it has a very small branching ratio of about 0.15% at my = 125 GeV [106], mak-
ing it challenging to observe it experimentally. The ATLAS collaboration recently
reported an observed (expected) significance of 2.5 (1.9) standard deviations [112],
while, in the previous round of Run 2 analyses, the ATLAS and CMS Collabo-
rations combined their results and reported the first evidence for the Higgs boson
decay into a Z boson and a photon, with a statistical significance of 3.40 [24].
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Figure 4.4 - The SM Higg boson decay branching ratios as a function of my; in the mass range
my € [120,130] GeV. The uncertainties are represented by the width of the coloured line for
each decay mode [106].
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Figure 4.5 — Leading-order Feynman diagrams for the H — << decay process: (a) via a
fermion loop (primarily top quark), and (b) via a W boson loop.
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4.3 Higgs boson discovery at the LHC

On 4 July 2012, the ATLAS [113] and CMS [114] collaborations announced the obser-
vation of a new particle with a mass of about 125 GeV, consistent with the SM Higgs
boson. The two experiments used partial Run 1 datasets corresponding to integrated
luminosities of approximately 4.8 o' (5.1 b~ 1) collected at /s = 7 TeV in 2011 and
58 fb ' (5.3 fb 1) at /5 = 8 TeV in 2012 by the ATLAS ( CMS) detector. Both col-
laborations combined the results of their searches in the most sensitive decay channels:
H— yyand H — ZZ* — 4( (with ¢ = ¢,u), H - WW*, H — t77~,and H — bb.
The most significant excesses of events above the expected background were observed
inthe H — 7y and H — ZZ" — 4/ channels. Figures 4.6a and 4.6b show the observed
local significance (p-value) for the background-only hypothesis for the two experiments:
for mass hypotheses around 125 GeV, the data are inconsistent with the background-
only assumption, with p-values of ~ 1077 (60) and ~ 1077 (50) for ATLAS and CMS,
respectively.

This discovery marked a milestone in particle physics and opened a new era of precision
studies of the Higgs boson’s properties, which remain a central objective of the LHC
physics programme.
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Figure 4.6 — Local p, values measured by ATLAS [113] (a) and CMS [114] (b), representing
the probability for the background-only hypothesis to fluctuate to a signal-like excess at least
as large as that observed, shown for the individual channels (coloured lines for CMS) and
their combination (black line). The dashed curves indicate the median expected significance
for a SM Higgs boson at each mass hypothesis. Horizontal lines correspond to p, values
equivalent to significances from 0 to 60 (a) and from 1 to 7o (b).

4.4 Higgs boson mass measurement

After the discovery of the Higgs boson, a precise determination of its mass, my, be-
came a key objective for both the ATLAS and CMS collaborations. The Higgs boson
mass is a free parameter of the SM. Although not predicted by the theory, its measured
value directly influences its couplings to other particles. Consequently, the production
cross sections and decay branching ratios of the Higgs boson depend sensitively on its
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mass, as discussed in Sections 4.1 and 4.2 and illustrated in Figures 4.3 and 4.4. In ad-
dition, the precise value of my has important implications for electroweak vacuum sta-
bility. The measured mass of approximately 125 GeV lies in a region suggesting that the
electroweak vacuum may be meta-stable, as shown in Figure 4.7, a scenario with far-
reaching consequences for cosmology and fundamental physics. By measuring 11, one
can infer whether the universe is in a global, and thus stable, minimum-energy state of
the Higgs field potential, or in a local metastable one, from which it could decay to the
ground state in the future. Furthermore, its precise determination is a crucial input to
global electroweak SM fits [11], which test the internal consistency of the SM.
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Figure 4.7 — Regions of absolute stability, meta-stability and instability of the SM vacuum in
the m,-mp plane, in terms of parameter renormalized at the Planck scale [12].

The measurement of the Higgs boson mass using the full Run 2 dataset in the H — 7y
channel by ATLAS [14] is one of the main focuses of this thesis and will be described
in great detail in Chapter 7. In Chapter 8, the combination of this result with the H —
ZZ" — 40 measurement using the same dataset will also be presented, leading to the
most precise determination of the Higgs boson mass from a single experiment to date
[19].

This section provides an overview of the Higgs boson mass measurements performed
during Run 1 of the LHC, focusing on the two channels that provided the most precise
determinations. The mass measurement is primarily based on the H — ¢y and H —
ZZ" — 4( channels, as they allow a full kinematic reconstruction of the final state with
the best invariant mass resolution on the Higgs signal (1-2%):

* H — ZZ" — 4L: this channel provides an exceptionally clean signature with
four isolated leptons (electrons or muons) in the final state, forming two pairs of
opposite-sign, same-flavour leptons. The invariant mass of the four-lepton sys-
tem can be reconstructed with high precision, enabling an accurate determination
of the Higgs boson mass. The dominant background arises from continuum ZZ*
production; at lower masses, significant contributions also originate from Z+jets
and ff production, where reconstructed lepton candidates either result from heavy-
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flavour hadron decays or from jet mis-identification. Figure 4.8a shows the invari-
ant mass distribution obtained with the full Run 1 dataset of the ATLAS experi-
ment [115]. The combined measurement of the Higgs boson mass in this channel
using the individual ATLAS[115] and CMS [116] Run 1 results yielded [13]:

My 4 = 12515 + 0.40 GeV = 125.15 4 0.37 (stat) + 0.15 (syst) GeV. (4.3

The more recent measurement of the Higgs boson mass using the full Run 2 dataset
inthe H — ZZ" — 4/ channel by ATLAS [15] achieves a significantly improved
precision, with an uncertainty reduced by approximately a factor of two compared
to the Run 1 combined ATLAS and CMS result of Equation (4.3). This updated
measurement and the analysis strategy will be discussed in more detail in Sec-
tion 8.1.

e H — v: the Higgs boson mass is extracted from the position of the narrow res-
onant peak in the diphoton invariant mass distribution, observed over a large,
smoothly falling continuum background. The dominant irreducible background
arises from QCD diphoton production, while reducible contributions originate
from y+jet and dijet events in which jets are misidentified as photons, as well as
from Drell-Yan processes. The diphoton invariant mass is computed from the mea-
sured photon energies and directions with respect to the diphoton production ver-
tex. To enhance the signal purity (with a signal-to-background ratio of S/B ~ 1/50
even after selection), events are required to contain two high-quality, isolated pho-
tons originating from the same primary vertex, with a reconstructed invariant mass
in the range m,, € [105,160] GeV. Identification and isolation criteria (see Sec-
tions 5.1.5 to 5.1.8 for their definitions) based on calorimeter and tracking informa-
tion are applied to suppress jet contamination. Figure 4.8b shows the invariant mass
distribution obtained with the full Run 1 dataset of the ATLAS experiment [117].
The combined measurement of the Higgs boson mass in this channel using the in-
dividual ATLAS[117]and CMS [118] Run 1 results yielded [13]:

My = 125.07 £0.29 GeV = 125.07 + 0.25 (stat) £ 0.14 (syst) GeV.  (4.4)

The Run 1 combined measurement of the Higgs boson mass in the H — ¢y and H —
ZZ" — 40 channels with the ATLAS and CMS experiments gave as result [13]:

my = 125.09 +0.24 GeV = 125.09 4 0.21 (stat) 4 0.11 (syst) GeV, 4.5)

since then considered the nominal m; value in the HEP community. The results ob-
tained from the two individual channels and experiments and from their combination
are summarised in Figure 4.9.

4.5 Higgs boson width

The SM predicts a very narrow natural decay width, I'y, for the Higgs boson of approx-
imately 4.1 MeV [106] at my; = 125 GeV, which is far too small to be measured directly
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Figure 4.8 — (a) Invariant mass distribution of the four-lepton system in the H — ZZ* — 4/
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Figure 4.9 — Summary of the Higgs boson mass measurements from the H — vy and H —
ZZ" — 4 channels by ATLAS and CMS using the full Run 1 dataset, and their combination
[13]. The statistical component to the total uncertainty (black error bar) is highlighted in
yellow, while the systematic contribution in pink.
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on-shell at the LHC. However, the width can be indirectly constrained through studies
of off-shell Higgs boson production in the H — ZZ" channel. While Iy affects only
the production cross section of an on-shell Higgs boson, the off-shell Higgs production
rate is independent of I'y. Assuming that both on-shell and off-shell Higgs production
follow the SM prediction (i.e. in the absence of contributions from new physics), I'y
can be extracted by measuring the ratio of off-shell to on-shell cross sections. Using
Run 2 data, both the ATLAS and CMS experiments successfully measured the total
Higgs boson decay width for the first time: ATLAS obtained I'y = 4.53:2 MeV [119],
while CMS measured I'y = 3.2:%‘; MeV [120], both results being consistent with the
SM prediction. In addition to off-shell constraints in the H — ZZ channel, both exper-
iments have also studied off-shell Higgs boson production in the H — WW — (vlv
final state. The ATLAS Collaboration reported constraints on off-shell production and
the total Higgs boson width (observed (expected) upper bound at 95% confidence level
of 13.1 (17.3) MeV) using the full Run 2 dataset in the WW channel [121], while the
CMS Collaboration performed a direct extraction of I't; from off-shell measurements in
H — WW — evuv, obtaining I'y; = 3.93:; MeV [122]. These results provide comple-
mentary sensitivity to the H — ZZ channel and are consistent with the SM prediction.
More recently, the ATLAS Collaboration reported updated constraints from a second-
wave analysis of off-shell H — ZZ" production, improving the sensitivity with refined
analysis techniques [123]. Complementary constraints have also been derived by com-
bining on-shell Higgs measurements with four top quarks production, which provides
indirect sensitivity to I'; through the top Yukawa coupling [124]. These results further
strengthen the overall consistency of the measured Higgs boson width with the SM.

4.6 Higgs boson spin, parity and charge conjugation

The determination of the spin (J) and the charge conjugation and parity (CP) quantum
numbers of the Higgs boson is essential to confirm its identity as the SM scalar boson.
In the SM, the Higgs boson is predicted to be a CP-even scalar particle with | PC— o,
The charge conjugation quantum number can be constrained in a straightforward way.
Photons are C-odd eigenstates (C = —1), and since charge conjugation is multiplicative,
any particle decaying into a pair of photons must have C = +1. As the H — 7y decay
has been observed, the Higgs boson must therefore be a C = +1 state.

The Landau-Yang theorem [125] states that a massive spin-1 particle cannot decay into a
pair of photons. Consequently, according to angular momentum conservation, a particle
decaying into two photons must be either a spin-0 or a spin-2 boson. To discriminate be-
tween these possibilities, the angular distributions of the decay products in the H — 7,
H — ZZ" — 40 [126]and H — WW" — evuv [127] channels have been studied. In
particular, differential measurements of angular observables, such as cos " and related
kinematic variables, provide strong sensitivity to the spin hypothesis. The diphoton
channel played a key role in excluding spin-2 hypotheses, while the four-lepton chan-
nel provides the strongest sensitivity to the CP structure of the Higgs boson couplings.
Results from both the ATLAS [126, ] and CMS [128] experiments exclude several
non-SM spin—parity configurations of the Higgs boson with a confidence level exceed-
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ing 99.9% already using Run 1 data, firmly establishing the Higgs boson as a spin-0
particle, consistent with the SM prediction.

Concerning the CP quantum number, analyses of angular correlations in the H — ZZ* —
4¢ and H — WW" channels exclude a pure CP-odd g¥ =0 hypothesis at high con-
fidence level. However, a scenario involving CP-mixing between CP-even and CP-odd
components is not yet excluded and is the subject of ongoing precision studies. Overall,
current measurements strongly favour the | P—of assignment, consistent with the SM
prediction.

4.7 Higgs boson signal strengths

The agreement between the cross sections and branching ratios predicted by the SM
and those measured experimentally is often quantified using the signal strength p. For
a specific production process and decay mode i — H — f, the signal strengths for the
production, y;, and for the decay, yf , are defined as

(Tl' f BR'f
Hi= = W = o f
7i BRgy

(4.6)

Here, 0; denotes the measured production cross section for the process i (e.g. i = ggF,
VBEF, WH, ..., see Section 4.1), and BR/ is the measured branching ratio for the decay
mode f (e.g. f = bb, T, YY, ..., see Section 4.2). The quantities (TISM and BRJS(M
denote the corresponding SM predictions. A signal strength value of u = 1 indicates
perfect agreement with the SM, while deviations from this value may point to new
physics contributions affecting the Higgs boson production or decay rates.

Since ¢; and BR/ cannot be disentangled experimentally without additional assump-
tions, only the product of y; and yf can be directly measured, leading to a combined
production-decay signal strength y{ :
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The simplest measurement that can be performed is to assume that all y; values are iden-
tical across the different production-decay combinations, so that the SM predictions in
each bin are scaled by a single global signal strength y (i.e. p; = p). This parametrisation
provides the most basic test of compatibility between the data and the SM expectations.
The best-fit value obtained by ATLAS [129] using Run 2 data is

y = 1.0540.06 = 1.05 + 0.03 (stat.) = 0.03 (exp.) & 0.04 (sig. th.) & 0.02 (bkg. th.), (4.8)

where the total uncertainty is decomposed into contributions from statistical uncertain-
ties (stat.), experimental systematic uncertainties (exp.), and theoretical uncertainties in
the signal and background modelling. This result is compatible with the SM hypothesis
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y = 1 within 1. For CMS [130], the best-fit value obtained using Run 2 data is
u =1.002 £ 0.057 = 1.002 & 0.029 (stat.) == 0.036 (sig. th.) = 0.033 (syst.), (4.9)

where the total uncertainty is decomposed into statistical, theoretical uncertainties in
the signal prediction, and systematic uncertainties contributions. This result is also in
excellent agreement with the SM prediction.

A more detailed approach consists of extracting the signal strength of each individual
production process (or decay mode) by imposing V f yf = 1(Viy; = 1),i.e. assuming that
all decay branching ratios (production cross sections) are equal to their SM predictions
while simultaneously fitting the y; (or ;tf ) parameters. Figure 4.10 shows the individual
signal strengths for the various Higgs boson production processes and decay modes
measured by CMS using Run 2 data. Conversely, Figure 4.11 summarises the signal
strengths for the different combinations of production and decay modes extracted from
ATLAS Run 2 data. All these measurements exhibit excellent agreement with the SM
predictions over several orders of magnitude.
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Figure 4.10 — Summary of signal strengths for various Higgs boson production modes (left)
and decay processes (right), measured by CMS using Run 2 data [130]. The production
signal strengths y; are determined assuming SM branching fractions, and vice versa. The
uncertainties are shown as 1(2) o confidence intervals, represented by the thick (thin) black
lines. The statistical and systematic contributions to the total uncertainty are indicated by the
blue and red bands, respectively.

While the signal strength provides a largely model-independent test of consistency with
the SM, a more direct interpretation of the Higgs boson properties is obtained by ex-
pressing the measurements in terms of its fundamental couplings. In the x framework,
possible deviations from the SM expectations are parametrised through coupling mod-
ifiers (x;) that rescale the Higgs boson interactions with fermions and vector bosons.
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Figure 4.11 — Signal strengths for different combinations of Higgs boson production and de-
cay modes measured by ATLAS using Run 2 data [129]. The central values are displayed to-
gether with the total uncertainty and its systematic component, highlighted by the coloured
band.

A global combination of production and decay measurements allows the extraction of
these modifiers and tests the mass-coupling relation predicted by the Higgs mechanism.
Figure 4.12 shows the absolute coupling strengths as a function of the particle mass, as
measured by the ATLAS and CMS collaborations using Run 2 data [129, 130]. The ob-
served proportionality between coupling strength and particle mass over several orders
of magnitude demonstrates a striking agreement with the SM prediction.
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Figure 4.12 — Summary of the coupling strength modifiers for the Higgs boson to different
particles measured by ATLAS (4.12a) and (4.12b) using Run 2 data. In both cases, the abso-
lute coupling strength modifiers are shown as a function of the mass of the probed particles,
and the SM prediction is represented by the diagonal line.



5 Physics objects reconstruction with the ATLAS

detector

The electrical signals generated by particles produced in the pp collisions and recorded
by the ATLAS sub-detectors are digitised and stored for offline processing. The offline
reconstruction of these events is performed by dedicated software algorithms, which
transform the raw detector information into high-level physics objects such as photons,
electrons, muons, and hadronic jets, to be used in physics analyses.

For instance, hits in the different layers of the ID (described in Section 3.3) or the MS
(Section 3.5) are combined to form tracks. Conversely, energy deposits in the Calorime-
ters cells (Section 3.4), arising from electromagnetic and hadronic showers produced
by incoming electrons, photons, and hadrons, are used to create calorimetric clusters.
These low-level objects are then combined to reconstruct the final physics objects used
in physics analyses. A schematic illustration of how information from the various sub-
detectors is used to identify particles emerging from the pp collisions is shown in Fig-
ure 5.1.

Given that the analyses discussed in this thesis involve final states containing photons,
electrons, and muons, particular attention will be devoted to the reconstruction of these
objects. Nevertheless, a brief overview of the reconstruction of jets and missing trans-
verse momentum will also be provided, as these objects are commonly used in many
physics analyses. The reconstruction of electrons and photons is described in Section 5.1,
that of muons in Section 5.2, jets in Section 5.3, and the reconstruction of the missing

transverse momentum E7"°° in Section 5.4.

5.1 Electron and photon reconstruction

Electron and photon reconstruction in ATLAS is based on energy deposits almost fully
contained within the EM Calorimeter, together with tracks and secondary vertices re-
constructed in the ID. The procedure begins by forming clusters from energy deposits
in topologically connected calorimeter cells (topo-clusters). Subsequent steps in the algo-
rithm distinguish between electrons and photons, which may or may not have converted
into an electron-positron pair in the ID material. Photons are classified as converted or
unconverted depending on whether a conversion vertex is reconstructed. An overview
of the electron and photon reconstruction workflow is shown in Figure 5.2.

69
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Figure 5.1 — Example signatures left in the ATLAS detector by different types of particles,
shown in a cross sectional slice of the barrel region. The different sub-detectors are indicated,
along with the reconstructed physics objects [131].

In the reconstruction process, tracks and candidate conversion vertices identified in the
ID are matched to topo-clusters in the EM Calorimeter. Topo-clusters without associ-
ated tracks or conversion vertices are reconstructed as unconverted photons, while those
matched to one or more conversion vertices give rise to converted photon candidates.
Topo-clusters associated with at least one good quality track are identified as electron
candidates.

The reconstruction of electron and photon candidates proceeds by forming superclusters
from the matched topo-clusters. Superclusters are dynamic, variable-size clusters de-
signed to collect energy from bremsstrahlung photons emitted by electrons and to merge
the energy deposits from electron-positron pairs produced in photon conversions. Once
superclusters are created, tracks are matched to electron superclusters and conversion
vertices to photon superclusters. Because the superclustering procedure is run indepen-
dently for electrons and photons, a single topo-cluster may seed both an electron and
a photon supercluster. In such cases, both objects are reconstructed and flagged as am-
biguous.

Finally, the physics objects used in analysis are built by resolving ambiguities, calibrat-

ing the electron and photon energies, and computing all quantities required for identi-
fication and isolation. A comprehensive description of the reconstruction algorithms is
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Figure 5.2 — Algorithm flow diagram for the electron and photon reconstruction [16].

provided in [16].

5.1.1 Energy clusters in the Electromagnetic Calorimeter

The lateral and longitudinal segmentation of the Calorimeters enables a three-dimensional
reconstruction of particle showers, realised through the topological clustering algorithm,
which forms variable-size energy clusters (fopo-clusters) from topologically connected
cells in the EM Calorimeter and constitutes the basis of electron and photon reconstruc-
tion [132].

The key quantity governing the formation of topo-clusters is the significance of a calori-
meter cell, defined as

v _ | Ecal
cell — Ecl\e/[ ’ (6.1)
noise
EM . oo EM . . .
where E_ is the energy deposited in the cell and o, is the expected noise, which

accounts for both electronic read-out noise and contributions from pileup. The clustering
algorithm scans the calorimeter map, selects seed cells, and grows clusters around them
following the “4-2-0” scheme:

Seed cells with CCEé\ﬁ[ > 4 are identified, excluding those in the Presampler and in
Layer 1 of the EM Calorimeter;

Neighbouring cells with gfe“{{ > 2 are then collected around the seeds. If such a cell
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is shared between two proto-clusters, the proto-clusters are merged into a single
one;

A surrounding “crown” of all nearest-neighbour cells with @;Eé\l/l[ > 0is added to the
topo-cluster;

Finally, topo-clusters containing two or more local maxima (cells with Efel\ﬁ[ > 500 MeV
and at least four neighbours, none of which have a larger signal) are split into sep-
arate topo-clusters.

The energy of a topo-cluster is computed as the sum of the energies of its constituent
cells, calibrated at the EM scale. Since the same clustering algorithm is used by ATLAS
for the reconstruction of several physics objects (7 leptons, jets, etc.), topo-clusters may
contain cells from both the EM and hadronic Calorimeters. To identify electromagnetic
showers initiated by incoming photons or electrons, the EM component of the cluster is

quantified as

E E E
fon = 218 4]_5 Chusts (5.2)

cluster

where E;;, E;,, and E; 5 are the energies deposited in the three layers of the EM Calori-
meter, and E . i the total cluster energy. Clusters with fg\; > 0.5 are considered to
originate from an electromagnetic shower, and cells from the hadronic Calorimeter are
discarded. After removing the hadronic component, only topo-clusters with EM energy
above 400 MeV are retained.

5.1.2 Track reconstruction and track-cluster matching

The next step in the reconstruction process is to select reconstructed tracks and photon-
conversion vertices in the ID and to match them to topo-clusters in the EM Calorimeter.
This track—cluster association provides the first discrimination between electrons, un-
converted photons, and converted photons.

Track reconstruction is performed throughout the entire ID as part of the full event-
reconstruction chain [133]. Charged particles traversing the detector deposit a small
fraction of their energy through ionisation, producing electrical signals (hits) in the var-
ious detector layers. These hits are used to reconstruct the trajectories of charged parti-
cles, which follow helicoidal paths with radii inversely proportional to their momentum
in the magnetic field in the ID (see Equation (2.3)).

The reconstruction of primary tracks produced by charged particles with lifetimes greater
than 3 x 10 "' s and originating from the hard-scatter vertex is performed using an
inside-out approach [134]. The process begins with the identification of track seeds, de-
fined as groups of three hits in the Pixel detector and the SCT. Seeded track candidates
are then extended by adding compatible hits from other ID layers using a Kalman filter
algorithm [135]. A dedicated ambiguity-resolution procedure suppresses combinations
of hits that do not correspond to a single particle (i.e. fake tracks) and resolves overlaps
between candidates.

Tracks surviving the ambiguity-resolution step are refitted using a global X algorithm
to obtain the final impact parameters. An attempt is then made to extend these silicon
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tracks into the TRT: hits compatible with the extrapolated trajectory are added without
modifying the original silicon segment.

A complementary outside-in procedure enhances the reconstruction efficiency for dis-
placed tracks, such as those from photon conversions. Regions of interest in the EM
Calorimeter are first identified, and hit segments reconstructed in the TRT are matched
to them. These TRT segments are subsequently combined with short silicon seeds (two
hits), forming track candidates through a procedure analogous to the inside-out recon-
struction. A separate ambiguity-resolution step is applied to these candidates, followed
by a global x” refit to obtain the final track parameters.

The resulting track collection serves as the input to the vertex-finding algorithm [136],
which identifies candidate primary and secondary vertices. Vertex positions are ob-
tained by refitting the associated tracks with the constraint that they originate from the
reconstructed vertex. Among the reconstructed primary vertices, the one with the high-
est sum of squared transverse momenta of its associated tracks is selected as the hard-
scatter vertex. In H — <7y analyses, however, the primary vertex is redefined according
to the procedure described in Section 7.2.2.

Within the electron and photon reconstruction process, the standard tracking proce-
dure is further refined to account for the substantial bremsstrahlung energy loss of elec-
trons and to improve the identification of photon conversions. Fixed-size clusters in the
EM Calorimeter compatible with electromagnetic showers define regions of interest. If
track seeds without a matched primary track are found within these regions, a modified
pattern-recognition algorithm—still based on the Kalman filter but allowing for up to
30% energy loss at each material intersection—is applied. Finally, all tracks are refitted
using a global X algorithm, which permits additional energy loss where the standard fit
fails.

Track-cluster matching

The next step in the reconstruction process involves matching the selected tracks to topo-
clusters in the EM Calorimeter.

A preliminary loose match is performed between fixed-size EM clusters and reconstructed
silicon tracks, based on spatial compatibility between the cluster barycentre and the
track extrapolated to Layer 2 of the EM Calorimeter. A cluster is considered loosely
matched to a track with reconstructed charge g if the following conditions are satisfied:
|Ay| < 0.05 and —0.20 < g - (Perack — Petuster) < 0.05 when the track energy is used for
the extrapolation from the last ID hit, or —0.10 < q - (Prack — Petuster) < 0.05 when the
cluster energy is used for the extrapolation from the track perigee. The asymmetric re-
quirement in A¢ accounts for bremsstrahlung photons that contribute to the calorimetric
cluster but are not accounted for in the track reconstruction.

Silicon tracks satisfying the loose-match criteria are subsequently refitted using the Gaus-
sian Sum Filter (GSF) algorithm [137], which provides improved track-parameter esti-
mates. This refinement is particularly beneficial for low-pr electrons and for electrons
undergoing substantial bremsstrahlung energy loss.

The refitted tracks are then used for the final matching to the topo-clusters. A track with
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reconstructed charge g is considered matched to a topo-cluster if, when extrapolated
from its perigee to Layer 2 of the EM Calorimeter, it satisfies |Ay| < 0.05 and —0.10 <
7 (Prack — Peluster) < 0.05. If multiple tracks satisfy these requirements for the same
topo-cluster, a preferred track is selected based on the presence of pixel hits and on the
smallest AR between the topo-cluster barycentre and the extrapolated track position at
Layer 2. The properties of the electron candidate are then determined from this highest-
ranking track.

Reconstruction of photon conversions

Tracks that are loosely matched to fixed-size EM clusters are used as input for the re-
construction of photon-conversion vertices in the ID. Two types of photon conversions
are considered: double-track and single-track conversions.

A double-track conversion vertex is formed from two oppositely charged tracks orig-
inating from a common point. Geometric criteria—such as the opening angle be-
tween the tracks, their separation at the point of closest approach, and their distance
at the reconstructed vertex—ensure compatibility with the decay of a massless par-
ticle. Based on the presence of silicon hits, double-track conversions are classified
as double silicon, silicon— TRT, or TRT-TRT, depending on whether both, one, or
neither of the tracks has associated silicon information.

Single-track conversions account for asymmetric conversions, in which one electron
carries most of the original photon energy, or for conversions of highly energetic
photons where the two tracks are too collimated to be resolved. These conver-
sions typically occur at larger radii, where the TRT spatial resolution makes it more
likely to miss one of the tracks. To reduce the misidentification of prompt electrons
as single-track conversions, such vertices are reconstructed only when no hits are
present in the innermost ID layer. In these cases, the innermost hit on the track is
taken as the conversion vertex.

Conversion vertices are then matched to topo-clusters by extrapolating their associated
tracks to Layer 2 of the EM Calorimeter and comparing their positions with the topo-
cluster barycentre in # and ¢. For conversions with at least one silicon track, a match
is considered valid if |[Ay| < 0.05 and |A¢| < 0.05. For conversions reconstructed
exclusively from TRT tracks, the matching requirements depend on whether the first
track lies in the barrel or in the endcaps. In the barrel, a match requires |Ay| < 0.35
and |A¢| < 0.02, while in the endcaps the corresponding criteria are |Ay| < 0.20 and
|Ag| < 0.02.

If multiple conversion vertices are associated with a single topo-cluster, preference is
given to double-track conversions with silicon hits, followed by other double-track can-
didates and finally single-track conversions. Within each category, the vertex with the
smallest reconstructed conversion radius is selected as the most likely candidate.
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5.1.3 Supercluster formation

The loosely matched topo-clusters and tracks serve as inputs to the superclustering algo-
rithm [138], which operates in two distinct stages, described below.

Supercluster seeding The first stage scans the reconstructed topo-clusters to identify
those suitable for initiating supercluster growth. Since the electron and photon recon-
struction chains proceed independently, the seeding criteria differ for the two object
types. Electron superclusters are seeded from topo-clusters with E > 1 GeV that are
matched to a track with at least four silicon hits in the ID. Conversely, photon super-
clusters are seeded from topo-clusters with no matched track and Er > 1.5 GeV.

Adding satellite topo-clusters In the second stage, the algorithm searches for satellite
topo-clusters within a window of Ay x A¢ = 0.075 x 0.125 centred on the seed topo-
cluster barycentre. Only topo-clusters with lower Et than the seed are considered as
satellites. For electrons, additional satellite clusters may also be included within a larger
window of Ay x A¢ = 0.125 x 0.3, provided they have at least one matched track with
silicon hits and are associated with the same best-matched track as the seed. For con-
verted photons, satellite clusters are accepted if they are matched to the same conversion
vertex as the seed or to one of the tracks associated with that vertex.

Figure 5.3 illustrates the satellite-cluster selection criteria for candidate electron and pho-
ton superclusters.

+ = ‘
All e%, y: Electrons only:
Add all clusters within 3 x 5 window Seed, secondary cluster
arcund seed cluster. match the same track.

.Seed cluster
@ satelite

5= 0.025
12 x 0.025

3= 0025 5x0.025

Converted photons only:

Add topo-clusters that have the same conversion  Add fopo-clusters with a frack match that is part of
vertex mafched as the seed cluster. the conversion vertex matched to the seed cluster,

Figure 5.3 — Diagram of the superclustering algorithm for electrons and photons. Seed clus-
ters are shown in red, satellite clusters in blue [16].
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Supercluster formation Finally, the candidate electron and photon superclusters are
formed by merging all the calorimeter cells from the seed topo-clusters and their asso-
ciated satellites. The size of each constituent topo-cluster is constrained to a maximum
width of 0.075 in the direction around its barycentre in the barrel (0.125 in the endcaps)
of the EM Calorimeter. This constraint improves the estimation of systematic uncertain-
ties related to the linearity of the energy response.

5.1.4 Preparation of electron and photon candidates for physics analysis

After the supercluster growth process is completed, tracks and conversion vertices are
matched to electron and photon superclusters using the same procedures as for topo-
clusters.

Since electron and photon superclusters are constructed independently, a single topo-
cluster might serve as the seed for both an electron and a photon supercluster. To ad-
dress this, an ambiguity resolution algorithm is applied to finalise the classification of
the candidates, ensuring that each particle is correctly identified as an electron, a pho-
ton, or both. The simplest scenario involves a photon supercluster whose seed is not
also matched to an electron supercluster: in this case, only a photon is reconstructed.
Similarly, only an electron is reconstructed when an input electron supercluster does not
share its seed with a photon. Otherwise, the following ambiguity resolution process
(also summarised in Figure 5.4) is used to address the ambiguous cases:

A given initially ambiguous object is classified only as a photon if its associated
electron track has no hits in the silicon trackers, or, if that is the case, if it has no hits
in the Pixel detector and is part of a matched double silicon conversion vertex.

The object is flagged only as an electron if its track has four hits in the silicon track-
ers and is not part of a conversion vertex. Conversely, if a conversion vertex is
found, the candidate particle is still reconstructed as an electron if the electron track
has an innermost hit and the matched conversion vertex is not a double silicon ver-
tex or, if that is the case, if at least one of its conversion tracks does not have an
innermost hit. Finally, if the latter condition fails, an electron is reconstructed if
its track is part of a silicon- TRT or a TRT- TRT conversion vertex whose radial
distance with the innermost hit of the track is above 40 mm.

Both an electron and a photon are reconstructed from the same initially ambiguous
object if none of the previously described requirements are fulfilled or if the track
pr is smaller than 2 GeV or if E9*" /™ 10, In such cases, the procedure still
marks the initial candidate particle as ambiguous and each analysis is responsible

for the final classification of such objects, depending on their specific requirements.

The construction of the final analysis objects is completed after their energy calibration,
described in detail in Chapter 6 and the calculation of the discriminating variables for
particle identification and isolation, discussed in the following Sections 5.1.5 to 5.1.8.
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Figure 5.4 — Flowchart showing the logic of the ambiguity resolution for particles initially
reconstructed both as electrons and photons. An innermost hit is a hit in the functioning
pixel nearest to the beam-line along the track trajectory, E/p is the ratio of the supercluster
energy to the measured momentum of the matched track, R, is the radial position of the
conversion vertex, and R ¢y 1S the smallest radial position of a hit in the track or tracks that
make a conversion vertex [16].

5.1.5 Photon identification

The photon identification criteria are designed to efficiently distinguish prompt photons
from background photons originating from hadron decays, typically within jets. Prompt
photons are mainly produced in processes such as qg, 4§ — < + X in association with
jets or qg, g9 — 77, and more rarely through Higgs boson decays to photon pairs. Com-
pared to hadronic jets, prompt photons produce narrow electromagnetic showers in the
EM Calorimeter with limited energy leakage into the Hadronic Calorimeter.

The dominant background arises from energetic 7° mesons within jets, which decay into
two photons, 7 — 7. Thanks to the fine segmentation of the first layer of the EM Ca-
lorimeter, these decays can often be identified through the presence of two distinct local
energy maxima, allowing for an efficient separation between such collimated photon
pairs and genuine prompt photons.

Three photon identification Working Points (WP) — Tight, Medium, and Loose [16] —
are defined through independent requirements on a set of discriminating calorimetric
variables, known as shower shapes, shown in Table 5.1 for photons and for electrons. For
electrons also discriminating variables related to track requirements are employed, as
explained in Section 5.1.6. These variables exploit the characteristic differences between
prompt-photon and jet-induced showers: prompt photons produce compact, well-contained
energy deposits, whereas jet-induced showers tend to be wider, deeper, and more irreg-
ular. Consequently, observables sensitive to the lateral shower width in # and ¢, to the
hadronic leakage, and to the detailed structure of the shower in the finely segmented
EM Layer 1 provide strong discriminating power in photon identification.

The Loose identification WY exploits variables such as Ry,q, Rpaq,, R, and w,,, defined
in the Table 5.1, and was used for photon triggers during the 2015 and 2016 data-taking

periods of Run 2. The Medium working point adds a loose requirement on E,;, and be-
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Category Description Name Usage

Hadronic leakage  Ratio of Et in the first layer of the hadronic calo-  Ry.q1 e/y
rimeter to Et of the EM cluster (used for || < 0.8
and || > 1.37)
Ratio of Et in the hadronic calorimeter to E; of Ry.q e/y
the EM cluster (used for 0.8 < || < 1.37)

EM third layer Ratio of the energy in the third layer to the total f; e
energy in the EM calorimeter

EM second layer Ratio of the sum of the energies of the cells con- R, e/y
tained ina 3 X 7 17 x ¢ rectangle to thatina 7 x 7
rectangle, both centred on the most energetic cell
Lateral shower width, Z):E ‘E?’z — (Z):Lg’)z, com- Wy, e/y
puted in a 3 x 5 cell window
Ratio of the sum of the energies of the cells in a Rq, e/y
3 x 3 rectangle to that in a 3 x 7 rectangle

EM first layer Total lateral shower width, %ﬁmx)i com- Wy 4o e/y
puted in a window of Ay ~ 0.0625 ’
Lateral shower width in a 3-cell window around w3 %
the highest-energy cell
Energy fraction outside the core of three central  f;qe 0%
cells, within seven cells
Difference between the energy of the second AE; %
maximum and the minimum between the first
and second maxima
Ratio of the energy difference between the first E_ . e/y
and second maxima to their sum
Ratio of the energy measured in the first layer to  f; e/y
the total EM cluster energy

Track conditions Number of hits in the innermost pixel layer Minnermost e
Number of hits in the pixel detector Npixel e
Total number of hits in the pixel and SCT detec-  ng; e
tors
Transverse impact parameter relative to the d e
beam line

Significance of the transverse impact parameter  |d,/c(d,)|

o 0N

Relative momentum loss between the perigee Ap/p
and the last measurement point

Likelihood probability based on transition radi- eProbabilityHT e

ation in the TRT
Track—cluster An between the EM first-layer cluster position Ay e
matching and the extrapolated track

Charge-weighted A¢ between the EM second- A, e

layer cluster and the extrapolated track
Ratio of cluster energy to track momentum E/p e

Table 5.1 — Discriminating variables used for electron and photon identification. The us-
age column indicates if the variables are used for the identification of electrons, photons, or
both [16].
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came the main photon-trigger selection in early 2017 in order to maintain an acceptable
trigger rate. The Tight WP is applied to a subset of photons passing the Medium selec-
tion and introduces additional requirements on R, and R (which describe the shower
spread in the 77 and ¢ directions in Layer 2), on w5 and w, 4 (characterising the lateral
shower width in Layer 1), on fq4. (the fraction of energy in the strip “crown” relative
to its core), on AE; (sensitive to the presence of double maxima within a single shower),
and on f; (the fraction of the photon energy deposited in Layer 1).

Examples of trigger efficiencies for the primary diphoton triggers in Run 2 are shown in
Figure 5.5 as a function of Er, 7, and (u).
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Figure 5.5 — Efficiencies of the 25 GeV leg of primary diphoton triggers in 2015-2018 as a
function of the offline photon (a) Et, (b) # and (c) () The ratios of data to Monte Carlo
(MC) simulation efficiencies are also shown. The efficiency is computed with respect to of-
fline photons satisfying Tight identification criteria and a ‘calorimeter-only Tight’ isolation
requirement. Offline photon candidates in the calorimeter transition region 1.37 < || < 1.52
are not considered. For (b) and (c), only offline candidates with E; > 30 GeV are used. The
error bars indicate statistical and systematic uncertainties combined in quadrature [139].

The selection criteria for the three WDPs are optimised separately in different pseudora-
pidity intervals to account for variations in calorimeter geometry and upstream material
with |77], which affect the shower-shape observables. In addition, the optimisation of the
Tight working point is performed as a function of photon E;. Compared to the previ-
ous Et-independent strategy, this approach increases the Tight selection efficiency by up
to 20% for photons with Er < 30 GeV while simultaneously improving the background
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rejection at high E1 [16].
The 2 T solenoidal magnetic field bends the trajectories of the electron-positron pairs pro-
duced in photon conversions within the ID, resulting in wider electromagnetic show-
ers along the ¢ direction compared to those of unconverted photons. For this reason,
the Tight identification criteria applies dedicated requirements for converted and uncon-
verted photons.
The Loose photon identification is optimised to achieve a ~ 99% efficiency for photons
with Er > 40 GeV, with a corresponding background-rejection factor of about 1000 [16,
, 141]. In contrast, the Tight selection achieves an efficiency of about 85% for pho-
tons with Et > 40GeV, increasing to approximately 92% for unconverted photons and
95% for converted photons when Et > 100 GeV, as shown in Figures 5.6 and 5.7. The
background-rejection factor for the Tight working point is around 5000 [16, 140, 141].
The photon-identification efficiency in data is measured using three complementary
methods. The first relies on isolated photons collected with prescaled single-photon
triggers, with the jet background estimated through control regions (matrix method).
The second uses photons radiated from leptons in Z — ¢¢< decays, with ¢ being an
electron or a muon (radiative Z method). The third employs electrons from Z — ee
decays, whose shower shapes are transformed to resemble those of photons (electron
extrapolation method). The resulting efficiency measurements for the Tight identifica-
tion requirement are shown in Figures 5.6 and 5.7, based on Run 2 data [142]. These
methods cover complementary E ranges: up to ~ 100 GeV for the radiative-Z method,
from 25 to 200 GeV for the electron-extrapolation method (reflecting the Et spectrum of
electrons from Z decays), and up to the TeV scale for the matrix method.
Data-to- MC scale factors are derived from these methods, and their uncertainties are
propagated as systematic uncertainties in photon identification. As shown in the bottom
panels of Figures 5.6 and 5.7, the scale factors differ from unity by up to 3-4% at E; =
10 GeV and by at most 1-2% for Et > 40 GeV, with the uncertainty decreasing from about
10% at E;r = 10GeV to below 1-2% at higher Et. To correct the photon-identification
efficiency in simulation, the scale factors obtained from the three methods are combined
using a weighted average in each (||, Et) bin of the photon.

5.1.6 Electron identification

As for photons, the identification procedure for electrons is required to discriminate
prompt electrons from energy deposits originating from hadronic jets, converted photons,
or real electrons produced in hadron decays. The discriminating variables, illustrated in
Table 5.1, include the same shower-shape observables used for photon identification, to-
gether with additional quantities derived from the ID. The primary electron track must
satisfy specific requirements on the number of hits in the innermost tracking layers and
in the SCT. The track transverse impact parameter and its significance contribute to
the discrimination, together with the track momentum resolution (Ap/p) and particle-
identification information from the TRT.

The Run 2 electron identification algorithm is based on a multivariate likelihood dis-
criminant, constructed from the likelihoods that a reconstructed electron originates from
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Figure 5.6 — The Tight photon identification efficiency measured in data, and the ratio of
data-to- MC simulation efficiencies, for unconverted photons with a Loose isolation require-
ment applied as preselection, as a function of Et in four different |y| regions. Efficiencies
are derived using three different measurement methods. The bottom panels also provide the
combined scale factor, calculated as a weighted average of the individual scale factors, to-
gether with its total uncertainty, represented by the shaded area [147].

signal, L,, or from background, L;. These likelihoods are obtained from probability den-
sity functions P, built by smoothing histograms of the n discriminating variables with an
adaptive kernel density estimator, separately for signal and background and in several
|| and Et bins:

= [T Psw),(x:), (5:3)
i1

where x is the vector of discriminating variables and Ps(b),l-(xi) are the corresponding
signal or background probability densities. The likelihood discriminant is then defined
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Figure 5.7 — The Tight photon identification efficiency measured in data, and the ratio of data-
to- MC simulation efficiencies, for converted photons with a Loose isolation requirement ap-
plied as preselection, as a function of E in four different |7| regions. Efficiencies are derived
using three different measurement methods. The bottom panels also provide the combined
scale factor, calculated as a weighted average of the individual scale factors, together with its
total uncertainty, represented by the shaded area [142].

as the ratio of the two likelihoods:
= =, (5.4)

The probability density functions are derived with a data-driven method, using Z — ee
and | /¢ — ee events for the signal component and dijet events for the background. Elec-
tron likelihood identification imposes a requirement on d;. Three WPs with increasing
background-rejection power and decreasing signal efficiency are defined: Loose, Medium,
and Tight. The resulting identification efficiencies as a function of Et and # are shown in
Figure 5.8 for Run 2 and in Figure 5.9 for a partial Run 3 dataset.
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panels show their ratio that is applied as correction factor in analyses. The bottom panels
show the statistical and the total uncertainties in the data/ MC ratio [142].
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Figure 5.9 — Identification efficiencies of electrons from Z — ee decays in Run 3 (2023 data
at 13.6 TeV corresponding to an integrated luminosity of L = 27.2 fb~!) as a function of the
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5.1.7 Photon isolation

A typical photon from a H — << decay is expected to be surrounded by minimal
hadronic activity; isolation requirements on candidate photons are therefore used to fur-
ther suppress the background from fake photons. The hadronic activity around a pho-
ton candidate is quantified using nearby energy deposits in the calorimeters or close-by
tracks reconstructed in the ID. The idea is to measure the detector signals within a fixed
distance of the photon direction and require that the surrounding activity remains small
compared to the photon’s own energy. Two classes of variables are used to evaluate
photon isolation:

Calorimeter isolation: ES™? is defined as the scalar sum of the transverse energy

of all topo-clusters whose barycentre lies within a cone of radius AR = 0.2 around
the photon supercluster barycentre. The photon’s own contribution is removed by
subtracting the energy stored in a core window of size Ay x A¢p = 0.125 x 0.175.
Additional corrections account for photon energy leakage outside the core region,
as well as for pileup and underlying-event contributions. Other calorimetric isola-
tion variables follow the same definition but with larger cone sizes, such as S04,

Track isolation: The track-based isolation variable p$™™*? is computed as the scalar

sum of the transverse momenta of all selected tracks within a cone of radius AR =
0.2 around the photon direction. Tracks matched to a photon conversion are ex-
cluded for converted candidates. Selected tracks must satisfy pr > 1GeV, || < 2.5,
and be consistent with originating from the primary vertex.

Three photon-isolation working points are defined from specific requirements on calo-
rimeter and track isolation, as summarised in Table 5.2 for Run 2. The photon isolation
efficiency is measured using two complementary methods: radiative Z — £¢- decays
and inclusive-photon data, following an approach analogous to that used for photon
identification. Results from both methods are combined to produce a single set of scale
factors for each WP, data-taking year, and photon-conversion category. Figure 5.10
shows the isolation efficiency from the Z — /7y measurement as a function of Er, 7, and
conversion status, together with the corresponding data-to- MC efficiency ratios.

Working point Calorimeter isolation Track isolation
Loose ES™% < 0.065 x Eq pne0 /B < 0.05
Tight EP™0 < 0.022 x Ep +245GeV  p$™ /B < 0.05

TightCaloOnly — ES™™* < 0.022 x Ey +2.45 GeV -

Table 5.2 - Definition of the photon isolation working points [16] in Run 2.

5.1.8 Electron isolation

To further distinguish signal electrons from background, electrons are required to be well
isolated from surrounding hadronic activity. Electron isolation is quantified using both
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Figure 5.10 — Efficiency of the isolation working points defined in Table 5.2, using Z — £{7y
events, for converted (left) and unconverted (right) photons as a function of photon # (top)
and Et (bottom). The lower panel shows the ratio of the efficiencies measured in data and in
simulation. The total uncertainty is shown, including the statistical and systematic compo-
nents [16].

calorimetric and track-based variables, for instance, ECOne02 and p‘}arconeo'z. The calori-
metric isolation, EConeo 2 is calculated, as for photons, as the scalar sum of the energy
from all topo-clusters within a cone of radius AR = 0.2 around the electron superclus-
ter barycentre, corrected for the electron’s own energy leakage and pileup contributions.
The track isolation, py™™ "2, sums the transverse momenta of all nearby tracks orig-
inating from the primary vertex, excluding the electron’s track. A variable-sized cone,
dependent on the electron’s transverse momentum, is used to calculate p3*"02: this
allows to take into account decays of heavy particles (such as the top quark), where

high-pr electrons are produced in close proximity to other decay products.
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Further details on electron isolation algorithms are provided in Refs. [16, ].

5.2 Muon reconstruction

The muon reconstruction [144] is based primarily on information from the ID and MS
tracking detectors, with additional input from the Calorimeters. The reconstruction of
charged particles in the ID is already described in Section 5.1.2 and in [134].

The first step of muon reconstruction involves the identification of local track segments
in the MS, built from hits in the various muon chambers. These segments are then com-
bined into preliminary MS track candidates using a global x> fit, with loose pointing
constraints to the IP and a parabolic approximation of the muon trajectory in the mag-
netic field. During this process, outlier hits are removed and additional compatible hits
along the trajectory are included if they were not part of the initial candidate. The re-
sulting tracks are subsequently refitted with a loose IP constraint, accounting for energy
loss in the Calorimeters, and then back-extrapolated to the beam line. The transverse
momentum of the extrapolated track is finally expressed at the IP.

The next step involves combining MS tracks with silicon tracks reconstructed in the
ID to form muon candidates. Muon reconstruction follows five main strategies, corre-
sponding to different muon types:

Combined (CB) muons are built by matching MS tracks to ID tracks and performing
a combined fit using hits from both detectors, while accounting for the energy loss
in the Calorimeters. Based on the trajectory obtained from this fit, the association
of MS hits may be updated and the fit repeated to refine the track parameters;

Inside-out (I0) combined muons are reconstructed with a complementary inside-out
algorithm that extrapolates 1D tracks to the MS and requires at least three loosely
aligned MS hits. The ID track, the Calorimeter energy loss, and the matched MS
hits are then used in a combined track fit. Since this method does not rely on an
independently reconstructed MS track, it recovers efficiency in regions with limited
MS coverage and for low-pp muons that may not reach the middle MS station.

Muon-spectrometer extrapolated (ME) muons are formed by extrapolating MS tracks
to the beamline when it cannot be matched to any ID track. Such muons are used
to extend the acceptance outside that of the ID, thus fully exploiting the full MS
coverage up to || < 2.7.

Segment-tagged (ST) muons are reconstructed by requiring that an ID track extrapo-
lated to the MS satisfies tight angular matching requirements to at least one recon-
structed MS segment. This method recovers efficiency for low-pt muons that may
not reach the outer MS stations or for muons traversing regions with limited MS
coverage.

Calorimeter-tagged (CT) muons are built by associating 1D tracks with minimum-
ionising particle signatures in the Calorimeters. While the other muon reconstruc-
tion algorithms make use of ID tracks with pt down to 2 GeV, a py threshold of
5 GeV is applied for CT muon reconstruction due to the large background contam-
ination at low-pr.
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These different strategies ensure efficient muon reconstruction across a wide range of
kinematic regions, maximising the muon reconstruction acceptance. While CB muons
offer the highest purity, other types such as ST or CT muons help recover efficiency in
regions with limited detector coverage or for low-pr muons, even if with lower purity.

5.2.1 Muon momentum calibration

The muon momentum scale and resolution are studied using J/¢ — pp and Z — upu
decays, by comparing the reconstructed invariant mass distributions in data and MC
simulations [20].

The first step is the correction of the charge-dependent momentum scale in data. Even af-
ter dedicated alignment procedures, small residual misalignments in the ID and MS can
introduce differences in the measured momentum of positively and negatively charged
muons. This charge-dependent bias can be approximated as

T-944.5, (5.5)

p P
where ¢ = %1 is the muon charge, p and p are the corrected and uncorrected muon
momenta, and §; denotes the sagitta bias. By comparing the invariant-mass distribution
of muon pairs from Z-boson decays in data and simulation, a non-zero J; manifests as
an additional broadening of the m,,,, resolution in data. Fitting the ,,, spectrum in bins
of muon 7 and ¢ allows the extraction of J, as a function of these variables, which is then
used to correct the muon momentum in data. Before the corrections, the biases are up
to 0.4 TeV ™! in certain detector regions. With this method, the biases are reduced to less
than2-10"* TeV ' in all regions of the detector.
After the charge-dependent correction, the muon momentum calibration procedure ad-
dresses residual differences in the momentum scale and resolution between data and
simulation.
A set of correction factors is derived in bins of muon 7 and ¢ by comparing the invariant-
mass distributions of muon pairs from |/¢ and Z decays in data and simulation. The
momentum scales corrects for inaccuracy in the description of the magnetic field integral
and the dimension of the detector in the direction perpendicular to the magnetic field.
They also model the effect from the inaccuracy in the simulation of the energy loss in the
Calorimeter and other materials between the IP and the exit of the MS.
The muon resolution corrections account for the various effects that degrade the momen-
tum resolution in data. They include fluctuations in the energy loss of muons travers-
ing the detector material, the impact of multiple scattering and imperfections in the
magnetic-field modelling, and the intrinsic limitations arising from the spatial reso-
lution of the tracking detectors and residual misalignments. These contributions are
parametrised and applied as additional smearing terms to bring the simulated muon
momentum resolution into agreement with that observed in data.
The samples of J/¢ — up, Y — wpp (statistically fully independent, not used in the
correction factors derivation) and Z — uu decays are used to validate the momentum
corrections and measure the muon momentum reconstruction performance. The invari-
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ant mass distributions for the /¢ — pup, Z — pp and Y — pup candidates are shown in
Figure 5.11 and compared with corrected simulation. The lineshapes of the resonances
in simulation agree with the data within the systematic uncertainties, demonstrating the
overall effectiveness of the py calibration. For Z — upu decays, the uncertainty in the
momentum scale varies from a minimum of 0.05% for || < 1 to a maximum of 0.15%
for || ~ 2.5. The dimuon mass resolution is about 1.3% (1.6%) at small values of pseu-
dorapidity for /¢ (Z) decays, and increases up to 2.1% (2.4%) in the endcaps. This
corresponds to a relative muon pt resolution of 1.8% (2.3%) at small values of pseudora-
pidity and 3.0% (3.4%) in the endcaps for |/ (Z) decays [20].

5.3 Jet reconstruction

Quarks and gluons are produced abundantly in pp collisions at the LHC, either through
underlying-event activity or directly from the hard-scattering process. However, be-
cause of colour confinement (see Section 1.1.2), these particles cannot be observed in-
dividually in the final state. Instead, the fragmentation and hadronization of a colored
parton give rise to a collimated spray of hadrons traveling in the direction of the original
parton, commonly referred to as a jet.

5.3.1 Particle flow jets

Jets are collimated sprays of hadrons produced by the fragmentation and hadroniza-
tion of energetic quarks and gluons. Since charged particles leave tracks in the ID and
both charged and neutral hadrons deposit energy in the Calorimeters, jet reconstruction
benefits from combining information from multiple sub-detectors.

ATLAS adopts a particle-flow (PFlow) strategy [145, 146], which aims to reconstruct
all stable particles in the event by matching tracks to calorimeter energy clusters. Low-
momentum charged particles are measured with the superior momentum resolution of
the ID, while the Calorimeters provide accurate energy measurements at higher ener-
gies, a wider pseudorapidity coverage, and the ability to detect neutral particles. The
ID also offers excellent angular resolution and allows matching tracks to the primary
vertex, which is essential for pileup mitigation. After individual particle-flow objects
are built—ideally representing the set of hadrons originating from a single parton—they
serve as inputs for jet clustering. This results in improved jet energy and angular resolu-
tion relative to calorimeter-only reconstruction.
A practical challenge of the particle-flow approach is avoiding energy double-counting.
Calorimeter deposits associated with charged particles already reconstructed via track-
ing must be subtracted without affecting nearby energy clusters. Achieving robust and
accurate subtraction is a central aspect of the PFlow algorithm and critical for maintain-
ing reliable jet energy measurements in high pileup environments.

Particle flow algorithm Topo-clusters, built from energy deposits in the ATLAS Calorime-
ters using the “4-2-0” scheme described in Section 5.1.1, together with tracks recon-
structed in the 1D, serve as inputs to the particle-flow algorithm. The algorithm proceeds
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Figure 5.11 — Dimuon invariant mass distribution of (a) J/¢ — up, (b) Z — up and (c)
Y — up candidate events reconstructed with CB muons. The upper panels show the invari-
ant mass distribution for data and for the signal simulation plus the background estimate.
The points show the data. The continuous line corresponds to the simulation with the MC
momentum corrections applied. Background estimates are added to the signal simulation.
The bands represent the effect of the systematic uncertainties in the MC momentum correc-
tions. The lower panels show the ratios of the data to the MC simulation. In the Z sample, the
MC background samples are added to the signal sample according to their expected cross-
sections. The sum of background and signal MC distributions is normalised to the data [20].

through the following steps:

Track selection: Tracks are required to meet strict quality criteria: at least nine
silicon hits with no missing Pixel hits where expected, 0.5 < pr < 40 GeV, and
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|n| < 2.5. Very high-pt tracks are excluded because they are often not sufficiently
isolated, making an accurate subtraction of the associated calorimeter energy more
difficult. Tracks matched to electron or muon candidates are also removed, as the
algorithm is optimised for handling hadronic energy deposits.

Track-topo-cluster matching: Each selected track is matched to a single topo-cluster.
Candidate clusters must satisfy E uster/ Prrack > 0.1, where E e is the topo-
cluster energy and pi,q the track momentum. Among these, the best match is

chosen as the cluster with the smallest AR’ = \/ (An/ (7,7)2 + (Ap/ (T¢)2, where 0,
and ¢ are the expected topo-cluster resolutions in 77 and ¢, respectively.

Expected energy deposit: The expected calorimeter energy deposit of a charged
particle with momentum pi,, is estimated as (Egep) = Pirack - (EXt /), where
the reference energy-to-momentum ratios are derived from single-pion simulation

samples.

Recovering split showers: Since a particle may leave energy in multiple topo-
clusters, the algorithm checks whether additional clusters should be associated
with the track. This is done by comparing the matched topo-cluster energy with
the expected energy deposit and evaluating the significance of their difference.

Cell-by-cell subtraction: The estimated calorimeter energy associated with the par-
ticle is subtracted from the matched topo-clusters on a cell-by-cell basis.

Remnant removal: If the remaining energy is consistent with expected shower fluc-
tuations for a single particle, any residual topo-cluster energy is removed. This pro-
cedure is applied to tracks ordered by decreasing pr, starting from those matched
to a single cluster.

After these steps, summarised in Figure 5.12, the selected ID tracks and the surviving
topo-clusters ideally represent the reconstructed event, with no double-counting of en-
ergy between the sub-detectors.
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to Cluster |- |
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Compute E/p [3 Shower

Tracks [select Tracks
1
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""""""""""""""""""""""" Subtraction -
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i >
usters Unmatched | usters [ 5| Compute P| Clusters
Clusters i Clusters
Inchange
Unmatched Clusters

Clusters

Figure 5.12 — A flow chart of how the particle flow algorithm proceeds, starting with track se-
lection and continuing until the energy associated with the selected tracks has been removed
from the calorimeter. At the end, charged particles, topo-clusters which have not been mod-
ified by the algorithm, and remnants of topo-clusters which have had part of their energy
removed remain, in addition to clusters unchanged by the particle flow algorithm [145].

Jet clustering and reconstruction Particle-flow objects, defined from the topo-clusters
that survive the subtraction procedure together with tracks associated to the hard-scattering
vertex, are used as inputs for jet reconstruction.
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ATLAS employs the anti-k; algorithm [147] for jet clustering. This algorithm is infrared-
and collinear-safe, meaning that the number and structure of reconstructed jets remain
stable against the emission of soft or collinear particles, thus ensuring finite cross-section
predictions at all perturbative orders.

The clustering of particle-flow objects into jets is governed by two distance measures, d;

and d;;, defined as:
AR%
d; = % d;j = min (i 1) —5 (5.6)
P rri pr;/) R

where pr; and pry; are the transverse momenta of particle-flow objects i and j, AR;; is
their separation in the #—¢ plane, and R is a radius parameter that sets the characteristic
jet size.

The algorithm computes all pairwise distances and compares them to the individual
distances d;. If d;; < d;, objects i and j are merged into a new object, which replaces
them in the input set. If instead d;; > d;, object i is identified as a jet and removed from
the list of clustering inputs. After each step, all relevant distances are recalculated. The
procedure iterates until no further merging is possible.

5.3.2 Jet energy calibration

The calibration of jets in ATLAS is performed in several consecutive steps to correct
for detector effects and to ensure that the reconstructed jet energy accurately reflects the
energy of the corresponding particle-level jet. The first correction removes contributions
from pileup and underlying-event activity, providing an estimate of the jet energy that
originates only from the hard-scattering process. A simulation-based calibration is then
applied to account for the non-compensating calorimeter response, dead material, and
the dependence of the jet energy scale on # and pr. Additional jet-by-jet corrections,
known as the Global Sequential Calibration (GSC), exploit the internal structure of the
jet—such as its energy distribution or the number of associated tracks—to further im-
prove the energy resolution. Finally, data-driven in situ techniques are used to correct
residual differences between data and simulation. These methods rely on momentum
balance in y+jet, Z+jet, and di-jet events, where the companion object is well calibrated.
After applying all calibration steps, the jet energy scale and resolution achieve high accu-
racy across the full detector acceptance, ensuring reliable use of jets in physics analyses.
After the full calibration procedure, the jet energy scale is known to the level of a few
percent over a wide range of pr and #, with a typical jet energy resolution of about
10-15% at py ~ 30 GeV, improving to a few percent at high transverse momentum.

5.4 Missing transverse momentum reconstruction

The presence of neutrinos or potential new BSM particles that interact weakly with
detector material can only be inferred through momentum imbalance in the transverse
plane. Since the total transverse momentum in a pp collision is expected to be zero, any
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undetectable particles produced would result in a missing transverse momentum, E7" iss,
measured within the ATLAS detector.

The ET' % is an event-level quantity, calculated as the negative vector sum of the trans-
verse momenta of all reconstructed objects in an event [145]. The ET' iss components
along the x and y axes are defined as:

miss e u jet ft
Exy) =~ Y. Egy-— L EZ(y) - ) By~ ;Ex(y) - tZS Exy) — EXyy, (5.7)
jets au.

electrons photons muons

where E;(y) represents the x(y) component of the calibrated energy of physics object

type i, and E;((’;t) refers to contributions from tracks with p > 0.5 GeV and |y| < 2.5,

originating from the primary vertex but not associated with any reconstructed object.
The magnitude of the missing transverse momentum and its azimuthal angle are given

by:

miss
Emiss _ \/(EmiSS)Z + (EmiSS)Z (Pmiss — arctan (Ey ) (5 8)
T x v 4 Emiss : :

X
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Optimal energy reconstruction and calibration of the EM Calorimeter are essential for
all analyses involving electrons and photons, and particularly for precise measurements
of the masses and properties of the Higgs, W, and Z bosons. This applies, for instance,
to the Higgs boson mass measurement in the H — 77 channel described in Chapter 7,
where the achievable mass accuracy is directly driven by the photon energy calibration,
and to the search for Higgs boson decays into a low-mass dilepton pair and a photon
(Chapter 9), where the energy resolution strongly influences the overall analysis sensi-
tivity.

The measurement of photon and electron energies in the EM calorimeter is affected by
several detector-related effects. These include energy leakage outside the reconstructed
supercluster due to its finite lateral and longitudinal size, as well as energy losses caused
by inactive material located both upstream of the calorimeter (such as the beam pipe,
the ID, and the solenoid magnet) and within the calorimeter itself (e.g. the lead absorber
plates). Longitudinal energy leakage is negligible over most of the energy range consid-
ered and becomes relevant only at very high energies. The amount of material traversed
by a particle, expressed in units of radiation lengths X/X,, as a function of || in the
nominal simulation is shown in Figure 6.1.

As a consequence, the simple sum of the energy deposited in the calorimeter cells, E,,,,,,
is biased with respect to the true particle energy, E,,,.. A dedicated calibration procedure
is therefore required to correct for these effects and restore an unbiased estimate of the
incident electron or photon energy. In addition, the calorimeter response in data and in
MC simulation must be equalised to perform accurate precision measurements.

The electron and photon energy calibration procedure developed by the ATLAS Col-
laboration for Run 2 data is described in the following Sections, closely following the
documentation in Ref. [17] and schematised in Figure 6.2. My personal contribution fo-
cused on one of the first steps of the calibration chain (step 2 in Figure 6.2): the training,
maintenance, and optimisation of the multivariate Monte Carlo-based energy calibra-
tion described in Section 6.3. This calibration had not been updated since 2017; I revised
and re-optimised it for the full Run 2 data-taking conditions and extended it to the Run 3
detector and simulation configuration.

6.1 Energy reconstruction in the EM Calorimeter

As electrons and photons traverse the EM Calorimeter, they interact with the detec-
tor material and initiate electromagnetic showers. The et /e in the showers ionise the
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Figure 6.1 — Amount of material traversed by a particle, in units of radiation lengths X/ X,
as a function of |#| in the nominal simulation [17].
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Figure 6.2 — Schematic overview of the electron and photon energy calibration procedure in
ATLAS [17].

LAr in the active layers, producing an ionisation current proportional to the deposited
energy. The electrons and ions drift under a constant electric field towards the copper
electrodes located between the active and absorber layers, as shown in Figure 3.6a. The
resulting ionisation pulse has a triangular shape and is read out by the Front End Boards
(FEBs) of the LAr Calorimeter, which amplify and shape the signal using a CR-RC? fil-
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ter. Three overlapping amplification gains (Low, Medium, and High) are implemented
to accommodate the large dynamic range of electron and photon energies. Upon an L1
trigger accept, the signal is digitised using the most appropriate gain and transmitted
off-detector to the high-level trigger and data-acquisition systems.

The samples of the shaped pulse are converted into the deposited energy in each cell,
EES‘IA],, using a linear combination of the first four digitised samples after subtraction of
the pedestal contribution (measured in dedicated calibration runs). The coefficients of
this linear combination are obtained through an optimal filtering algorithm [149, ],
which maximises the energy and timing resolution. The resulting signal is then corrected
using a set of calibration constants—derived from calibration runs, simulations, and test-
beam measurements—including the cell gain, corrections accounting for the different
responses to ionisation and calibration pulses and the conversion factors from digital
counts to energy.

6.2 LAr layer calibration

Since the EM Calorimeter is segmented in depth, the scale of each longitudinal layer
must be determined separately to provide an accurate description of the Calorimeter
response as a function of Ey. The raw energy of reconstructed electrons and photons
in data is calibrated to ensure that the response of each EM layer to incoming particles
matches that observed in the simulation. This procedure involves determining an energy
scale for the Presampler, apg, the relative responses of the first and second accordion
layers (L1 and L2), a;,, and a global scale factor derived from an in-situ measurement
using electrons from Z-boson decays, described in Section 6.5.

6.2.1 Presampler energy scale

The presampler energy scale, apg, is defined as the ratio of the presampler energies be-
tween data and simulation. In earlier calibrations [151], it was determined using samples
of electrons and photons; however, in the final Run 2 calibration [17] it was measured
using muon candidates from W — uv and Z — ppu events selected in a low-pileup
data sample ((#) ~ 2). Muon energy deposits are largely insensitive to the amount of
material upstream of the presampler and therefore provide a direct measurement of the
presampler response, decoupling the uncertainty on apg from uncertainties in the mate-
rial description.

The presampler energy scale is extracted in nine |77| bins as the ratio of the mean muon
energy deposits in data and simulation:

(Ep™ (1) 61
(Eps (1)) oD

The results are shown in Figure 6.3. The statistical uncertainties are at the percent level,
while the systematic uncertainties range from approximately 2% to 4%, depending on

7]

aps([1]) =
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Figure 6.3 — Measured presampler energy scale apg as a function of |4|. The error bars repre-
sent the statistical uncertainty and the yellow band shows the total uncertainty [17].

6.2.2 Intercalibration of the first and second calorimeter layers

The intercalibration of the EM L1 and L2 layers, represented by the scale factor a;,,
is determined using Z-boson decays in both the di-muon channel (a method already
employed in previous calibrations [151]) and the di-electron channel (introduced in the
Run 2 calibration [17]). The results from the two channels are then combined to obtain
the final L1-L2 intercalibration scale factors.

Intercalibration using muons

The intercalibration using muons from Z — uyu decays is based on the ratio of the av-
erage energy deposits in L1 and L2 for muon candidates in data and simulation. The
corresponding scale factor is defined as

0(12_(<E1>>data/(<E1>>MC,
(E2) (E2)

where (E;) is an estimator of the energy deposited in layer i (i = 1,2). Two approaches
are employed to estimate (E;): the most probable value method, obtained from a fit to
the energy-deposit distributions using a Landau-noise convolution, and the truncated
mean (TM) method, in which the mean is computed in a restricted window to reduce the

impact of distribution tails. In both cases, the measurements are performed in intervals
of (), and the final a, is obtained by linearly extrapolating to () = 0.

(6.2)

In the TM method, the extrapolation was validated by comparing the nominal result
with the value obtained using a dedicated low-pileup dataset, where muon candidates
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from W — pv decays are also included in addition to those from Z — uyu decays. The
evaluation is carried out in |y| bins over the range 0 < |f| < 2.4. An example for
0.3 < |5| < 0.4is shown in Figure 6.4a, and a comparison between the standard and low-
pileup samples is presented in Figure 6.4b. The agreement between the two is excellent
and well within the total uncertainty of the nominal result. The overall uncertainty of
the muon-based measurements ranges from about 0.7% in the barrel to about 2% in the
endcap regions.
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Figure 6.4 — (a) Truncated-mean energy deposits of muons in the first (dots) and second (trian-
gles) calorimeter layers, for 0.3 < |y| < 0.4, shown in data (open symbols), simulation (filled
symbols), and in low-pileup and no-pileup samples, as a function of the average number of
interactions per bunch crossing (y). The lines indicate linear fits in the range () € [10,40],
with dotted extensions showing the extrapolation to (i) = 0. (b) Comparison of aq, as a
function of || obtained from the y = 0 extrapolation in the standard and low-pileup data
samples for the TM method. The yellow band represents the total uncertainty of the nominal
result, and the error bars show statistical uncertainties only [17].

Intercalibration using electrons

For the Z — ee channel, a1, is derived again in two different ways: one based on the ratio
of the measured energy E and momentum p of electron candidates (the E/p method),
and another based on the invariant mass of the electron pairs (the m,, method) across
bins of the electrons’ || and E; /E, in both data and simulation. Ideally, the ratio of the
E/p and m,, estimators between data and simulation should be constant as a function of
E,/E,, indicating perfect intercalibration between the L1 and L2 layers. Any observed
slope in this ratio indicates a miscalibration, and &4, is adjusted to minimize the dis-
crepancy of the data-to- MC ratio with respect to a constant. The precision of the a;,
measurement with electrons ranges from 0.7% to 2% in the barrel, and from 1.5% to 6.2%
in the endcap calorimeters.

Combination of muon- and electron-based results

The final value of &y, is obtained by combining the results from both the di-muon and
di-electron channels. First, the muon and electron results are combined separately for
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each of the two methods used in the two channels (E/p and m,, for electrons, TM and
most probable value for muons). The results from the two channels are then combined
to provide the final measurement, illustrated in Figure 6.5. The total uncertainty varies
between 0.6% in the central part of the barrel to 3% at || ~ 2.4. The inclusion of the
electron measurement allows the uncertainty to be reduced by a factor of ~ 1.8 in the
first half of the barrel. In the endcaps, the combined uncertainties are dominated by the
differences between the electron and muon results.
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Figure 6.5 — Relative calibration scale factor «;, of the first and second EM calorimeter layers
as a function of |77|. Open blue squares correspond to the results obtained from the study of
muon energy deposits in Z — pp events, combining the truncated mean and most probable
value methods. Open red circles show the extracted combined values obtained from the
study of the dependence of the dielectron invariant mass m,, and the E/p ratio as a function
of E{/E, in Z — ee events. The final scale factors, combining electron and muon results, are
shown as the black solid lines [17].

6.3 Monte Carlo-based energy calibration

One of the key steps in the photon and electron energy calibration procedure in ATLAS
is the Monte Carlo-based calibration, which exploits reconstructed shower and cluster
variables to convert the raw accordion energy E,,,, into a calibrated energy E_,;,, for
both data and MC. The quantity E,,,, does not account for electromagnetic shower en-
ergy leaking outside the cluster, nor for losses in inactive material upstream or within
the calorimeter; therefore a correction is required to recover the best possible estimate of
the true energy E,,. of the incident particle.

The MC-based calibration relies on a multivariate regression using a Boosted Deci-
sion Trees (BDT) with gradient boosting, trained separately for electrons, converted
photons, and unconverted photons. The training uses single-particle simulations with
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pileup overlaid to match Run 2 (or Run 3) conditions. The method is implemented using
the Toolkit for Multivariate Data Analysis (TMVA) framework [152], which provides
a ROOT-integrated machine-learning environment for multivariate regression and clas-
sification. In this case, the calibration is a regression problem in which the algorithm
minimises the deviation between E_,;, and the target E; .. Evaluating the BDT on
reconstructed clusters yields a predicted correction factor E,, ../ E4, Which, when mul-
tiplied by E,,,, gives the calibrated energy E_,y;p,-

Figure 6.6 shows the distribution of the energy response E,..,/ Ei before (E,,,) and
after (E_,;,) the MC-based calibration, for unconverted photons, converted photons,
and electrons.
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Figure 6.6 — Comparison of the energy response E ..,/ Ei.,c before (blue, E_,,) and after (red,
E i) the MC-based calibration for (a) unconverted photons, (b) converted photons, and (c)
electrons, inclusive in || and Et. The calibrated energy show a reduced bias (response closer
to 1) and improved resolution, quantified using the truncated mean (evaluated with the 10%
core events around the peak) and the 68% smallest interval width.

The calibration leads to a clear improvement in both energy scale (peak position) and
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energy resolution (peak width), bringing the mean reconstructed energy to within 0.1%
of the true value for all particle types.

Section 6.3.1 details the Monte Carlo-based energy calibration developed for Run 2, in-
cluding the training samples used, input variables, binning scheme, and BDT architec-
ture, as well as the resulting performance. The improvements and optimisation work
performed for Run 3 are then presented in Section 6.3.2.

6.3.1 Run 2 MC-based energy calibration
Training samples and selections

The training of the MC-based energy calibration is performed on simulated samples
of single-particle events generated at the ATLAS interaction point. Single electrons
and photons are produced using the GEANT PARTICLE GUN generator and propagated
through a full GEANT4 simulation [153] of the detector. Before any selection, the samples
contain 40 M single-photon events and 40 M single-electron events.

For the first time, the training samples include pileup overlay to match Run 2 conditions,
with an average number of interactions per bunch crossing (y) ranging from 10 to 60,
and a mean value of () = 33.7, as shown in Figure 2.9a.

The photons and electrons used for the training are required to satisfy a set of selection
criteria, which depend on the particle type and the binning (see Section 6.3.1). The se-
lections are summarised in Table 6.1. After applying these requirements, the available
statistics correspond to 35.5 M single-electron events, 25.3 M single unconverted-photon
events, and 12.4 M single converted-photon events.

Selection cut | Cut | Details

ENERGY_MATCHED abs(cl_E/truth_E - 1) < 0.5 | Loose matching between
previous calibrated clus-
ter energy and truth value

PDG_ID abs(truth_pdgld) == 22/11 | 2=+, Fll=¢"

Identification WP Loose Not applied in special |7|
bins 6,7, 8,15, 16

CONVERTED -y @ < ph_Rconv < 800 Converted -y definition

UNCONVERTED 7y ph_conv_type == Unconverted v definition

Table 6.1 — Photons and electrons selection requirements used in the MC-based calibration.

Input variables

The Multivariate Analysis (MVA)-based calibration exploits a set of input variables used
to compute the correction to the total raw cluster energy, with configurations defined
separately for each particle type and for each (|7|, Et) bin. The variables are chosen based
on their correlation with the target energy response and on how well their distributions
are modelled in simulation, since any mismodelling could bias the regression output
when applied to real data.
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Although shower-shape observables (introduced in Section 5.1.5) are highly sensitive to
the shower development and therefore to the energy response, they are not yet used in
the calibration due to remaining differences between data and MC.

Input variables for all particle types and bins The following seven variables are used
in all (||, Et) bins and for all particle types (electrons, converted photons, unconverted
photons):

¢ Total raw cluster energy in the accordion, defined as the sum of the uncalibrated
energies of the three accordion layers, EX$, = EL. + EX2 + ES3

raw raw raw raw’
° fo= Efasw/Ei;fv, the ratio of the energy in the presampler to the energy in the accor-

dion. It is used only in the acceptance of the presampler, |77| < 1.8;

* E,/E, = EXL /E22

raw! Exaw- the ratio of the energy in the first accordion layer to the second

one;

* Pseudorapidity 77 in the ATLAS frame that helps to take into account the misalign-
ment of the detector, in order to correct for the variation of the material in front of
the accordion;

¢ cell Index: an integer number between 0 an 99 which identifies the cell in the Layer
2 of the Calorimeter and is defined as the integer part of the division #.,,/Ay,
where 7, is the pseudorapidity of the cluster in the calorimeter frame and Ay =
0.025 is the size of one cell in the second accordion layer;

* 5 with respect to the cell edge, etaModCalo: 7, mod (Ay = 0.025). This variable
allows correcting for the variation of the lateral energy leakage due to the finite
cluster size, which is larger for particles that hit the cell close to the edges;

* ¢ position with respect to the lead absorber structure, phiModCalo: defined as
$ealo mod (71/512) in the barrel and ¢,;, mod (71/384) in the endcap, matching
the absorber periodicity. This variable compensates for ¢-dependent variations in
the sampling fraction.

Additional inputs in the transition region In the transition region between the barrel
and endcap EM calorimeters (1.4 < |y| < 1.6), the amount of upstream inactive material
rises sharply, reaching between 5 and almost 10 radiation lengths X|;, as shown in Fig-
ure 6.1. Part of this material corresponds to the TileCal services and support structures,
and leads to substantial energy loss before the particle reaches the first active EM layer.
To mitigate this effect, dedicated TileCal gap/crack scintillators, instrument the region
between the barrel and endcap calorimeters. As illustrated in Figure 6.7, the scintillator
modules covering the interval 1.4 < || < 1.6 are labelled E3. Electrons and photons in
this region deposit energy not only in the EM barrel and endcap calorimeters, but also
in these scintillators.

For this reason, additional input variables describing the energy deposited in the E3
scintillators are included in the Monte Carlo-based calibration for the three relevant 7|
bins (see Section 6.3.1): 1.40-1.46, 1.46-1.52 and 1.52-1.60 (corresponding to bins 7, 8 and
9):
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* fTG3: the ratio between the energy in three consecutive E3 scintillators in ¢ over
the energy in EM accordion: ErjeGaps/ Efaw- The electron shower width is wider
than one E3 scintillator, thus for each electron/photon the sum of the energies from

three consecutive E3 scintillators along ¢ (Eqjjegaps) is considered;

* DeltaPhiTG3: the difference in ¢ between the angle of the electron cluster barycen-
tre and the position of the E3 scintillator: Ap = ¢uster — PE3-

Half-Barrel

LAr Barrel

\g\

E4

Figure 6.7 — Schematic showing the TileCal cell and scintillator structure, including the so-
called “E-cells” (E1-E4) which are highlighted in yellow. The region between 1.4 < |17|< 1.6 is
covered by the E3 scintillators.

Additional inputs for converted v Three additional input variables are included in the
energy calibration of photons that convert within the 1D volume (0 < R < 800 mm):

conv

* Conversion radius of the photon, R_,;

acc conv acc conv

* convEtOverPt = ET/pT"" where ET™ = Eloy, /cosh(y7) and pT™" is the sum of the

raw
transverse momenta of the two tracks associated with the conversion;

 convPtRatios: the fraction of the p7™"" carried by the highest-py track associated
with the conversion.

Target, BDTs structure, binning

Target The goal of the photon and electron energy calibration procedure is to convert
the raw accordion energy E, .., of the cluster into a calibrated energy estimate, making
use of several reconstructed quantities associated with the particle. For this reason, the
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MVA target defined for the training is the correction factor to the raw cluster energy,

E true

E 7

raw

target =

from which the calibrated energy can be obtained as:
Ecaib = Eraw - target. (6.3)

Using the ratio rather than predicting the calibrated energy directly is preferable in a
regression context, as normalised target variables are typically easier to handle than ab-
solute quantities spanning several orders of magnitude.

BDTs structure and binning To allow the MVA to learn the energy response across
regions of phase space where different input variables exhibit distinct behaviours, the
training sample is split into bins of pseudorapidity |1| and transverse energy in the ac-
cordion, Et, separately for electrons, converted photons, and unconverted photons.

In the current calibration, 117 independent optimisations are defined over the phase-
space grid (|n| x Et) = ([0, 2.5] x [0, 50 TeV]) for each particle type, resulting in a total
of 351 BDT trainings.

The nominal binning for Run 2 has 17 || bins, divided by the following bin edges:
In] : [0, 0.05, 0.65, 0.80, 1.0, 1.2, 1.37, 1.40, 1.46, 1.52, 1.60, 1.74, 1.82, 2.0, 2.2, 2.37, 2.47, 2.50]

The number of bins in E; depends on the considered || bin. There are three possible
cases:

* 9 E1 bins for the 10 following |#| bins: [0.05, 0.65, 0.80, 1.0, 1.2, 1.37] and [1.60, 1.74,
1.82,2.0,2.2,2.37]. The Et bin edges are:

[0, 10, 20, 40, 60, 80, 120, 500, 1000, 50000] GeV;

* 6 Eg bins for the 4 following || bins: [0, 0.05], [1.37, 1.4], [2.37, 2.47] and [2.47, 2.50].
The E bin edges are:

[0, 25, 50, 100, 500, 1000, 50000] GeV;

* 1 Eg bin for the 3 following |y| bins: [1.4, 1.46], [1.46, 1.52] and [1.52, 1.6]. The Ey
bin edges are: [0, 50000] GeV.

The relevant BDT parameters used in the training are summarised in Table 6.2.
Multivariate regression algorithms are trained by minimising an absolute-error-based
loss function, which corresponds to estimating the median of the target distribution
rather than its mean. Since the target variable target = E, ./ E,4 is not strictly Gaussian—
particularly at low Et as can be seen from Figure 6.6—this optimisation does not guar-
antee that the mean calibrated energy E_,j;, exactly reproduces the true energy Ei. .-
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Parameter Value ‘ Description
Ntrees 800 Number of trees in the boosted forest.
MaxDepth 20r3 Maximum allowed depth for each tree. Set to 3

only in || bins 6, 7 and 8 due to increased com-
plexity in the transition region.

nCuts 20 Number of grid points scanned when searching
for the optimal node-splitting threshold.

Loss function MAE Regression optimised using the Mean Absolute
Error: MAE = YL |y; — f(x;)].

Statistics 95% train | 95% of events used for training, remaining 5% re-

tained as test sample to evaluate performance.

Table 6.2 - Summary of the BDT hyperparameters used for each (|7| x Et) bin in the MC-
based calibration.

Instead, it provides a robust calibration of the typical detector response, reducing the
sensitivity to asymmetric tails and outliers in the target distribution.

To correct for this, additional shifts are applied on top of the raw MVA output so that the
peak of the E_,j;1, / Eire distribution is centred at unity. The peak position is estimated in
each (||, Et) bin using the mean of the smallest interval containing 10% of the events
(as discussed in Section 6.3.1).

The single-bin shifts in (|5| x Er) are observed to vary between adjacent transverse-
energy intervals, reflecting the evolution of the target distribution with energy. The cor-
rection procedure is most relevant at low Ep, where non-Gaussian tails are more pro-
nounced, and thus a finer binning than that used in the MVA training is adopted in this
region. A linear interpolation was used to produce a continuous energy dependence,
connecting the barycentre of adjacent transverse energy bins.

Performance

The performance of the calibration based on the MVA optimization is evaluated in terms
of linearity, energy resolution, and dependence of the response on the MVA calibration
input quantities, in order to verify that the calibration has been correctly trained and that
it is not affected by residual dependencies on the input variables.

The resolution is quantified as the smallest interval containing 68% of the E i,/ Eirye
distribution. This estimator is less sensitive to tails than the standard deviation and
therefore more robust against outliers. Figure 6.8 shows the E_,j;, / Ere resolution as a
function of p'f"® and |57| for unconverted photons, converted photons, and electrons, in
dedicated sub-ranges of pseudorapidity and transverse momentum.

As expected from Equation (3.13), the relative resolution improves with increasing pr,
due to the decreasing relative contribution of the sampling term.

The linearity is evaluated using the mean inside the smallest interval containing 10% of
the events in the E_,;, / Eqye distribution. This metric is less sensitive to tails than the
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Figure 6.8 — Energy resolution for unconverted photons, converted photons and electrons,
expressed as the width of the smallest interval containing 68% of the E_,j;;, / Ejpye distribution.
For each particle type, the resolution is shown as a function of transverse momentum (left

column) and pseudorapidity (right column).

Pseudorapidity regions used: barrel 0 < || < 1.37, transition 1.37 < |5| < 1.52, endcap
1.52 < |5| < 2.5. pr ranges: 5-25 GeV, 25-50 GeV, 50-120 GeV, 120-400 GeV.
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arithmetic mean, and provides a robust estimate of the peak position. Figure 6.9 shows
the linearity as a function of p¥" and || for unconverted photons, converted photons,
and electrons, in dedicated sub-ranges of pseudorapidity and transverse momentum.
The linearity is within 1% when considering low-pt objects (< 20 GeV), and improves to
the 0.1% level at high-p, apart from the crack region. The linearity as a function of some
input variables used in the MVA training is also studied, confirming that no residual
dependencies remain after the calibration is applied. Figure 6.10 shows the linearity as
a function of E|/E, = ErL;W / ErLazw, the ratio of the energy in the first accordion layer to
the second one. The dependence of E, ., / E;.. O E{/E, is effectively corrected by the
calibration, resulting in a flat energy response. Additional checks are performed on all
other input variables, yielding similar results; these Figures are reported in Appendix

Al

Pileup dependence

For the first time, the training samples include pileup overlay to match Run 2 conditions,
with an average number of interactions per bunch crossing (u) ranging from 10 to 50,
and a mean value of () = 25, as shown in Figure 2.9a, since it was using simulates sam-
ples to match the 2015-2016 conditions. At an early stage, the inclusion of pileup-related
variables among the training inputs was considered, such as the average number of pp
interactions per bunch crossing and the actual number of simulated interactions on an
event-by-event basis. However, studies indicated that the raw energy already exhibited
a negligible dependence on pileup, becoming only marginally visible in the low-energy
region (0 < pt < 25 GeV). This is visible in Figure 6.11 for each particle type, where the
linearity is shown as a function of y (average number of pp interactions per bunch cross-
ing). Overall, both the linearity and the resolution were found to remain substantially
stable as a function of pileup. Furthermore, the explicit inclusion of these variables in
the training did not yield any significant improvement in performance. Consequently,
they were not included in the final model. The same Figures are reported in Appendix
A.2 for the Run 3 conditions.

6.3.2 Run 3 MC-based energy calibration studies
Training samples and selections

The MVA has been retrained for Run 3 using MC samples produced with the full Run 3
ATLAS detector simulation and reconstruction software. As in Run 2, the training is
performed on simulated samples of single-particle events generated at the ATLAS in-
teraction point. Single electrons and photons are produced with the GEANT PARTICLE
GUN generator and propagated through a full GEANT4 simulation of the detector. Before
any selection, the samples contain 140 M single-photon events and 140 M single-electron
events.

The training samples include pileup overlay matching Run 3 conditions, with an average
number of interactions per bunch crossing () between 20 and 80, and a mean value of
(u) = 55, as shown in Figure 2.9b.
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Figure 6.9 — Linearity for unconverted photons, converted photons and electrons, expressed
using the mean of the smallest interval containing 10% of the events of the E_;, / Eqre distri-
bution. For each particle type, the linearity is shown as a function of transverse momentum
(left column) and pseudorapidity (right column).

Pseudorapidity regions used: barrel 0 < || < 1.37, transition 1.37 < |y| < 1.52, endcap
1.52 < |5| < 2.5. pr ranges: 5-25 GeV, 25-50 GeV, 50-120 GeV, 120-400 GeV.
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Figure 6.10 — Linearity for unconverted photons (a), converted photons (b) and electrons
(c), expressed using the mean of the smallest interval containing 10% of the events of the
Ecaib/ Eqrue and E,,y, / Eie distributions. For each particle type, the linearity is shown as a
function of the ratio of the energy in the first accordion layer to the second one. The depen-
dence of E,,,, / Eye 0N Eq / E, is effectively corrected by the MVA calibration, recovering lin-
earity across the full range of this variable. Pseudorapidity regions used: barrel 0 < || < 1.37
(red), endcap 1.52 < || < 2.5 (green).

Photons and electrons used in the training are required to satisfy a set of selection criteria
that depend on the particle type and on the binning scheme (see Section 6.3.1). With re-
spect to Table 6.1, the only difference is regarding the definition of converted and uncon-
verted photons. Given the performance and the mismodelling of the TRT conversions
in Run 3, it was decided to consider the TRT conversions in the central barrel region
(]| < 0.8) as unconverted photons. This change affected ~ 0.1% of the unconverted
photons in the training. The new definitions of converted and unconverted photons for
Run 3 are summarised in Table 6.3.

After applying all selections, the available statistics amount to 124.3 M single-electron
events, 88.6 M unconverted-photon events, and 43.4 M converted-photon events.
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Figure 6.11 - Linearity for unconverted photons, converted photons and electrons, expressed
using the mean of the smallest interval containing 10% of the events of the E_j;;,/ Epye distri-
bution. For each particle type, the linearity is shown as a function of y (average number of
pp interactions per bunch crossing), dividing in barrel and endcap regions (left column) and
in transverse momentum (right column). Pseudorapidity regions used: barrel 0 < || < 1.37,
endcap 1.52 < || < 2.5. pp ranges: 5-25 GeV, 25-50 GeV, 50-120 GeV, 120-400 GeV.
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Selection name Selection ‘ Details

CONV. < Run 2 0 < ph_Rconv < 800 Converted-y  definition
used in Run 2

UNCONV. 7 Run 2 ph_conv_type == Unconverted-vy definition

used in Run 2
ph_conv_type == 2 ||

isTRTconversion - Single or double TRT con-
ph_conv_type == .
version
>= 0. ..
CONV. < Run 3 CONV‘R.U n2 8& (Jn| . 0.8 1l Converted-y  definition
1isTRTconversion) .
used in Run 3
< 0. .
UNCONV. 7 Run 3 UNCONV._RunZ . (|17|. 0.8 8 Unconverted-vy definition
isTRTconversion)

used in Run 3

Table 6.3 — Run 2 and new Run 3 definitions of converted and unconverted photons used in
the nominal MVA training.

¢ modulation studies

One of the studies carried out for Run 3 concerns the improvement of the ¢ modulation
correction in the MVA calibration. This effect had already been accounted for in Run 2
(and in previous calibrations) by including, as an input variable, the ¢ position with
respect to the lead-absorber structure (phiModCalo). This variable is defined as ¢,;, mod
(71/512) in the barrel and as ¢,;, mod (71/384) in the endcap, matching the periodicity
of the absorber geometry. The phiModCalo observable allows one to correct for the slight
variations in the sampling fraction experienced by a particle as a function of ¢.

Figure A.2 (in Appendix A.1) shows the linearity as a function of ¢ with respect to the
lead absorber. The MVA calibration recovers linearity across the full range of these
variables, but some residual modulations have been observed.

For Run 3, new variables were studied to improve the correction of this effect. In partic-
ular, three new variables were defined, and MVA trainings were performed including
them as additional inputs to the nominal set of variables, instead of phiModCalo:

e phiModCalol: ¢ ,, mod (7r/512) in the barrel and ¢ ,, mod (77/384) in the end-
cap, matching the periodicity of the absorber geometry. It has the same periodicity
as phiModCalo; however, in the phiModCalo1 definition ¢y, is explicitly rotated in
the positive and negative # regions, separately for the barrel and the endcap. This
ensures that a given value of phiModCalo1 corresponds to the same relative position
with respect to the absorber structure across all detector regions.

* phiModCalo2: ¢, mod (7r/128), defined with a coarser periodicity than phiModCalo1.
As for phiModCalo1, ¢, is rotated according to the sign of # so that a given value
of phiModCalo2 corresponds to the same relative position within the detector geom-
etry in the +# and —# regions. This periodicity is chosen to be sensitive to effects
related to the calorimeter cell size in the ¢ direction.

* phiModCalo3: ¢,;, mod (71/64), defined with an even coarser periodicity. Similarly
to phiModCalol and phiModCalo2, ¢, is rotated in the positive and negative 7
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regions to preserve a consistent mapping of the variable to the underlying detector
structure. This variable is intended to capture residual ¢-dependent effects at larger
geometric scales.

phitdodCala

phiModCalol

Figure 6.12 — The four phiModCalo variables as a function of ¢ (x-axis) and # (y-axis). The
different periodicities and the different definitions in positive and negative # regions can be
observed.

Figure 6.12 shows the four different variables as a function of ¢ and 7, highlighting their
different periodicities and definitions in positive and negative 7 regions.

The different trainings including each of these new variables (or their combinations)
were compared with the nominal Run 3 training that used phiModCalo. The best perfor-
mance in terms of linearity and resolution was achieved with phiModCalo1, which was
therefore chosen as the nominal input variable to correct for the ¢ modulation effect in
Run 3. The resolution improvement obtained with this new variable is more visible at
high pt (> 100 GeV), where a gain of a few % is observed especially in the barrel and in
the endcap regions for all particle types (see Figure 6.13).

TileCal scintillators extensions

As reported in Section 6.3.1, dedicated TileCal gap scintillators are installed in the tran-
sition region to correct for energy losses in the inactive material between the barrel and
endcap calorimeters. In particular, the used scintillators (E3) covered the 1.4 < || < 1.6
region up to Run 2. In Run 3, their coverage in || was extended from 1.6 to 1.72 with
the addition of the E4 scintillators, as can also be seen in Figure 6.7.

For this reason, a new training was performed including the (E3+E4) scintillator vari-
ables (fTG3 and DeltaPhiTG3) also in the 1.6 < |y| < 1.72 bin (bin number 9). Its
performance was compared with that of a training carried out with the nominal input-
variable configuration used in Run 2. Since the scintillator extension only reached up to
|| = 1.72, a small adjustment to the # bin edges was required: from 1.74 in Run 2 to 1.72
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Figure 6.13 — Energy resolution expressed as the width of the smallest interval containing 68%
of the E_,y;, / Eirye distribution for the trainings using phiModCalo and phiModCalo1 as input
variables. The resolution is shown as a function of the transverse momentum ptTme, in three
pseudorapidity regions: barrel (0 < |5| < 1.37), transition (1.37 < |5| < 1.52), and endcap
(1.52 < |5| < 2.5). Results are shown separately for unconverted photons (a), converted
photons (b), and electrons (c).
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in Run 3. In the considered |7| bin, an improvement of about 5-10% in resolution was
observed for all particle types (apart from low-pr unconverted photons) when including
the TileGap3 variables in the training (see Figure 6.14).
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Figure 6.14 — Energy resolution expressed as the width of the smallest interval containing
68% of the E_,j1, / Eqrye distribution for the trainings adding fTG3 and DeltaPhiTG3 as input
variables in the 1.60 < || < 1.72 bin. The resolution is shown as a function of the transverse
momentum ptTme, for unconverted photons (a), converted photons (b), and electrons (c).

6.4 Uniformity and ADC non-linearity corrections

A set of additional corrections is applied to data to account for response variations not
included in the simulation in specific detector regions, e.g. regions with non-optimal
high voltage, azimuthal non-uniformities, or biases associated with the LAr calorime-
ter’s electronics calibration. The stability of the calorimeter response as a function of
azimuth, time and pileup is also studied.

6.4.1 ADC non-linearity correction

The energy reconstruction in a LAr calorimeter cell relies on a linear conversion from
ADC counts to current, followed by a second conversion from current to energy. The
ADC-to-current conversion is assumed to be linear and is calibrated during dedicated
electronic calibration runs using a known injected current. However, small non-linearities
and non-zero residuals may still arise due to intrinsic non-linear behaviour of the read-
out electronics.

In the Run 2 calibration [17], a new method was introduced to measure and correct
these residual non-linearities. For each calorimeter cell, the residuals are fitted with a
fifth-order polynomial, and the resulting parametrisation is added as a correction to the
reconstructed cell energy. The correction is constructed such that it does not alter the
cluster energies of electrons at Ey = 40 GeV, where the global energy scale is defined
(see Section 6.5).
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The impact of this procedure for electrons, unconverted photons, and converted photons
is shown in Figure 6.15. Cluster energies increase by approximately 0.4% at low Et, and
decrease by about 0.2% at high Er, with a moderate dependence on particle type and
pseudorapidity.
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Figure 6.15 — (a) Example of a calibration run in medium gain for a cell in the second layer
of the EM calorimeter. The injected-current response (in DAC units) is fitted with a linear
function (top), and the residuals with respect to this fit (bottom) are modelled with a fifth-
order polynomial used to correct the cell energy. (b) Relative cluster-energy correction as a
function of Et for electrons (black), unconverted photons (red), and converted photons (blue)
in the region 17| < 0.8. The envelope indicates the variation of the correction with # for each
particle type [17].

6.4.2 High/Medium gain intercalibration

The linearity of the readout electronics is better than a few per mille in each of the three
gains used to digitise the calorimeter signals. While the relative calibration of the High-,
Medium- and Low-gain readouts is assumed to be perfect in the simulation, it is less
precisely known in data. In standard running conditions, the High Gain (HG) readout
is used for most cells in clusters from electrons in Z — ee decays, whereas in about 30%
of H — 7 events at least one photon has a cell reconstructed in Medium Gain (MG).
The transition from HG to MG readouts occurs for second-layer (L2) cell energies above
25 GeV, corresponding to electrons of Et ~ 50 — 60 GeV.

The relative calibration of the HG and MG gains is studied using 0.3 fb~! of data
collected in 2017-2018 under special conditions in which the threshold for switching
from HG to MG in the second calorimeter layer was lowered—typically by a factor
of three—so that almost all electrons from Z-boson decays have their highest-energy L2
cell recorded in MG. The dielectron invariant-mass distribution in these special runs is
compared with that from 1.5 fb~! of data recorded with the standard gain configura-
tion at similar times. An example comparison for electrons with || < 0.8 is shown in
Figure 6.16a.

The relative energy scale a; between the MG and HG configurations is then extracted
using the Z — ee events from the standard and special runs, as illustrated in Fig-



Electron and photon energy calibration 115

ure 6.16b.
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Figure 6.16 — (a) Example dielectron invariant mass distributions, one from events collected
in special runs and the other from standard runs, and (b) corresponding energy scale factors
and their statistical uncertainties as a function of || [17].

6.5 In-situ calibration for scale and resolution

A final calibration step, referred to as the in-situ calibration, exploits Z — ee events to
correct any remaining mismatch between data and simulation. A global energy-scale
factor « is extracted in bins of the electron pseudorapidity and applied to data to align
the reconstructed Z-boson mass peak with that observed in the simulation. In the same
procedure, resolution-smearing factors are derived to match the slightly worse energy
resolution observed in data. These smearing terms are applied to the simulation. Both
« and the smearing factor contribute to the total systematic uncertainty on the final elec-
tron and photon energy, with a dependence on 77 and Er.

Accordion scale calibration

After the independent calibration of the Presampler and the L1-L2 relative response, the
overall energy scale of the accordion calorimeter (L1, L2, L3) is determined. This scale
factor, denoted «a,.., accounts for differences between data and simulation that affect
the combined response of the three electromagnetic sampling layers. The calibration is
performed in bins of electron pseudorapidity.

The determination of «,. relies on the global in-situ scale factors extracted from Z — ee
events (see Section 6.5.1). The accordion scale for each # bin is defined through the
relation

4 Edata
gl = B (6.4
l + ‘Xacc
where Efaavf,a is the raw energy reconstructed in the accordion layers. The a,.. values

derived for the individual Run 2 data-taking periods, together with the residual scale
factors from the final closure test, are shown in Figure 6.17. Changes in the a{“ values
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between successive years are mainly due to variations of the LAr temperature and the
instantaneous luminosity. The temperature variations induce changes in the charge/en-
ergy collection, affecting the energy response by about -2%/K. Increases in luminosity
during Run 2 imply that more energy is deposited in the liquid-argon gap, which creates
a higher current in the high-voltage lines, effectively reducing the high voltage applied
to the gap and changing the response by up to 0.1% in the endcap regions, as visible in
Figure 6.17. Given the small size of the observed dependence, dedicated energy scale
corrections for each data-taking year provide adequate stability for the energy measure-
ment.
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Figure 6.17 — Energy scale calibration factors a,.. and &gy as a function of |z| for elec-

trons from Z boson decays. The «, . factors are shown separately for each data-taking year
in Run 2, while the a,. factors are integrated over the full Run 2 data. The bottom panel
shows the difference between a,.. measured in a given data-taking period and the measure-
ments using 2018 data [17].

6.5.1 In-situ measurement of the global energy scale and resolution from Z — ee
events

Once all layer-specific calibration factors (Presampler scale, L1-L2 intercalibration, accor-
dion scale) and the simulation-based calibration are applied, any remaining differences
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between data and simulation are quantified using Z — ee decays. For each electron 7
bin, a global energy-scale factor «; is obtained by fitting the reconstructed di-electron
invariant-mass distribution and aligning the Z peak in data with that in simulation:

data _ EiC

Ef™ = L —. 6.5
! 1+ ; ( )
Accordion energy scale corrections for single electrons, defined as E{“““"" = Ef“/ (1 +
), are related at first order to the di-electron invariant-mass scale factors w;; according
tO acc  acc acc  acc

fi o + f] 14 j
ajj = 5 , (6.6)
where f;°, shown in Figure 6.18, is determined from simulation and represents the frac-
tional sensitivity of the total calibrated electron energy to the energy measured in the
accordion calorimeter for electrons in the # bin i. Since part of the electron energy is
deposited in the presampler (for || < 1.8) and in the scintillators in the barrel-endcap

transition regions (1.4 < || < 1.6), f{“ is expected to be smaller than unity.
R e e e I e B I S R AR b
% - ATLAS Run 2 Simulation E
11 Z ee B

- Electrons, E;=[E "0 =

1:;+ +++ 'M

0.9 i —

; *++++ . ° ;

08? - L] —

- . ,

= * .

0.7j [ -

- . o ]

060 =
0.5F =

- . 3

0.4:\ Il ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1l ‘ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1l ‘ L1 I:

0 02040608 1 121416 18 2 22 24

.ol

calo

Figure 6.18 — Sensitivity of the calibrated electron energy to the energy measured in the ac-
cordion calorimeter, £, as a function of || for electrons from Z-boson decays [17].

The electron energy resolution in the simulation is adjusted with an additional 7-dependent
term c;, applied in quadrature:

(0_(E)>data _ (U(E))MC e 67)

E J; E /i

For a pair of electrons from Z-boson decays falling into the # bins i and j, the miscalibra-
tion of the di-electron invariant mass can be expressed in terms of the global scale factors
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«; and the smearing terms c; as:

d MC o+
(meeata)l.]. = (mee )z] / (1 + ‘Xi]')/ “ij ~ : 2 ]r (6-8)
d MC
(dmee)) . = (U(mee)> ®cji o ® 9. (6.9)
Me ij Mee ij g g 2

The scale factors «; and smearing terms c; are extracted simultaneously by comparing the
invariant-mass distributions for all (i,j) combinations of electron pseudorapidity bins.
The resulting resolution terms are typically below 1% in the barrel and between 1-2% in
the endcaps, as shown in Figure 6.19.
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Figure 6.19 — Energy resolution calibration factors c a function of # for electrons from Z boson
decays. The bottom panel shows the difference between ¢ measured in a given data-taking
period and the measurements using 2018 data [17].

As a final consistency check, the Z-based calibration is repeated after applying all cor-
rections. The resulting residual scale factors aqgi4,q1; are found to be smaller than 10°*
across most of the calorimeter acceptance, except in the barrel-endcap transition region
(1.37 < |57| < 1.52) where TileCal contributes to the energy measurement. These residual
corrections are applied to the reconstructed energy in data.
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After the full calibration chain has been applied, a good agreement is observed between
the invariant-mass distributions of Z — ee events in data and simulation, as illustrated
in Figure 6.20.
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Figure 6.20 — Comparison of the invariant mass distributions of the electron pair in the se-
lected Z — ee candidates in data and simulation, after the calibration and resolution correc-
tions are applied. The total number of events in the simulation is normalized to that in data.
The ratio between data and simulation is shown in the bottom panel, where the uncertainty
band represents the impact of the uncertainties in the calibration and resolution correction
factors [17].

6.5.2 Photon-specific corrections
Photon conversion reconstruction and classification

The photon energy reconstruction is optimised separately for converted and uncon-
verted photons; therefore, differences between data and simulation in the photon clas-
sification rates can induce a bias in the photon energy scale. Misclassifications originate
from inefficiencies in the conversion-finding algorithm and from the incorrect associa-
tion of unconverted photon candidates to pile-up tracks. The classification performance
is measured using photons from radiative Z-boson decays as a function of || and Er.

The associated energy-scale uncertainty is evaluated by reweighting the conversion frac-
tions in simulated single-photon samples to match those observed in data and is defined
as the relative difference in the energy response. For photons with E;r = 60 GeV, the
uncertainty for unconverted photons is about 0.02% in the barrel and 0.02%-0.13% in
the endcaps, while for converted photons it is approximately 0.12% in the barrel and
below 0.01% in the endcaps. At Er = 15 GeV, the uncertainty increases to 0.18% in the
barrel and 0.08%-0.67% in the endcaps for unconverted photons, and to 0.69%-1.31%
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in the barrel and 0.01%-0.1% in the endcaps for converted photons. This systematic
uncertainty is treated as a single source and is assumed to be fully correlated between
converted and unconverted photons.

Out-of-cluster energy leakage mis-modelling

Electrons and photons deposit a fraction of their energy outside the reconstruction clus-
ter, leading to a lateral energy leakage that is on average corrected by the simulation-
based energy calibration. Residual differences between data and simulation are studied
using Z — ee and Z — /({7 events by comparing the energy measured in the second
calorimeter layer within the nominal supercluster to that collected in a larger window.
The leakage observable is evaluated as a function of Et and |7| for electrons, converted
photons, and unconverted photons.

A double-difference observable, v, is defined to quantify the relative discrepancy be-
tween electrons and photons in data and simulation and is used to correct the photon
energy scale. The effect is largest at low Er, reaching values of order —0.3%, and de-
creases with increasing energy, becoming smaller than ~ 0.05% at high Et. The corre-
sponding absolute uncertainties range from 0.01% to 0.07%, depending on the kinematic
region and particle type. Contributions from photon conversion reconstruction and clas-
sification are included and treated as systematic uncertainties. The increased statistical
power of Run 2 data allows an improved modelling of this effect and a significant reduc-
tion of the associated calibration uncertainty compared to previous measurements.

6.5.3 Systematic uncertainties

Several sources of systematic uncertainty affect the energy scale and resolution of elec-
trons and photons, with a dependence on their transverse energy and pseudorapidity.
The Z-based calibration constrains the electron energy scale around the characteristic
transverse momentum of electrons from Z — ee decays (pt ~ 45 GeV). Photons from
H — 77 decays typically have a harder py spectrum, and therefore their associated
uncertainties must be extrapolated beyond the region directly probed by the Z peak,
generally resulting in a larger impact.

Most uncertainties are evaluated separately for converted and unconverted photons.
Converted photons produce showers that more closely resemble those of electrons and
therefore tend to have smaller energy-scale uncertainties. In contrast, unconverted pho-
tons rely entirely on the calorimetric measurement and are more sensitive to imperfect
modelling of the electromagnetic shower development.

The complete systematic-uncertainty model used in the Run 2 electron and photon en-
ergy calibration includes 64 independent variations for electrons and 67 for photons. The
main sources of systematic uncertainty are summarised below:

e In-situ Z — ee calibration: The Z-based calibration fit used to extract the energy
scale and resolution carries systematic uncertainties associated with the measure-
ment itself, such as the event selection and the choice of the fitting range in the m,,
spectrum. The impact is typically below 0.05% across most # regions, but can reach
up to 0.5% in the transition region.
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o LAr layer calibration: The measurements of apg and &y, carry systematic uncertain-
ties arising from the selection of candidate electrons or muons, uncertainties in the
material description, and the choice of the estimators used for (E;), (m,,), and
(E/p). The uncertainty associated with a;, can affect the energy scale by up to
0.2%, while the impact of the presampler scale apg is typically below 0.1%.

* Non-linearity of the LAr readout electronics: The energy reconstruction in the EM calo-
rimeter cells relies on a linear conversion from ADC counts to deposited energy, us-
ing calibration constants obtained from dedicated electronic calibration runs. Since
the relation between injected current and ADC response is not perfectly linear,
residual non-linearities are evaluated cell by cell and used to correct the raw cell
energies. The impact on the reconstructed electron or photon energy is estimated
by re-evaluating the non-linearity corrections for all cells in the cluster and comput-
ing the relative change in the cluster energy. This variation is reparameterised to be
zero for electrons at Er = 40 GeV, where the global scale is anchored. The resulting
uncertainty affects the energy scale by up to 0.4% for low-Ey electrons and photons,
and remains below 0.2% at higher Er.

e Intercalibration of High to Medium Gain: As described in Section 6.4.2, the relative cal-
ibration of the HG and MG readout modes is assumed to be perfect in simulation,
and must therefore be measured directly in data. This is achieved using dedicated
runs in which the MG threshold in the L1 or L2 layers is lowered, ensuring that
the highest-energy cells within electron clusters from Z — ee decays are read out
in MG. By comparing the dielectron invariant-mass distributions in these special
runs with those recorded under nominal gain settings, the uncertainty on the High-
to-Medium gain intercalibration can be extracted for the L1 and L2 EM layers. Its
impact on the energy scale reaches up to 0.1% in the barrel and up to 0.4% in the
endcaps. A corresponding, independent, uncertainty is defined for the transition
between the Medium and Low Gain (LG) readouts, whose impact is non-negligible
only at very high energies (E; > 400 GeV). By isolating the High-to-Medium gain
intercalibration uncertainty from the Medium-to-Low gain intercalibration uncer-
tainty, the calibration fit described in the following Section 6.5.4 constrains the for-
mer more effectively, since it is more relevant in the Et range close to the average
of Z — ee electrons.

* Material modelling: The electron and photon energy response is influenced by the
amount of passive material located upstream of the EM calorimeter. Although the
simulation-based calibration accounts for the material description in the detector
model, discrepancies between the simulated and actual material distribution lead
to differences in the reconstructed energy between data and MC. For electrons
with Er =~ 40 GeV, such differences are largely absorbed by the Z-based calibration;
however, residual biases remain, depending on the particle type and energy. The
uncertainty associated with passive material, parameterised as a function of particle
type, Et and ||, predominantly affects low-E electrons and unconverted photons,
with typical impacts in the range of 0.1-0.2%.

e Photon conversions mismodelling: The simulation-based calibration is optimised sep-
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arately for unconverted photons and converted photons. Differences between data
and simulation in classification rates of converted and unconverted photons gen-
erate biases in the photon energy scale. The conversion rates are measured us-
ing a sample of photons from radiative Z events. The uncertainty in the photon
energy scale is evaluated by reweighting the conversion fractions (corresponding
to the fraction of true photon conversions, photon conversions reconstruction ef-
ficiency, and fraction of reconstructed fake photon conversions) in simulated pho-
tons in single-particle samples to those observed in radiative Z samples in data and
MC. The impact of the bias from the photon conversion fractions is assumed cor-
related among reconstructed converted and unconverted photons, across the full 7
range. However, the magnitude of the uncertainty varies between converted and
unconverted photons and with their || and Eg. For photons with Et = 60 GeV,
the uncertainty is about 0.02%-0.13% for unconverted photons and 0.01%-0.12% for
converted photons, depending on the region. At lower E, these uncertainties in-
crease significantly: for unconverted photons, they can be as large as 0.67%, while
for converted photons they reach up to 1.31%.

The effects of the most significant uncertainties are shown as a function of electron or
photon Ey for two different pseudorapidity values in Figure 6.21.

6.5.4 Energy linearity and constraints on the calibration uncertainties

As a first-order approximation, the energy scales extracted from the in-situ Z — ee cal-
ibration (Section 6.5) are assumed to be valid over the full electron transverse-energy
spectrum. In this approach, the residual difference between data and simulation is ab-
sorbed into 17-dependent scale factors, such that

E% — EMC (1 4y (p)). (6.10)

However, possible non-linear effects in the energy response may induce a residual de-
pendence of the energy scale on the electron transverse energy. To investigate this effect,
the Z — ee invariant-mass fit is repeated in bins of || and Er, and the calibrated energy
is written as

E®® = EMC(1 4 a;(n)) (1 + & (J1], pr)). (6.11)

where «;(17) denotes the nominal 7-dependent scale factors obtained from the inclusive
Z calibration, and a;(\;ﬂ, pr) encodes a residual dependence on the transverse energy.
The index j labels bins in the two-dimensional (|1, Et) space, defined by the boundaries
|| € [0,0.6,1.0,1.37,1.55,1.82,2.47] and Et € [27,33,38,44,50,62,100, /s/2] GeV. An
event is assigned to a given j category if at least one of the two electrons falls into the
corresponding bin.

The residual scale factors zx;(|17|, E1) can be interpreted as a probe of non-linear effects
in the energy response, which are not fully constrained by the inclusive Z calibration.
These effects are modelled by parametrising &’ as a linear combination of the energy-



Electron and photon energy calibration

123

> 0.006 T
kS [ — Total uncertainty —— ADC linearity 1
g [ Z - ee calib. L2 gain (MG/HG) ]
$ 0.004 — -+ Mat. ID to PS .
. L ---- Pile-up shift ---- Mat. PS to Calo 4
5 il
© il
g 0.002 B
@
2 il
=) B
]
< i
w =
-0.002 -
ATLAS (s = 13 TeV ]
-0.0041— Ejectrons, Inl= ]
‘\‘H\H‘MH\H“HH‘MH‘HH‘
60 80 100 120 140 160 180 200
E:[GeV]
(@)
2 0.006 e
c [ —Total uncertainty — ADC linearity — Shower width model. ]
g L Z - ee calib. L2 gain (MG/HG) - -Conversion reco., class. _|
@ 0.004(— s ---Mat. ID to PS —
2 L o—a, ---Mat. PS to Calo 4
5 il
® [ -
8 0.002 - i
@
2 il
3 il
TN 0] - SRRSO —
c
w
-0.002 |/ .
ATLAS s =13 TeV ]
-0.004 1~ ynconverted photons, |n| = ]
‘\‘H\‘HMHMHH‘MHMH‘HH‘
60 80 100 120 140 160 180 200
E; [GeV]
(c)
> 0.006 T L e o o e I B e o N B
c C 1 — Total uncertainty Lateral leakage, photon ]
S L Z - ee calib. - Conversion reco., class. i
o} 0.004+— — ADC linearity -- Conversion reco., radius —
e L L2 gain (MG/HG) N
S L il
o L il
I 0.002? —
4 il
> z
3 e g SRR T v |
] [ T PSS
< LT i
o Lo =
-0.002— —
[ ATLAS |s=13TeV ]
-0.004[~ Converted photons Inl = -
] T T T T T VI I AV

20 40 60 80 100 120 140 160 180 200

E;[Gev]

(e)

Energy scale uncertainty Energy scale uncertainty

Energy scale uncertainty

0.012,"""IH"‘H_H_w““k‘w‘wm
L — Total uncertainty Lateral leakage, electron ]
001 7. ee calb. -
E & B
0.008 L1'gain (MG/HG) 3
0.006 f
0.004 =
0.002F =
o)== =
—0.002% —
-0.004 [ =
-0.006F ATLAS Vs=13 TeV =
-0.008 Flectr?ns |p| ‘ ‘ ‘ ‘ =
60 80 100 120 140 160 180 200
E.[GeV]
(b)
0.012 T e e e
E  — Total uncertainty -+~ Conversion reco., class. 3
0-01; Z - ee calib. -
S B
0.008 E Lﬁain (MG/HG) =
0.006 w
0.004 =
0.002 =
-0.006 EATLAS Vs=13TeV é
_0.008 = Unconverted photons, |n| = IS
. nm”m”m”m”m”H“Hm”m”
60 80 100 120 140 160 180 200
E.[GeV]
(d)
.02
E — Total uncertainty — ID mat. — Shower width model.
£ Z - eecalb. -.-Mat.IDtoPS Lateral leakage, photon

E,/E, model. (electron) ---Lateral leakage, electron

ay,
L1 gain (MG/HG) ---Conversion reco., radius

ATLAS Vs=13TeV
Converted photons, |r]|

100 120 140 160 180 200
E;[Gev]

®

Figure 6.21 — Relative energy scale calibration uncertainty for electrons, unconverted pho-
tons, and converted photons, as a function of Et for || = 0.3 (left) and || = 2.1 (right) [17].

scale systematic uncertainties:

«'(|n|, E) =

Y 6 (Inl, Ex) by,

(6.12)

where 6, (|77, Er) represents the variation associated with the k-th energy-scale system-
atic uncertainty as a function of pseudorapidity and transverse energy, and 6, are nui-
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sance parameters constrained by standard Gaussian priors.
The parameters ) are determined through a x> minimisation comparing the model pre-
diction to the a’ values measured in data:

N . ) . Noys
SIS [a”(e) - oc”} v [ (@) } 2 62, (6.13)
)
where the indices i and j run over the (|57, Er) bins, and V}; is the covariance matrix of

the measured «’ values.

This linearity-fit approach provides a data-driven constraint on the energy-scale system-
atic uncertainties as a function of transverse energy, leading to a significant improvement
in the precision of the electron and photon energy calibration and, consequently, of the
Higgs boson mass measurement as discussed in the next Chapter 7.

A fit to the di-electron invariant mass distribution is performed to extract the a;- values

that best align data and simulation. The resulting zx]'» coefficients are shown in Figure 6.22.
These results reveal a clear residual Et dependence of the energy scale, measured with
a precision better than 0.03% (rising to about 0.3% in the transition region). The preci-
sion on the oc} parameters is superior to that of the #-dependent scales «; derived earlier
far from 45 GeV. As a consequence, the linearity fit provides an additional and power-
ful constraint on the systematic uncertainties affecting the energy scale across the full
Et spectrum. While the Et behaviour of these uncertainties can be estimated from sim-
ulation (by evaluating the sensitivity of the reconstructed energy to each uncertainty
source), the linearity fit delivers direct data-driven constraints in several Et regions,
rather than only at E; ~ 40 GeV, characteristic of electrons from Z decays.

The impact of this fit on the total scale uncertainty is illustrated in Figure 6.22, which
compares the pre-fit (outer band) and post-fit (inner band) uncertainty envelopes. The
linearity fit reduces the systematic uncertainty on the energy scale by up to a factor of
two for E; < 50 GeV and by up to a factor of three around Et =~ 150 GeV. As shown
in Figure 6.23, this reduction is mainly driven by the nuisance parameters associated
with cell-level non-linearity (ADC corrections and the HG/ MG transition) and shower
development (lateral leakage and shower width). Most other nuisance parameters are
typically constrained at the level of 5-10%. The output of the fit consists of pulled, con-
strained, and correlated systematic uncertainties.

The detailed impact on the electron energy scale uncertainty for electrons is shown in
Figure 6.24a as a function of Ey and |7|. As expected, the precision for electrons with
Er ~ 40 GeV remains essentially unchanged: these electrons, produced abundantly
in on-shell Z decays, are already tightly constrained by the in-situ calibration of the
accordion scales and by the #-dependent residual scale factors. In contrast, uncertainties
for electrons with Er = 10 GeV or Et = 1 TeV are typically reduced by 30-50%, reaching
0.2-0.3% for |n| < 1and || > 1.8, and between 0.5% and 1% in the region 1 < || < 1.8.
The corresponding impact on photon calibration uncertainties is shown in Figure 6.24b
for converted and unconverted photons at Er = 60 GeV, representative of photons from
Higgs boson decays. For converted photons—whose shower development closely re-
sembles that of electrons—the improvement from the linearity fit is modest for this en-
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Figure 6.22 - Comparison of the measured values of &’ from Z — ee events (black dots) with
the results extracted from the linearity fit, including their corresponding uncertainty band.
The pre-fit value of a’ (namely, &' = 0 before the linearity constraint) and its associated un-
certainty are also displayed. Additionally, the measured values of &’ from J/¢ — ee events,
used as a cross-check for the linearity model in the low-Et region, are shown (open dots) [17].

ergy. For unconverted photons, however, the total energy-scale uncertainty is typically
reduced by about 30% in the barrel and by up to a factor of two in the endcap region.

The auxiliary constraints and the correlations of the systematic uncertainties obtained
from the linearity fit are propagated to the Higgs boson mass measurement in the H —
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Figure 6.23 — Shifts and constraints on the nuisance parameters of the systematic uncertainty
model from the energy linearity fit. A digit after the Nuisance Parameter (NP) name repre-
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Figure 6.24 — Total relative systematic uncertainty in the energy scale as a function of |7| for
electrons with E; = 10 GeV, 40 GeV or 1 TeV (left) photons with Et = 60 GeV, after the
constraints from the linearity fit. The bottom panels show the ratio of the post-fit to pre-fit
uncertainties [17].
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77 channel, as described in Chapter 7. This improved modelling of the energy-scale
uncertainties is one of the main reasons why the final Higgs boson mass result achieves
such a high level of precision.

6.6 Energy calibration validation

The J /¥ resonance provides an independent check of the energy calibration for electrons
with transverse energy in the range from 5 to 30 GeV. The full calibration procedure is
applied to a sample of [/Y — ee events and the difference between data and simulation
for [/Y — ee events is then quantified using residual energy scale factors extracted
from the peak positions of the reconstructed invariant mass. If the energy calibration
is correct, the residual energy scale factors should be consistent with zero within the
combined uncertainties of the [/Y — ee measurement and the systematic uncertainty of
the energy calibration. The evolution of the scale & is shown in Figure 6.25 as a function
of (a) # and (b) Et, before and after including the constraints from the linearity fit. The
residual post-fit scale factors are below 0.5% and are compatible with zero within the
total calibration uncertainty.
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Figure 6.25 — Variation of the residual energy scale as a function of (a) # and (b) Et, as mea-
sured with [/¥ — ee events. The data points and uncertainty bands are shown for both
the pre- and post-linearity-fit energy scale models. The uncertainty bands correspond to the
energy calibration uncertainty for the energy range of the J/Y — ee decays [17].

A further validation of the energy calibration is performed using radiative Z boson de-
cays Z — {lvy, with £ = e,y and a photon from the final-state radiation. The pho-
ton energy scale is probed by comparing the three-body invariant mass (m,,) in data
and simulation. The inclusive residual photon energy scale factors are measured to be
(33+2.0) x 10 % and (1.4+1.1) x 10 2 in the Z — eey and Z — pp~y samples, re-
spectively. The residual scales measured in the two channels agree within one standard
deviation.

The dependence of a on the energy and pseudorapidity of the photon is illustrated in
Figure 6.26, separately for converted photons and unconverted photons. The residual
photon energy scales are compared with the total energy calibration uncertainty for pho-
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tons from Z — ¢{-y decays, before and after including the constraints from the linearity
fit.
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Figure 6.26 — Variation of the residual energy scale for (a, b) unconverted and (c, d) converted
photons as a function of (a, ¢) || and (b, d) Er, as measured with Z — ¢{-y events. The data
points and uncertainty bands are shown for both the pre-and post-linearity-fit energy scale
models. The uncertainty bands correspond to the energy calibration uncertainty for photons
from Z — £{y decays [17].
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the H — << channel in Run 2

This Chapter presents the measurement of the Higgs boson mass in the diphoton decay
channel, using pp collision data recorded by the ATLAS detector during the full Run 2
data-taking period at a centre-of-mass energy of \/s = 13 TeV, corresponding to a total
integrated luminosity of 140 bt [14].

Following the announcement by the ATLAS [113] and CMS [114] collaborations in 2012
of the observation of a new particle compatible with the SM Higgs boson, the precise
determination of its properties—most notably its mass, my—has become of primary
importance for improving our understanding of the fundamental laws of the Universe.

As already discussed in Section 1.2, the Higgs boson is a massive scalar particle whose
existence is implied by the Higgs mechanism, proposed in 1964 by Higgs [6], and by
Englert and Brout [7]. The introduction of this mechanism in the SM is essential for
generating the mass terms of all massive elementary particles without explicitly break-
ing the gauge symmetries of the SM Lagrangian. The Higgs mass enters the theory as
a free parameter; since the Higgs production cross-sections and decay branching ratios
are fully specified only once my; is fixed (see Figures 4.3 and 4.4), a precise experimental
determination of my is required to evaluate the consistency of its couplings to all other
particles.

Secondly, the measured value of my; is a key input to global fits of electroweak observ-
ables [11]. Its precise determination therefore plays an important role in testing the in-
ternal consistency of the SM, especially through the interplay between the masses of the
top quark and the W and Higgs bosons.

Finally, the stability of the electroweak vacuum is strongly dependent on the value of
the Higgs mass [12]. By measuring mp, one can infer whether the Universe resides in
a global and thus stable minimum of the Higgs potential, or in a local, metastable one
from which it could, in principle, tunnel to the true ground state in the future.

Section 4.4 provided an overview of the Higgs boson mass measurements in the two
high-resolution decay channels, H — ¢y and H — ZZ" — 4/, performed by both
the ATLAS and CMS Collaborations during Run 1. The dataset consisted of 25 fo!
of pp collisions at centre-of-mass energies of \/s = 7 and 8 TeV. The combined Run 1
measurement in the two channels and across the two experiments yielded the following
result [13]:

my; = 125.09 +0.21 (stat.) £ 0.11 (syst.) GeV = 125.09 4 0.24 GeV, 7.1)
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which has since been regarded as the nominal value of my; within the HEP community.
The results obtained from the individual channels and experiments in Run 1, as well as
from their combination, are summarised in Figure 4.9.

Updated Run 2 measurements were also performed in both channels by the two exper-
iments, using pp collision data at /s = 13 TeV collected between 2015 and 2018. In
2018, using both the H — ZZ* — 4¢ and H — -7y decays selected in a partial Run 2
dataset (36 fb~ ' of pp collisions recorded before 2017), the ATLAS Collaboration mea-
sured mpy = 124.86 + 0.27 GeV [15]. Using a dataset of equivalent size and the same two
final states, the CMS Collaboration obtained my = 125.46 £ 0.16 GeV [154], whose com-
bination with the Run 1 yielded the most precise determination of m to date (prior to
the publication of the analysis summarised in this Chapter [14]), achieving a relative un-
certainty of 0.11%: my = 125.38 +0.14 GeV. CMS measurements in the diphoton [154]
and four-lepton [155] final states, and their combination using Run 1 and Run 2 data, are
shown in Figure 7.1a. More recently, in 2024, a measurement in the four-lepton chan-
nel using the full Run 2 dataset corresponding to an integrated luminosity of 138 !
reported my = 125.04 + 0.12 GeV: the various channels, the Run 1, the Run 2 and the
combination results are reported in Figure 7.1b.

CMS CMS

Run 1: 5.1 b (7 Tev) + 19.7 fb (8 Tev) —— Total Stat. Only Run 2: 138 fb™ (13 TeV) — Total Stat. Only
2016:35.9 b (13 TeV) Run 1 5.1 fb (7 Tev) + 19.7 fb (8 TeV)
Total (Stat. Only) Total (Stat. Only)
Run1H -y —_ 124.70 £ 0.34 (+031) GeV 4 = 12490335 () Gev
Run1H- 7z 4l ——— 12550+ 0.46 (+0.42) GeV se —— 124.70155° () GeV
Run 1 Combined 125.07 + 0.28 ( + 0.26) GeV 2e2n = 125.50 :?2257 (:f-:f) GeV
2016 H ~yy Me=h 125.78£026 (+0.18) GeV 2u2e == 125.20 757 (7)) GeV
2016 H. 7 4l .—-—|~ 125.26 + 0.21 ( + 0.19) GeV Run 2 - 125.04 0.7 (f[:’llli) GeV
2016 Combined T 125.46 £ 0.16 (+ 0.13) GeV Run 1 ——  125.60 % (5 GeV
Run 1 + 2016 5 125.38 + 0.14 ( + 0.11) GeV Run 1+Run2 ] 125.08 5,7 (f;ilno) Gev
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Figure 7.1 — (a) A summary of the measured Higgs boson mass in the H — <9 and
H— ZZ" - 4 decay channels, and for the combination of the two [154]. The statistical
(wider, yellow-shaded bands), and total (black error bars) uncertainties are indicated. The
(red) vertical line and corresponding (grey) shaded column indicate the central value and the
total uncertainty of the Run 1 + 2016 combined measurement, respectively. (b) Summary of
the observed CMS Higgs boson mass measurements using the four-lepton final state [155].
The red vertical line and the grey column represent the best fit value and the total uncertainty
respectively as measured from the Run 1 and Run 2 combination.

ATLAS released an updated measurement of my using H — ZZ* — 4{ decays in
the full Run 2 dataset [15], consisting of 139 o' of pp collisions. The result, my =
124.99 £ 0.19 GeV, combined with that of the corresponding Run 1 analysis, yields a
single-channel Higgs boson mass measurement with a total uncertainty of 0.14%, my =
124.94 £ 0.18 GeV. The Run 2 4/ analysis will be briefly described in Section 8.1 in the
context of the ATLAS Run 2 legacy mass combination.
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The analysis presented in this Chapter benefits from the larger data sample of 140 b, a
new photon reconstruction algorithm with improved energy resolution (see Section 5.1
and Ref. [16]), an improved determination of the photon energy scale with reduced un-
certainties (see Section 6.5.4 and Ref. [17]), and an optimised event classification strategy.
A description of the dataset, as well as all the simulated samples for the signal, back-
ground, and interference processes used in the H — < analysis, is provided in Sec-
tion 7.1. The definition of the physics objects and the event selection requirements aimed
at selecting events containing a pair of good-quality photons are summarised in Sec-
tion 7.2. To optimise the analysis sensitivity and the measurement precision, the events
are further classified into 14 exclusive categories; the optimisation studies and the fi-
nal categorisation are presented in Section 7.3. The modelling of the diphoton invari-
ant mass spectrum for the signal and background processes is described in Section 7.4
and Section 7.5, respectively. Section 7.6 details all sources of systematic uncertain-
ties—dominated by those associated with the electromagnetic energy calibration—and
explains how they affect the analysis results. All these ingredients are combined to con-
struct the statistical model, described in Section 7.7. The expected and observed results
of the Higgs boson mass measurement in the H — < channel are presented in Sec-
tion 7.8. Finally, a combination with the ATLAS Run 1 measurement [13] is performed
and presented in Section 7.9.

7.1 Data and simulation samples

7.1.1 Data

The measurement was performed using the full Run 2 pp dataset collected by ATLAS at
/s = 13 TeV from 2015 to 2018, corresponding to a total integrated luminosity of 140.1 +
1.2 fb~ 1 [73, 150] after the application of data-quality requirements. A breakdown of the
delivered luminosity by year, together with the corresponding uncertainties, is provided
in Table 7.1.

L _ Uncertainty
Y L ! -
ear uminosity [fb~] Absolute [fb 1] Relative [%]
2015+2016 36.6 0.3 0.8
2017 44.6 0.5 1.1
2018 58.8 0.6 1.1
Total 140.1 1.2 0.8

Table 7.1 - Breakdown of the integrated luminosities per year with their absolute and relative
uncertainties.

Events were recorded using unprescaled diphoton and single-photon triggers [139]. The
diphoton triggers had transverse-momentum thresholds of 35 GeV and 25 GeV on the
leading and subleading photon candidates, respectively, while the single-photon trigger
thresholds were 120 GeV (2015-2016) and 140 GeV (2017-2018). Shower-shape require-
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ments looser than those used in the offline analysis were applied to photon candidates
at the trigger level.

Data are required to satisfy the Good Run List (GRL) conditions: they must correspond
to luminosity blocks in which all subdetectors relevant for the analysis were fully oper-
ational. Events exhibiting calorimeter data-integrity errors, as well as incomplete events
with missing detector information, are removed.

7.1.2 Simulation samples

Monte Carlo (MC) samples are datasets of simulated events widely used for physics
analyses in ATLAS. In this analysis, they are used to optimise the event selection, to
model the detector response, to choose an analytic function describing the diphoton
mass distribution, and to estimate the reconstruction efficiency in each analysis region.
The signal samples, as well as most of the background processes discussed in this sec-
tion, were processed through the full ATLAS detector simulation software [157], based
on GEANT4 [153].

The simulation involves several stages. The first step, performed by an event generator,
consists of producing the physics event, including the hard-scattering interaction, par-
ton showering (with the underlying event), hadronisation, and the decays of unstable
particles. In the next step, the interaction of particles with matter, pileup effects, and the
detector response are simulated in detail using GEANT4. A digitization step converts
the output in a format identical to that of the real detector data-acquisition system, al-
lowing both real and simulated events to be processed by the same ATLAS trigger and
reconstruction chains.

The QCD diphoton background samples were instead produced using fast simula-
tion [158], based on an effective parametrisation of the detector response, enabling a
much larger number of events to be generated with reduced computing resources.

Signal samples

Signal samples were produced for the main Higgs boson production modes (described
in Section 4.1): gluon-gluon fusion (ggF), vector-boson fusion (VBF), and associated pro-
duction with a vector boson (VH, V = W, Z), a top-quark pair (tfH), a bottom-quark
pair (bbH) or a single top quark (tH).

Signal event samples were produced with either the POWHEG-BOX [159] or (for tH only)
MADGRAPH5_AMC@NLO [160] event generator, using matrix element calculations at
the highest available order of accuracy in the strong coupling constant a:

* The ggF is generated at next-to-next-to-leading order (NNLO) precision in QCD
with the POWHEG-BOX NNLOPS generator [161], which implements soft gluons re-
summation up to next-to-next-to-logarithmic order (NNLL), using the PDFALHC15
parton distribution function [162], interfaced to PYTHIA 8 [163] for hadronization
and underlying event, tuned with the AZNLO parameter set [164]. This sample is
then normalized to the latest N°LO (QCD) + NLO (EW) cross section [165].

e The VBF, VH, tfH, bbH are produced with POWHEG-BOX [159] at NLO precision
in QCD and interfaced with PYTHIA 8 [163] tuned with AZNLO parameters set for
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hadronization and underlying event. Then the samples are normalized to the latest
NNLO ( QCD) + NLO (EW) cross sections [106], except the tH production which
is normalized at NLO ( QCD) + NLO (EW).

e The tH production is generated with MADGRAPH5_AMC@NLO [160] at NLO pre-
cision in QCD, interfaced with PYTHIA 8 [163] tuned with the A14 parameter set
for hadronization and underlying event.

In the analysis the samples are normalised to the integrated luminosity of the data, us-
ing state-of-the-art SM calculations for the Higgs boson production cross-sections and
branching ratios at the hypothesised Higgs boson mass [106]. In particular, the nomi-
nal signal samples were generated assuming a Higgs boson mass of 125 GeV. The Higgs
boson width I'y; in all signal samples was set to the SM prediction for my = 125 GeV,
I'y = 4.07 MeV [106], which is negligible compared to the experimental resolution on
the diphoton invariant mass. The normalisation takes also into account the H — 7y
branching ratio of 2.27 x 1072 [106].

The first part of Table 7.2 summarises the nominal signal samples used in the analysis.
The cross-section values at /s = 13 TeV for my; = 125.0 GeV are reported in Table 4.1.

Process Generator Showering PDF set Order (QCD + EW)  Events [M]
ggF POWHEG NNLOPS PyTHIA 8  PDF4LHCI15 N°LO + NLO 18.3
VBF POWHEG-BOX PyTHIA8 PDF4LHC15 NNLO + NLO 7.00

WTH POWHEG-BOX PytHIA8 PDF4LHC15 NNLO + NLO 3.65
W H POWHEG-BOX PyTHIA8 PDF4LHC15 NNLO + NLO 3.65
qq9 — ZH POWHEG-BOX PyTHIA8 PDF4LHC15 NNLO + NLO 7.05
g9 —ZH POWHEG-BOX PyTHIA 8 PDF4LHC15 NNLO 0.75
ttH POWHEG-BOX PytHIA8 PDF4LHC15 NLO + NLO 7.80
bbH POWHEG-BOX PyTHIA8 PDF4LHC15 NNLO 0.40
tHW MADGRAPH5_AMC@NLO PYTHIA 8 NNPDEF3.0 NLO 0.21
tHbj MADGRAPH5_AMC@NLO PYTHIA 8 NNPDF3.0 NLO 0.40
vy +0,1,2,3j SHERPA SHERPA CT10 0,1 @ NLO; 2,3@LO 720
gg interf. SHERPA SHERPA NNPDF3.0 NLO 33.5
qg interf. SHERPA SHERPA NNPDF3.0 LO 34.7

Table 7.2 — Summary of the event generators and PDF sets used to model the signal, back-
ground and interference processes in the analysis. The “Events” column indicates the number
of generated events (in millions). The order of the cross-section calculation used for normal-
isation is given in each case, together with the corresponding value; when two orders are
listed, the first refers to the QCD calculation and the second to the electroweak corrections.
The calculation order is omitted for the main background processes, as their normalisation is

determined from fits to data.

Additional signal samples have been generated and fully simulated with m; values dif-
ferent from 125 GeV, in order to parametrise the variations in the signal shape and yields
as functions of mp (see Section 7.4). For each signal process listed in Table 7.2 (except for
bbH), samples with my = 110,122,123,124,126,127,130, and 140 GeV were produced
using the same generator, PDF set, and tunes, but with reduced MC statistics. These
samples are also normalised to the H — <<y branching ratios and cross sections corre-
sponding to their respective my; values, as reported in Ref. [106].
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Background samples

The irreducible non-resonant background pp — 7 + n partons (n > 0) was also sim-
ulated using the SHERPA 2.2.4 event generator [166], which provides matrix-element
calculations at NLO accuracy for vy + 0,1 jet and at LO accuracy for vy + 2,3 jets. The
generation phase space is restricted so that only events in the Higgs mass region are pro-
duced, with m,, € [90,175] GeV. Owing to the large size of this sample, the pp — 77
simulation was processed using the fast simulation of the ATLAS detector [155], based
on a parametrisation of the calorimeter response. Since the diphoton background is
estimated from the sidebands of the diphoton invariant-mass distribution in data, the
simulated background is used only to select the background model, to evaluate the as-
sociated systematic uncertainty, and for this purpose the fast simulation is sufficiently
accurate. This sample is listed in the third-to-last row of Table 7.2.

Interference samples

The effect of interference between the g¢ — H — vy signal and the g¢ — 7 con-
tinuum background and between q¢ — H — 77 and g¢ — 77 is not included in
the simulated event samples used to study the nominal signal model. The effect of in-
terference between resonant signal production and non-resonant background diphoton
production is studied using samples of simulated diphoton events including contribu-
tions from both processes (produced by either the gg or gqg partonic channels) and their
interference. The accuracy of the calculations is NLO for the gg-interference and LO for
the gg-interference samples. The events were generated using SHERPA 2.2.11 and passed
through the GEANT4 detector simulation. The interference events are generated with
my = 125GeV and I'y; = 4.07 MeV.

7.2 Event selection

In order to reduce the background contamination from y-jet and di-jet processes and to
increase the significance of the Higgs boson signal, several requirements are applied to
find two good-quality photons.

7.2.1 Triggers and photons preselection

Events must pass the HLT triggers HLT_g35_loose_g25_loose in 2015-2016 data and
HLT_g35_medium_g25_medium_L12EM20VH for the 2017-2018 data, respectively. These trig-
gers require the presence of two reconstructed photons with Eg greater than 35 GeV
(leading) and 25 GeV (subleading), passing the loose or medium identification criteria at
the trigger level. Additionally, events may also be selected by the HLT_g120_loose (for
2015-2016 data) and HLT_g140_loose (for 2017-2018 data) triggers, which require a sin-
gle loose photon with E larger than 120 GeV or 140 GeV, respectively. The single-photon
triggers recover approximately 3% of the signal efficiency in the very high—p? phase
space (> 300 GeV), where the photons can become collimated.
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At least one primary vertex, as described in the next Section 7.2.2, is required to be re-
constructed in the event.

Offline photon candidates are reconstructed from dynamic, variable-size clusters (“su-
perclusters”), as described in Section 5.1. The photon energy is determined from the
signals arising from energy deposits in the electromagnetic calorimeter, after applying
the calibration scheme detailed in Chapter 6.

From the list of photon candidates in events with optimal detector conditions, at least
two photons are required to pass the loose identification criteria, based on shower shapes
variables as defined in Section 5.1.5. The loose photons are pre-selected requiring for
pr > 25 GeV in the |5g,| < 2.37 region, vetoing the transition region between 1.37 <
50| < 1.52, where 7, is the pseudorapidity of the barycentre of the EM cluster in the
second layer of the EM calorimeter. The two loose photons in the event with the highest
pr define the Higgs boson candidate.

7.2.2 Diphoton primary vertex

The photon direction is calculated from the positions of the supercluster and the pp
collision vertex, which is selected from among the reconstructed primary-vertex candi-
dates by a dedicated Neural Network (NN) algorithm [167]. Unlike most other ATLAS
physics analyses, which use the vertex with the largest scalar ) pgf of the tracks associ-
ated with it, the diphoton analysis uses the so-called “diphoton primary vertex”. Since
unconverted (and in many cases also converted) photons do not leave tracks in the ID
coming from a primary vertex, the hardest-vertex criterion is generally suboptimal for
identifying the correct interaction vertex in diphoton events, particularly for Higgs pro-
duction modes with little additional activity in the final state, such as ggF.

For this reason, a NN is employed to assign a score to each vertex reconstructed by
ATLAS during a bunch crossing, and the vertex with the highest score is selected. This
choice is crucial, as it ensures that the contribution of the diphoton opening-angle res-
olution remains subdominant compared with the photon energy resolution in the un-
certainty on m,, (see Equation (7.3)). As can be seen in Figure 7.2, the choice of the
diphoton primary vertex leads to a 10% gain in the resolution of the reconstructed m.,., .
The NN is trained on ggF signal samples and combines information from the directions
of the preselected photons—exploiting the longitudinal segmentation of the EM Calori-
meter—as well as track-related quantities. The following variables are used as inputs to
the NN:

o ) p%: the scalar sum of the squared transverse momenta of the tracks associated
with the vertex;

® Y pr: the scalar sum of the transverse momenta of the tracks associated with the
vertex;

e Az: defined as (z — z
mary vertex, Z.ommon
photon trajectories with a constraint from the beam-spot position, and z
associated uncertainty;

common )/ Zerror» Where z is the position of the candidate pri-
is the weighted mean of the intersections of the extrapolated
is the

error
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Figure 7.2 — Diphoton invariant mass distributions for the simulated ggF signal events that
pass the full analysis selection described in this Section when the selected Primary Vertex
(PV) is the nominal ATLAS vertex (“Hard vtx”, orange) compared to the diphoton primary
vertex (“ NN vtx”, blue).

* AD: the azimuthal angle between the diphoton system and the vector sum of the
tracks associated with the vertex.

Two NNs are trained: one for unconverted-photon pairs and one for pairs containing
at least one converted photon. The NN generally outperforms the standard “hardest-
vertex” requirement: in ggF simulated events, it selects a vertex within 0.3 mm of the
true one with an efficiency of 79%, compared with 56% for the hardest-vertex criterion.
For the other production modes, this efficiency ranges between 84% and 97%. In ttH
events, however, the NN efficiency is slightly lower (98% instead of nearly 100%) than
that of the hardest-vertex requirement. This difference is negligible for the H — <y mass
measurement.

The extracted vertex is then used to update the diphoton kinematics: a straight line
between the PV and the centre of the associated cluster in the first layer of the EM ca-
lorimeter is used to recompute 7. The p used for the kinematic selections and for the
invariant-mass calculation incorporates this updated #. In addition, the kinematic vari-
ables of all other reconstructed objects are re-evaluated, which is particularly important

for the particle-flow jets and for the computation of EF"™*®.

7.2.3 Diphoton event selection

On top of the trigger and data-quality requirements, and following the diphoton pre-
selections described in Section 7.2.1, the two highest-pr preselected photon candidates
are further required to pass the tight identification and to satisfy the FixedCutLoose iso-
lation criteria, in order to suppress candidates originating from neutral meson decays to
photon pairs. The FixedCutLoose isolation requirement is based on the calorimeter and
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track isolation variables within a cone of AR = 0.2, as described in Section 5.1.7:
ES™? < 0,065 x Ep and  p$%°/E; < 0.05 (7.2)

where only tracks associated with the diphoton primary vertex are included in the iso-
lation calculation excluding the y ones. Events with two photons passing these require-
ments are selected; events with fewer than two tight and isolated photons are rejected.
The leading and subleading photons are required to satisfy pr/m.,, > 0.35and py/m.., >

0.25, respectively, where the diphoton invariant mass m,,,, is defined as

My = \/2E1E; (1 - cos), (7.3)

and m.,,, must lie within the window 105 < m, . < 160 GeV. Here, E; and E, are the pho-
ton energies, and 6 is the opening angle between them. About 1.2 million events in the
data pass the selection. The expected efficiency for the signal for my = 125 GeV is close
to 36%, leading to an expected signal yield of about 6200 events. Table 7.3 and Table 7.4
present the cutflow on the data, starting from all recorded events in the PhysicsMain data
stream. The signal MC cutflow tables in the various production modes at my = 125 GeV

are reported in Tables 7.5 to 7.9.

Data 2015 \ 2016

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 26684848 100.00 - 221203568 100.00 -
No duplicates 26684804 100.00 100.00 221202752 100.00 100.00
GRL 26074042 97.71 97.71 216177280 97.73 97.73
Pass trigger 25823596 96.77 99.04 208625440 94.31 96.51
Detector DQ 25821060 96.76 99.99 208619504 94.31 100.00
Has PV 25820984 96.76 100.00 208619472 94.31 100.00
2 loose photons 3631912 13.61 14.07 36630884 16.56 17.56
e — 7y ambiguity 3631912 13.61 100.00 36544356 16.52 99.76
Trigger match 2673716 10.02 73.62 27438996 12.40 75.08
tight ID 377084 1.41 14.10 3688486 1.67 13.44
isolation 151529 0.57 40.18 1465149 0.66 39.72
rel. pr cuts 131470 0.49 86.76 1272148 0.58 86.83
My € [105,160}GeV 28815 0.11 21.92 283574 0.13 22.29

Table 7.3 — Data cutflow in 2015 and 2016.

7.3 Event categorisation

The events passing the selections detailed in Section 7.2 are further classified into re-
constructed categories with different signal-to-background ratios, invariant-mass reso-
lutions, and systematic uncertainties. Section 7.3.1 summarises the categorisation strate-
gies used in the diphoton Run 1 [117] and partial Run 2 (36 b h analyses [15]. The
studies that led to the development of the new categorisation for the full Run 2 mass
analysis described in this Chapter are reported in Section 7.3.2.

The optimal categorisation for the mass analysis is determined from the interplay among
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Data 2017 ‘ 2018

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 213511216 100.00 - 268678272 100.00 -
No duplicates 213511200 100.00 100.00 268678272 100.00 100.00
GRL 207136448 97.01 97.01 265452832 98.80 98.80
Pass trigger 185083728 86.69 89.35 | 239147856 89.01 90.09
Detector DQ 185054400 86.67 99.98 239135328 89.00 99.99
Has PV 185054400 86.67 100.00 239135328 89.00 100.00
2 loose photons 21977888 10.29 11.88 28518826 10.61 11.93
e — vy ambiguity 21977888 10.29 100.00 28518826 10.61 100.00
Trigger match 13448414 6.30 61.19 18754206 6.98 65.76
tight ID 4624978 217 34.39 6411022 2.39 34.18
isolation 1852965 0.87 40.06 2486112 0.93 38.78
rel. pr cuts 1606794 0.75 86.71 2157460 0.80 86.78
Moy € [105,160]GeV 370862 0.17 23.08 497558 0.19 23.06

Table 7.4 — Data cutflow in 2017 and 2018.

Production mode ggF | VBF

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 10476.96 68.45 - 1260.52 100.00 -
No duplicates 15305.66 100.00 146.09 1192.09 94.57 94.57
GRL 15305.66 100.00 100.00 1192.09 94.57 100.00
Pass trigger 9993.18 65.29 65.29 833.10 66.09 69.89
Detector DQ 9993.18 65.29 100.00 833.10 66.09 100.00
Has PV 9993.18 65.29 100.00 833.10 66.09 100.00
2 loose photons 8180.27 53.45 81.86 656.10 52.05 78.75
e — 7y ambiguity 8175.61 53.42 99.94 655.73 52.02 99.94
Trigger match 7531.01 49.20 92.12 606.44 48.11 92.48
tight ID 6653.69 43.47 88.35 533.02 42.29 87.89
isolation 5856.73 38.27 88.02 475.27 37.70 89.16
rel. pr cuts 5436.53 35.52 92.83 428.05 33.96 90.07
Mo, € [105,160]GeV 5435.20 35.51 99.98 427.51 33.92 99.87

Table 7.5 - Signal cutflow for the H — 7y decay considering the ggF and VBF processes.

Production mode W™ H ‘ wtH

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 177.42 100.00 - 280.90 100.00 -
No duplicates 167.60 94.47 94.47 264.35 94.11 94.11
GRL 167.60 94.47 100.00 264.35 94.11 100.00
Pass trigger 114.00 64.26 68.02 166.65 59.33 63.04
Detector DQ 114.00 64.26 100.00 166.65 59.33 100.00
Has PV 114.00 64.26 100.00 166.65 59.33 100.00
2 loose photons 87.23 49.17 76.52 123.59 44.00 74.16
e — v ambiguity 87.18 49.14 99.95 123.52 43.97 99.95
Trigger match 80.39 45.31 92.21 114.24 40.67 92.48
tight ID 70.46 39.71 87.64 99.90 35.56 87.45
isolation 61.21 34.50 86.87 86.77 30.89 86.86
rel. py cuts 55.56 31.31 90.77 78.83 28.06 90.85
My € [105,160]GeV 55.28 31.16 99.49 78.37 27.90 99.42

Table 7.6 — Signal cutflow for the H — 7y decay considering the W™

H and W H processes.
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Production mode ZH ‘ ggZH

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 253.62 100.00 - 42.00 100.00 -
No duplicates 239.65 94.49 94.49 38.71 92.16 92.16
GRL 239.65 94.49 100.00 38.71 92.16 100.00
Pass trigger 155.95 61.49 65.07 31.33 74.61 80.95
Detector DQ 155.95 61.49 100.00 31.33 74.61 100.00
Has PV 155.95 61.49 100.00 31.33 74.61 100.00
2 loose photons 119.18 46.99 76.42 23.66 56.34 75.51
e — vy ambiguity 119.11 46.96 99.94 23.65 56.31 99.96
Trigger match 110.23 43.46 92.55 22.15 52.75 93.66
tight ID 96.39 38.00 87.44 19.39 46.17 87.54
isolation 83.76 33.02 86.90 17.18 40.90 88.57
rel. pr cuts 75.97 29.95 90.70 15.33 36.51 89.27
Moy € [105,160]GeV 75.64 29.83 99.57 15.26 36.34 99.52

Table 7.7 — Signal cutflow for the H — 7y decay considering the ZH and ggZH processes.

Production mode ttH | bbH

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 173.93 100.00 - 63.47 100.00 -
No duplicates 159.78 91.86 91.86 53.40 93.84 93.84
GRL 159.78 91.86 100.00 53.40 93.84 100.00
Pass trigger 133.76 76.91 83.72 06.52 65.16 69.44
Detector DQ 133.76 76.91 100.00 06.52 65.16 100.00
Has PV 133.76 76.91 100.00 06.52 65.16 100.00
2 loose photons 101.79 58.53 76.10 88.31 54.02 82.91
e — 7y ambiguity 101.75 58.50 99.96 88.27 54.00 99.95
Trigger match 93.69 53.87 92.08 80.94 49.51 91.69
tight ID 79.89 4593 85.27 71.62 43.81 88.49
isolation 65.14 37.45 81.54 62.92 38.49 87.85
rel. pr cuts 58.71 33.75 90.12 58.64 35.87 93.20
Mo, € [105,160]GeV 58.08 33.39 98.93 58.62 35.86 99.97

Table 7.8 - Signal cutflow for the H — 7y decay considering the tfH and bbH processes.

Production mode tHjb | tWH

Selection cut Exp. events Tot. eff [%] Cuteff [%] | Exp. events Tot. eff [%] Cut eff [%]
All events 24.88 100.00 - 5.09 100.00 -
No duplicates 23.43 94.17 94.17 4.79 94.10 94.10
GRL 23.43 94.17 100.00 4.79 94.10 100.00
Pass trigger 16.52 66.40 70.51 4.11 80.89 85.96
Detector DQ 16.52 66.40 100.00 4.11 80.89 100.00
Has PV 16.52 66.40 100.00 4.11 80.89 100.00
2 loose photons 12.03 48.35 72.82 3.13 61.53 76.06
e — v ambiguity 12.02 48.31 99.91 3.13 61.51 99.97
Trigger match 11.18 4496 93.07 2.90 56.99 92.65
tight ID 9.75 39.20 87.20 2.51 49.27 86.45
isolation 8.50 34.17 87.17 2.12 41.61 84.45
rel. py cuts 7.67 30.85 90.28 1.91 37.60 90.38
m., . € [105,160]GeV 7.64 30.69 99.49 1.88 37.04 98.50

Table 7.9 - Signal cutflow for the H — 7y decay considering the tH processes.
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three key quantities:

¢ the category significance1 Z, quantifying the Higgs signal relative to the continuum
background;

e them,, peak resolution (¢, ), which depends only on the pt, pseudorapidity, and
conversion type of the two photons selected in a given category;

¢ the impact of photon energy-scale uncertainties, which affect the m,, peak posi-
tion and depend only on the pr, pseudorapidity, and conversion type of the two
photons.

7.3.1 Past categorisations

The Run 1 and partial Run 2 analyses followed different strategies to minimise the ex-
pected uncertainty on the mass measurement. The Run 1 analysis employed a categori-
sation based solely on photon kinematic variables, whereas the partial Run 2 categorisa-
tion sought to enhance the signal significance by isolating events associated with specific
Higgs production modes.

Run1 The Run 1 categorisation [117] was based solely on photon kinematics, without
attempting to tag specific Higgs production processes. The kinematic quantities consid-
ered were:

* |5,/ the pseudorapidity of the barycentre of the photon cluster in the second layer
of the EM calorimeter;

¢ the conversion status of the photons (converted or unconverted);

¢ pl!, the component of the diphoton transverse momentum pJ” orthogonal to the

thrust axis f: ) ,
¥ ¥
Pr — Pt
71 72|
‘PT +pr ‘

pi = |pr <t E= (7.4)

Regarding the dependence on |7g,|, the best energy resolution is achieved for photons
in the central barrel region (|175,| < 0.75), while the worst resolution occurs near the
barrel-endcap transition (1.3 < |5g,| < 1.75). The resolution is also generally better for
unconverted photons, as converted photons typically undergo more energy loss before
reaching the calorimeter.

Categorising events by conversion status and photon pseudorapidity is also advan-
tageous for controlling systematic uncertainties: the largest energy-scale uncertainties
arise for unconverted photons—primarily due to the electron-to-photon scale extrap-
olation—and for photons in the transition region, due to uncertainties in the material
description. Introducing an additional split in pJ; further improves the separation of
events by signal-to-background ratio and mass resolution, since a harder p]" spectrum

1ZC = S./+/B., where S_ is the number of Higgs signal events and B, is the number of continuum back-
ground events in category ¢ within a window of approximately 3 times the expected resolution around the
nominal Higgs boson mass.
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is expected for certain Higgs production modes, whereas this is not typical for the back-
ground.

Based on these considerations, the Run 1 reconstructed categories were defined by first
separating events in which both photons were unconverted (“UU”) from those with at
least one converted photon (“Conv”). Each of these two groups was then divided into
three sub-regions according to the |#g,| of the photons:

* Cen: both photons satisfy |75,| < 0.75;

* Trans: at least one photon lies in the range 1.3 < |r7g,| < 1.75, excluding the crack
region 1.37 < |15,| < 1.52;

* Rest: all remaining events.

For the “Cen” and “Rest” regions, two pJ, bins were introduced using a threshold of

70 GeV, defining Low and High p/ subcategories.
In total, the Run 1 categorisation comprised ten categories:

UU Cen High, UU Cen Low, UU Rest High, UU Rest Low, UU Trans,
Conv Cen High, Conv Cen Low, Conv Rest High, Conv Rest Low, Conv Trans.

Partial Run 2 The partial Run 2 categorisation, for the analysis based on 36 bt of pp
collision data [15], was instead designed primarily for the measurement of Higgs bo-
son production cross sections (in the Simplified Template Cross Sections (STXS) frame-
work [106]) and later adapted for the mass analysis. The events were divided into 31
categories: ten categories optimised to measure gluon-fusion properties, four targeting
vector-boson fusion production, eight designed to study associated production with a
vector boson, and nine optimised for associated production with a top-antitop pair or a
single top quark.

Among these categories, most of the sensitivity to mp was provided by the “ggF 0-jet”
category, a gluon-fusion category with zero reconstructed jets. For the mass analysis,
this category was further split into a central region (both photons with |1g,| < 0.95)
and a forward region (at least one photon with |1g,| > 0.95). Additional sensitivity
was contributed by the “ggF 1-jet” and VBF categories, owing to their higher signal-to-
background ratios.

7.3.2 Categorisation studies

Relying on the physically well-motivated results of the Run 1 and partial Run 2 cat-
egorisations, the strategy for the full Run 2 analysis was designed to follow a similar
approach. All categorisation schemes discussed in this section are compared using a
simple yet complete full-shape analysis. For each categorisation, the signal and back-
ground analytical functions are fitted to the signal MC samples and to the data side-
bands, respectively, as described in Sections 7.4 and 7.5.

The impact of systematic uncertainties is evaluated by considering only the photon
energy-scale uncertainties—those with the largest effect—for each category. These un-
certainties are propagated to the diphoton invariant mass, and their impact is computed
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using Equation (7.9), as detailed in Section 7.6. All systematic errors are then incorpo-
rated into a statistical model (see Section 7.8) and applied on the peak-position param-
eter. An Asimov” dataset is produced with my; fixed to 125.09 GeV, and the expected
results are extracted.

The attempts discussed in this section represent possible variations and/or combina-
tions of the Run 1 and Run 2 categorisations, obtained using the previous Run 2 cal-
ibration model (named es2018_R21_v®@), not yet the final of Ref. [17]. After a brief
description of each categorisation, the corresponding results are reported in Table 7.10,
where each categorisation is assigned an identification number. The Test 14 categorisa-
tion was ultimately selected for the final results, as it provides an improvement over the
Run 1 categorisation, which was reimplemented as a benchmark under Test 1.

e Test 2 variation divides the Run 1 “Conv" categories in the two sub-categories
where exactly one photon is converted (UC) or both are converted (CC), so five
more categories are created in the end.

* Tests 3 to 7 explore categorisations based on combinations of the Run 1 and Run 2
schemes. As discussed in Section 7.3.1, the mass analysis using 36 fb~! included
four VBF categories, two of which (“tight”) were defined using a BDT trained to
separate VBF from ggF and background. The idea behind these tests is to isolate
these four VBF categories from the rest of the events in order to obtain regions with
higher signal-to-background ratios, and then apply the Run 1 categorisation on top
of the remaining events (Test 3). Variants of this approach include isolating only
the two “tight” VBF categories rather than all four (Test 4), applying the additional
conversion split introduced in Test 2 on top of the Run 1 categories (Test 5), or
isolating both the ggF and VBF categories from all other events (Tests 6 and 7).

¢ Tests 8 and 9 further subdivide the Run 1 categories into three or four regions based
on the average pileup. These tests were carried out because the photon energy
resolution exhibits a mild dependence on pileup, degrading as the pileup increases.

¢ Tests 10 to 21 explore variations of the Run 1 categorisation or of the Test 3 cate-
gorisation in which different py, selections are applied. These include: removing
the pry requirement altogether (Tests 10 and 11); increasing the pt; threshold from
70GeV to 100GeV (Tests 12 and 13); and introducing three pr, regions (Tests 14
and 15). These tests are then repeated with pr thresholds replacing the pr, thresh-
olds (Tests 16-21).

As can be seen from Table 7.10, all tests yield very similar results, with a total expected
uncertainty on my; of around 290 MeV. The best-performing categorisations are Test 14
and Test 15, in which the additional pr; split reduces the statistical uncertainty by about
8 MeV compared with the Run 1 categorisation, while also improving the separation of
events with large photon energy scale systematics uncertainties into the high-pr, cate-
gories. Test 14 was considered the most favourable option and was chosen over Test 15,
as it provides nearly identical performance while using only half as many categories.

’The Asimov dataset is a toy dataset constructed to follow exactly a given probability density function,
without statistical fluctuations. By construction, evaluating the estimator for a parameter on the Asimov
dataset returns the true value of that parameter; in this case, my = 125.09 GeV.
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Test Categorisation N | Uncertainty [MeV]

Total Stat Syst
1 PlainRun1 10 | 292 133 260
2 Run 1 with splitting in conversion (UU/UC/CC) 15 292 132 260
3 VBF and (rest+ggH), then Run 1 20| 291 130 260
4 VBFyjqp, and (rest+ggH), then Run 1 20| 291 130 260
5 VBF and (rest+ggH), then Run 1 with (UU/UC/CC) 30 291 130 261
6 ggF, VBF, rest and then plain Run 1 on ggF,VBF 21 293 133 261
7 ggF, VBE, rest, then Run 1 with (UU/UC/CC) on ggF,VBF 31 293 132 262
8 Run 1 with 3 <u> regions (1=15,30) 30 | 291 132 259
9 Run 1 with 4 <u> regions (u=15,25,42) 40 | 291 132 259
10 Run 1 without pl cut 6| 293 149 252
11 Test 3 without p% cut 12 292 144 254
12 Run 1 with pI7 cutat 100 GeV 10 | 290 129 260
13 Test 3 with p/ cutat 100GeV 20 | 289 128 259
14 Run 1 with 3 p]! regions (70,130) GeV 14 | 287 125 258
15 Test 3 with 3 p/ regions (70,130) GeV 28 | 286 122 259
16 Run 1 with pI” cutat 100 GeV 10 | 292 134 259
17 Test 3 with p1” cutat100GeV 20 | 291 131 260
18 Run 1 with p7” cutat130GeV 10 | 291 132 259
19 Test 3 with p? cutat 130 GeV 20 | 289 129 259
20 Run 1 with 3 p1” regions (130, 190) GeV 14 | 287 128 257
21 Test 3 with 3 p1” regions (130,190) GeV 28 | 295 129 265

Table 7.10 — Expected uncertainties on the Higgs mass of the various categorisation tests
based on Run 1 and Run 2 approaches, using the previous Run 2 precision recommendations
(named es2018_R21_v0).

The Test 14 categorisation was then optimised using the latest Run 2 precision rec-
ommendations, es2022_R21_Precision. In particular, the |1| boundaries were slightly
shifted, moving the “Cen” selection from 0.75 to 0.8. The final categorisation for the
Run 2 mass analysis therefore consists of 14 categories, all untagged with respect to spe-
cific Higgs production processes. As in the Run 1 analysis, categories are defined accord-
ing to whether both photons are unconverted (“UU”) or whether at least one photon is
converted (“Conv”). Each of these is then subdivided into three |7| regions: a “Central-
barrel” region, where both photons satisfy |1s,| < 0.8; an “Outer-barrel” region, where
at least one photon lies within 0.8 < |#5,| < 1.37; and an “Endcap” region, where at least
one photon lies within 1.52 < |#s,| < 2.37. These three regions are shown in Figure 7.3a.

On top of these selections, three p%z regions are defined for the “Central” and “Outer-
barrel” categories, using boundaries at 70 GeV and 130 GeV. These two pJ/ thresholds
were chosen to ensure sufficient signal yield in the highest-p)/ region, as the 70 GeV
and 130 GeV boundaries correspond to the 30% and 10% quantiles of the signal pJ/
distribution. Low (p}; < 70 GeV), medium (70GeV < p1! < 130GeV), and high (p}; >
130 GeV) categories are defined from the “Central” and “Outer-barrel” regions, while
no pJ split is applied to the “Endcap” categories. A schematic representation of this
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categorisation is shown in Figure 7.3b.
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Figure 7.3 — Definition of the three photon pseudorapidity regions used to define the event
categories: Central-barrel (light-blue), Outer-barrel (blue) and Endcap (light green). (b) Illus-
tration of the event categories used for the Higgs boson mass measurement with H — 7y
decays.

The final Run 2 categorisation comprises fourteen categories, which will be referred to
throughout this Chapter as:

UU Central-barrel high pp,, UU Central-barrel medium py, UU Central-barrel low py,, UU
Outer-barrel high pr,, UU Outer-barrel medium pp,, UU Outer-barrel low pr,, UU Endcap,
Conv Central-barrel high p1,, Conv Central-barrel medium p,, Conv Central-barrel low pr,,
Conv Outer-barrel high pr;, Conv Outer-barrel medium pr,, Conv Outer-barrel low pp;, Conv
Endcap.

The results obtained with this categorisation are reported in Table 7.11, together with
those from the Run 1 and partial Run 2 categorisations updated to the latest precision-
calibration recommendations. The expected total uncertainty on my is approximately
196 MeV, with a systematic component of about 155 MeV arising solely from photon
energy-scale uncertainties. Comparing the results of Test 14 in Table 7.10 with those of
the final Run 2 categorisation in Table 7.11—which are nearly identical aside from up-
dated precision corrections and minor adjustments to the || boundaries—highlights the
substantial impact of the improved precision corrections, which reduce the systematic
uncertainty from 258 MeV to 155 MeV.

The SM yields at 140 fb~! and the performance of the designed categories will be de-
scribed in the next Sections and are summarised in Table 7.12.
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Uncertainty [MeV]
Ncat Total | Stat Syst

Inclusive 236 | 159 175

Categorisation

Partial Run 2 209 | 127 167
Run1][ 202 | 141 144

\ 196 | 119 155

Run 2 (th1s analysis)

Table 7.11 — Results obtained with a full shape workspace including energy scale systematic
uncertainties for the mass analysis. The Run 2 categorisation described in this section is
compared to three other categorisations built with samples updated to the latest precision
recommendations: “Inclusive” where only the standard diphoton selection is applied, the
Run 2 (2016) partial mass analysis categorisation and the Run 1 categorisation. It can be
observed that the categorisation detailed in this chapter represents the best result among the
other reported.

Category gy [GeV] Sy Byy  foo [%]  Zop
UU, Central-barrel, high pJ,/ 1.88 42 65 391 47
UU, Central-barrel, medium pJ/ 2.34 102 559 154 42
UU, Central-barrel, low pl/ 2.63 837 13226 6.0 72
UU, Outer-barrel, high p%t 2.16 31 83 27.4 3.3
UU, Outer-barrel, medium p%z 2.63 108 981 9.9 3.4
UU, Outer-barrel, low pJ! 3.00 869 22919 37 57
UU, Endcap 3.33 759 29383 25 4.4
Conv, Central-barrel, high ;ﬂ 2.10 26 44 37.3 3.6
Conv, Central-barrel, medlum pw 2.62 62 389 13.8 3.1
Conv, Central-barrel, low p 3.00 508 9726 5.0 5.1
Conv, Outer-barrel, high p1.! 2.56 34 103 25.0 3.2
Conv, Outer-barrel, medlum pr 3.20 114 1353 7.8 3.1
Conv, Outer-barrel, low p 3.71 914 30121 29 52
Conv, Endcap 4.04 1249 52160 2.3 5.5
Inclusive 3.32 5653 128774 4.2 15.6

Table 7.12 — The expected signal (Sgy) and background (By) yields, the signal yield as a
percentage of the total (fq), and the signal significance (Zqy) in a diphoton invariant mass
window whose half-width v is chosen in such a way that it is the narrowest interval con-
taining 90% of signal events. All quantities are given for each analysis category and for the
inclusive case.

7.4 Signal modelling

7.4.1 Yields and efficiencies

The number of expected signal events (yield) for each category N, is defined as the fol-
lowing product summed over the different Higgs boson production modes i (ggF, VBE,
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WH, ZH, ggZH, tfH, bbH, tHbj and tWH):

N (mp) = ZNci(mH) = ZL' (0; (my) - BR (my) - € (my)) (7.5)

where
¢ L is the total integrated luminosity, L = 140 fb~ ! as described in Section 7.1.1;

* 0;(mp) is the Higgs production cross section of the considered process i, as a func-
tion of my;

* BR(mpy) is the H — v branching ratio, BR(my) ~ 0.227% at my = 125.09 GeV,
as a function of my;

* ¢, (mpy) is the signal efficiency. It measures the probabilities for a truth-level Higgs
event to end up in a given reconstructed category c for a certain production process
i, as a function of mp. The evaluate efficiencies €,; are reported in Appendix B.1.

Table 7.13 show the values of the yields N,; for each category c and for the different Higgs
boson production modes i evaluated using the MC sample generated at mpy = 125 GeV.

Category ggF VBF WH ZH ggZH tfH bbH  tHbj tWH‘ Total

UU, Central-barrel, high pr, 2672 1016 295 170 089 314 014 028 013 | 46.11
UU, Central-barrel, med pr, 7633 2145 562 330 125 405 046 039 014 | 112.99
UU, Central-barrel, low py, 84635 4530 13.13 747 096 543 1020 055 0.16 | 929.55

UU, Outer-barrel, high pr, 20.32 7.71 2.38 1.35 0.63 203 010 020 0.08 34.80
UU, Outer-barrel, med pry 81.15 22.50 6.19 3.59 1.24 384 049 044 012 119.56
UU, Outer-barrel, low pr, 87847 4680 1425 8.06 1.04 537 1036 063 0.17 | 965.15
UU, Endcap 739.27 5643 1985 11.05 1.72 581 755 114 017 | 84299

Conv, Central-barrel, high pr, ~ 16.69 6.31 1.83 1.05 0.54 1.95 0.08 017 0.08 28.70
Conv, Central-barrel, med p1,  46.67 13.11 3.48 2.03 0.77 251 029 026 0.09 69.21
Conv, Central-barrel, low py 513.55 27.47 7.98 453 0.57 3.31 6.19 034 0.10 564.04
Conv, Outer-barrel, high pr, 22.19 8.33 2.63 1.49 0.68 223 012 023 0.09 37.99
Conv, Outer-barrel, med pry 86.13 23.84 6.63 3.84 127 406 047 047 014 | 126.85
Conv, Outer-barrel, low pr, 92452 4918 15.02 852 1.06 559 1074 0.70 0.16 | 1015.49
Conv, Endcap 1214.77 9386 33.73 1868 285 954 1216 194 0.28 | 1387.81

Total 5493.13 43245 135.67 76.66 1547 5886 5935 774 191 ‘6281.24

Table 7.13 — Expected SM signal yields N, for each production mode i and for each category

¢, at /s = 13 TeV, my = 125 GeV and L = 140 fb~!. The last column shows the total yields
per category summed over all the production processes.

Since the terms in Equation (7.5) depend on my,, the variation of the yield N, with m
is evaluated using the MC samples generated at different Higgs boson masses, as de-
scribed in Section 7.1.2. The efficiencies and yields for each category and production
mode are therefore recomputed for every MC sample. The resulting yields are then
fitted with a second-degree polynomial as a function of m1;:

N,;(my) = po+ py (my —125GeV) + p, (mpy — 125 GeV)?. (7.6)

As an illustrative example, Figure 7.4 shows the fitted yield parametrisation for the UU,
Central-barrel, low-p, category in the ggF production mode. The corresponding fits for
the remaining production modes in the same category, are reported in Appendix B.2.
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Figure 7.4 — Yield parametrisation as a function of my; for the UU, Central-barrel, low-p,
category in the ggF production mode. The black points represent the expected signal yields
extracted from the nine MC samples generated at different Higgs-boson masses, while the
red curve shows the fitted second-degree polynomial. The fitted values of the polynomial
parameters are listed in the bottom-left corner of the plot.

7.4.2 Signal model

The m,,, invariant-mass distribution of the resonant signal process is modelled with a
DSCB. The DSCB consists of a Gaussian core in the peak region and two asymmetric
power-law tails. Ignoring the normalisation factor, the DSCB is described by:

2
—t°/2
e ’ —pow SES XHighs
2
efaLow /2
< —u
n 4 Low~
— 1 Low
fDSCB(m’)”)’) {m (RLOW — ‘XLOW - t)j| (77)
2
o “igh/2
1 R n g’ |~ MHigh
Riygn \/“High — *High
_ My —HcB _ NMiow . _ nHigh
where t = e Riow = &2 and Rygp = Frigh”

Here, pcp and ocp are the mean and standard deviation of the Gaussian core, 1y, and
Nygn define the powers of the power-law tails on the low- and high-mass sides, and
AL ow and apgey, determine the transition points between the Gaussian core and the tails.
In particular, the tails begin at deviations of a o-g from the peak. The DSCB shape is
therefore fully described by six parameters: jicp, 0c, X ows XHighs MLows AN Mpigh-
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The input mass distributions for each category and each my value are obtained by
summing all Higgs boson production processes (ggF, VBF, WH, ZH, ggZH, tfH, bbH,
tHbj, tWH), taking their SM cross sections into account. A signal fit using the DSCB
is performed on the invariant-mass distribution derived from the MC templates at
my = 110,122,123,124,125,126,127,130, and 140 GeV, separately for each category,
within the mass range

m.,. € [my—15GeV, my + 15 GeV].

Y

All six parameters of the DSCB are fitted in this first step. A second fit is then performed
in which 7, and nyyge, are fixed to the values extracted from the first fit, in order to
improve the stability and convergence of the remaining four DSCB parameters.

A fit performed on a single mass point for one category at a time will be referred to
as a single fit. The result of the single fit to the invariant-mass distribution m,,., for the
UU, Central-barrel, low-pr, category at my = 125 GeV is shown in Figure 7.5. Two
comparisons between some of the signal probability density functions (pdfs) obtained
from the fit at mpy = 125 GeV, highlighting the variation of the M resolution with p,
across different categories, are shown in Figure 7.6. The same trend is also observed in
Table 7.12, as reflected by the values of the half-width o across the different categories.
Additional examples of single fits for all the other categories at m;; = 125 GeV and for the
UU, Central-barrel, low-py, category at all the other generated my; values are reported
in Appendix B.3.

7.4.3 Signal parametrisation

In order to perform the mass measurement, the signal shape must be described by a
parametric function of m . This is achieved by including, in addition to the MC sample
at 125 GeV, the signal MC samples generated at different Higgs boson masses. These
samples allow the dependence of the signal-model parameters (such as the peak position
and width) on mp to be extracted.

To this end, the parameters of the DSCB defined in Equation (7.7) are parametrised as
functions of m for each category as:

pcp(my) =mpg+ B, + A, (my — 125 GeV)

ocp(Mmp) = By, + Aoy (my — 125 GeV)

aLow(mH) = OLow (7.8)
“High(mH) = XHigh

NLow (M) = Miow 125 Gev

”High(mH) = ”High|125 GeV

where 14, |125 Gev @nd Mpgigh 125 Gev are the values obtained from the single fit to the MC
sample at mpy = 125 GeV.

The parametrisation described in Equation (7.8) is used in a simultaneous fit to all the
signal MC templates for different my; values. The fitted parameters for each category

are therefore B, ., A, ., By s Asyr ¥Low, and gy, Since the parameters ny,, and
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Figure 7.5 — Result of the single fit for the category UU, Central-barrel, low-py, for the MC
sample with my; = 125 GeV: the fitted signal pdf is shown by the red line, the black dots
correspond to the MC sample. The values of the fitted parameters of the DSCB are shown in
the legend on the right side of the plot. The residuals are shown in the lower part of the plot.
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Figure 7.6 — (a) Invariant-mass distributions of simulated H — -y events reconstructed in
the categories with the best (U-type, Central-barrel, High pt; open circles) and worst (C-type,
Endcap; open squares) experimental resolutions [14]. (b) Comparison of invariant-mass dis-
tributions for the UU, Central-barrel categories, illustrating the variation of the signal m.,.,
resolution with pr,. The signal model obtained from the fit to the simulated events is super-
imposed (solid lines) on the corresponding Moy, distributions of the signal MC samples at
my = 125 GeV.

Nyign do not exhibit a clear dependence on my, they are kept constant in the simulta-
neous fit, fixed to the values obtained from the single fit performed on the MC sample
at my = 125 GeV, which is the mass point closest to the region of interest. Moreover,



150 7.4 Signal modelling

these parameters affect only the behaviour of the tails and have a negligible impact on
the peak position of the DSCB, and therefore do not influence the mass measurement.
After determining the signal model from the simultaneous fits for each category, the
resulting parameters are treated as constants in the analysis when fitting the observed
data. As an example, the outcome of the simultaneous fit across the MC samples for
the UU, Central-barrel, low py, category is shown in Figure 7.7. The shape parameters
that parametrise the dependence on the mass, as obtained from the simultaneous fit, are
reported in Table 7.14 for each category.
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Figure 7.7 — Result of the simultaneous fit for the category UU, Central-barrel, low-py,: the
black dots correspond to the various MC samples, whereas each signal pdf (each one for a
different my value) is shown in a different colour. The values of the simultaneously fitted
parameters are shown in the legend on the right side of the plot. The residuals are shown in
the lower part of the plot.

The signal model has been extensively validated through a series of tests:

e For each parameter, Figure 7.8 shows a comparison for the first category UU, Central-
barrel, high pr, between the result of the simultaneous fit and the result of a linear fit
performed on the black points which are the results of the separate single fits, each
one done considering only one MC sample at a time. As can be seen in Figure 7.8,
the simultaneous fit is able to catch the trend of the parameters as a function of my.

* Closure test: as a cross-check, the fit is repeated after removing the my = 125 GeV

distribution from the input and new values of the B, ., A, ., B, ., Ao,/ %Low, and

Xpjigh parameters are obtained. The signal model for mpy = 125 GeV predicted by
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Category B, [GeV] Ay By [GeV] Agy Xow  Miowl125Gev  ®High  MHighl125 Gev
UU, Central-barrel, high pr, 0.080 0.00033 1.06 0.00663  2.01 47 1.61 21
UU, Central-barrel, med py 0.060 0.00037 1.26 0.00947  1.86 49 1.28 390
UU, Central-barrel, low p; 0.093 0.00042 1.46 0.00602 212 43 143 3200
UU, Outer-barrel, high pry 0.10 —0.0021 1.18 0.00894  1.65 7.0 1.54 28
UU, Outer-barrel, med p; 0.093 0.0027 143 0.00865  1.90 6.0 1.40 79
UU, Outer-barrel, low pr, 0.094 0.000070 1.66 0.00716  1.89 5.4 1.51 4300
UU, Endcap —0.14 —0.0011 1.76 0.00875  1.66 9.5 1.38 5600
Conv, Central-barrel, high pry 0.15 0.0011 1.09 0.00610  1.78 48 1.45 22
Conv, Central-barrel, med p; 0.17 0.0017 1.34 0.00787  1.86 35 1.30 100
Conv, Central-barrel, low pry 0.17 —0.0014 1.60 0.00591 192 32 1.38 5800
Conv, Outer-barrel, high pr, 0.15 0.00091 1.30 0.0105 1.67 55 1.51 16
Conv, Outer-barrel, med pry 0.22 —0.00059 1.64 0.00945 1.64 47 125 2300
Conv, Outer-barrel, low py 0.25 0.00079 1.97 0.00679  1.66 45 147 6800
Conv, Endcap 0.053 0.000 34 2.02 0.00955 148 6.7 128 7600

Table 7.14 — Parameters describing the signal shape for each category according to the
parametrisation of Equation (7.8).

this parameterisation is then compared with the model determined from a single fit,
with a Crystal-Ball lineshape with floating yicp, 0cp, &1ow, and ag;g, parameters, to
the my = 125 GeV simulated signal events. Good agreement is observed.

* Goodness-of-fit: the quality of the single fits and simultaneous fit procedure was
evaluated using a X test.

7.5 Background modelling

The dominant and irreducible background in the invariant-mass spectrum arises from
SM continuum <y production via QCD processes. In addition, since a large number
of photons originate from neutral-meson decays within jets, photon-jet and di-jet events
in which jets are misidentified as photons constitute a non-negligible background com-
ponent. The background-shape parameters and normalisation factors are determined
directly from the observed data. Nevertheless, an analytical function must be chosen
to model the background in each reconstructed category, and a systematic uncertainty
associated with this choice must be assigned. The steps of the background-modelling
strategy are summarised in the following paragraphs.

7.5.1 Background templates

The composition of the continuum background in terms of the v, j, and jj components
is estimated using data-driven techniques for each category entering the measurement.
These background fractions are then used to construct m,,., background templates for
each category. The vy component is taken from MC, while the yj and jj components are
measured in data control regions.

The number of ¥+, j and jj events entering each category after the final selection is esti-
mated using a double two-dimensional sideband ABCD method [168]. This data-driven
technique extrapolates the fraction of fake photons in the signal region from the com-
position of the sideband control regions, defined by inverting the photon identification
and isolation requirements. The full method involves sixteen input equations, whose
solution returns the fractions of the three background components.
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Figure 7.8 — Comparison between the results of the simultaneous fit (dashed blue line) and of
the linear fit (solid red line) for the category UU, Central-barrel, high p, for each parame-
ter((@): picp, (b): 0cp, (0): Aoy, (d): aggigp) as a function of myy, superimposed on the value
obtained from the single fits for each available MC sample.

Once the background fractions have been determined, the simulated -y shape is com-
pared with that observed in a yj-enriched data control region in which the identification
criteria of exactly one of the two photons are inverted. The small 7y contamination in
this region, estimated from simulated samples, is subtracted, and a linear weighting is
derived to make the MC - shape reproduce the shape observed in data. The proce-
dure is repeated in a control region where the identification criteria of both photons are
inverted, in order to derive a shape weighting for jj events. These weighted shapes are
then combined with the measured event fractions to obtain the final background tem-
plate for each category.

An example of the comparison between the constructed background template and the
data sidebands is shown in Figure 7.9 for the UU, Central-barrel, low pr, category.

7.5.2 Spurious signal test

The spurious signal approach is used to select the functional form employed to describe
each background template, as well as to determine the associated bias that enters the
measurement as a systematic uncertainty (see Section 7.6 and Section 7.7 for their imple-
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Figure 7.9 — Comparison of the background template (blue histogram) with the data side-

bands (black points) for the reconstructed category UU, Central-barrel, low pp;. The bottom
panel shows the ratio of data to the background template.

mentation in the statistical model). The background ..., shape in each analysis category
is modelled using an analytic function whose parameters and normalisation are fitted
directly to data. The candidate analytic functions considered are:

¢ Exponential function:
f(m7’y) — Py

¢ Exponential of a second-order polynomial (ExpPoly2):
flma,) = e<p° Mt mzw)
e Exponential of a third-order polynomial:

gy = dovme )

Bernstein polynomial of order N:

N N . Nei
BN(m'y'y) = Z pibin, bin = ( . ) mlw (1- mw) l
i=0

First-order power-law function:

fmyy) = mayy
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To perform the spurious signal test, the full analytic signal-plus-background model is
fitted to the background-only template, constructed as described in Section 7.5.1, sep-
arately for each category. The fit is carried out in the nominal diphoton mass range
105 < m,, < 160 GeV. A scan is then performed by varying my; in steps of 0.50 GeV
within the interval 123 < m,, < 127 GeV, and at each step a signal-plus-background
fit is executed. For every scan point, the fitted number of signal events is recorded, al-
lowing for negative fitted yields. The spurious signal N, is defined as the maximum
absolute value of the fitted signal yield within the signal mass window when fitting the
background-only template.

A candidate analytic function is considered to pass the spurious signal test if at least one
of the following criteria is satisfied:

* Ngp| < 10% N eypp, where N o, is the expected number of signal events in the

category under the SM assumption;

o |Nsp| < 20% 6Ng,, where 6N, is the statistical uncertainty on the fitted number of
signal events obtained by fitting the signal-plus-background model to a background
only Asimov dataset.

In addition, the fit of the analytic function to the background template must yield a X
probability of at least 1%. If multiple functions satisfy all requirements, the one with
the smallest number of degrees of freedom is selected. If two functions have the same
number of degrees of freedom, the one with the smaller maximum spurious signal N,
is chosen.

The determined analytical functions modelling the background in each category enter-
ing the measurement are found in Table 7.15, as well as the corresponding spurious
signal systematic uncertainty.

Category | my Ny Function  p(x?)[%] Ny/6Ng, [%]  Nep/Nyep [%]
UU, Central-barrel, high pr, 127.0 0.235 Exponential 27.1 -2.66 -0.57
UU, Central-barrel, med pry 123.0 531  Exponential 20.8 21.0 4.77
UU, Central-barrel, low p; 123.0 25.0 ExpPoly2 81.8 -17.8 -2.80
UU, Outer-barrel, high p; 1255 0.766  Power law 413 -8.13 -2.10
UU, Outer-barrel, med pr, 126.0 492 ExpPoly2 53.1 -13.7 -3.92
UU, Outer-barrel, low pry 1235 349 ExpPoly2 26.4 -18.9 -3.35
UU, Endcap 123.0 630 ExpPoly2 15.6 -30.4 -7.34
Conv, Central-barrel, high pr, | 126.5 -0.529 Power law 21.3 -7.81 -1.81
Conv, Central-barrel, med p; | 1235 6.99  Exponential 8.27 32.8 9.83
Conv, Central-barrel, low pr, | 1245 212 ExpPoly2 40.5 -18.2 -3.78
Conv, Outer-barrel, high pr, 126.5 2.35 Exponential 12.8 21.5 5.54
Conv, Outer-barrel, med pry 1265 6.97 ExpPoly2 69.1 -16.5 -5.47
Conv, Outer-barrel, low pr, 1255 287 ExpPoly2 59.4 -14.2 -2.83
Conv, Endcap 126.5 137 ExpPoly2 1.53 -51.1 -9.89

Table 7.15 — Final background-modelling choices and associated spurious-signal uncertain-
ties. The scan is performed in the range 123-127 GeV in steps of 0.5 GeV. Here N, is the
maximum fitted spurious signal, N, is the statistical uncertainty on the fitted signal from
a signal+background fit to the background template, and N, is the expected signal yield
under the SM assumption. The quoted my; is the scan point at which the maximum spurious

signal is observed. The X probability is computed from the fit to the background template.
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7.5.3 Data sidebands fit for Asimov dataset construction

The selected functions are used in a background only fit on the observed data sidebands,
blinding the range m,,, € [120 GeV, 130 GeV], to determine the background shape pa-
rameters and normalisation factors. The result of the background fit on the invariant
mass distribution m,,, for the category UU, Central-barrel, low pr, is shown in Fig-
ure 7.10. The fitted shape parameters and yields obtained from this background fit are
shown in Table 7.16 for each category. These values are employed to build the Asimov
datasets used in Section 7.8 to evaluate the expected results. However, in the maximum
likelihood fits the parameters are left free to float.

> T T I T T T T I T T T T I T T T T I T T T T I T T T T
$ 50008  (s=13Tev, 140 0" ¢ Data B
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Figure 7.10 — Result of the background fit on data sidebands for the category UU, Central-
barrel, low py. The fitted background pdf, in this case an exponential function of a 2nd order
polynomial (ExpPoly2), is shown by the blue line; the black dots correspond to the data,
blinding the M. € [120, 130] GeV range.

7.6 Systematic uncertainties

7.6.1 Scale and resolution systematic uncertainties

Experimental uncertainties affecting the m, ., shape arise mainly from the photon en-
ergy scale ( photon energy scale (PES)) and photon energy resolution ( photon energy
resolution (PER)) uncertainties. Photon energy scale uncertainties induce a shift in the
position of the m,, peak (and therefore in jicg), while photon energy resolution uncer-
tainties affect the width of the m,, signal distribution (0cp). Since the mass measurement
is primarily driven by an accurate determination of the peak position, the dominant con-
tribution to the total systematic uncertainty on m originates from the PES uncertainties.
For this reason, in the categorisation studies described in Section 7.3.2, only the impact



156 7.6 Systematic uncertainties

Category | Function | p, p1 | N
UU, Central-barrel, high py Exponential | -0.0058 900
UU, Central-barrel, med pr; Exponential | -0.0178 5616
UU, Central-barrel, low py ExpPoly2 -3.72 0.930 | 126089
UU, Outer-barrel, high py Power law | -0.556 963
UU, Outer-barrel, med pr, ExpPoly2 -0.883  -1.04 9234
UU, Outer-barrel, low pr, ExpPoly2 -4.02 1.30 | 191895
UU, Endcap ExpPoly2 -3.77  1.09 | 218654
Conv, Central-barrel, high pr, | Powerlaw | -0.677 574
Conv, Central-barrel, med pp; | Exponential | -0.0191 3629
Conv, Central-barrel, low p; ExpPoly2 -3.76 1.03 81867
Conv, Outer-barrel, high pr, Exponential 0 1076
Conv, Outer-barrel, med pr; ExpPoly2 -0.456  -1.49 | 10437
Conv, Outer-barrel, low py ExpPoly2 -3.77  0.976 | 204216
Conv, Endcap ExpPoly2 -3.58 0912 | 319182

Table 7.16 — Values of the parameters (p, and p;) describing the background shape for each
category, extracted from fits to the data sidebands. The last column reports the fitted back-
ground yield N.

of the PES uncertainties was considered for each category.

Each contribution is evaluated using dedicated auxiliary MC samples (all generated at
my = 125 GeV) in which the corresponding systematic variations are applied to the
reconstructed photons energies. The resulting impact on the ., shape is then assessed
as described below.

To evaluate the scale systematic uncertainties arising from the photon energy scale, the
ratio-of-mean technique is used. The means of the M, distributions, <m,w>, are com-
puted for the nominal sample and for the two variations corresponding to 1¢ shifts of
each independent energy-scale systematic uncertainty (see Section 6.5.3) applied to the
reconstructed photons. The systematic uncertainty for each category c and for each scale
variation is then defined as

m:tla
Sps(£10) = <sz> ~ 1 (7.9)
()

Figure 7.11 shows the scale uncertainty breakdown for the UU, Central-barrel, low-pr,
category. Uncertainties labelled with the prefix “EG” affect both electrons and photons,
while those labelled “PH” are photon-specific. The “PS” uncertainties arise from the Pre-
sampler energy scale (Section 6.2.1), “ADCLIN” from the ADC non-linearity correction
(Section 6.4.1), and “E4SCINTILLATOR” from the additional TileCal gap/crack scintilla-
tors shown in Figure 6.7. The “G4” uncertainty accounts for the modelling of electromag-
netic showers in GEANT4, while “L1” and “L2 GAIN” correspond to the High/Medium
and Medium/Low gain intercalibration of the calorimeter readout (Section 6.4.2). Un-
certainties labelled “LARELEC” refer to the calibration of the LAr calorimeter electron-
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ics, while “LARUNCONVCALIB” denotes the energy calibration uncertainty for uncon-
verted photons. The “S12” uncertainty is associated with the intercalibration of the first
two layers of the electromagnetic calorimeter (Section 6.2.2). Material-related uncertain-
ties include “MATCALQO” for the calorimeter material, “MATID” for the inner detector
material, “MATPP0” for passive material at the IP, and “"MATCRYO” for the cryostat
material. The “ZEE” uncertainties correspond to the statistical and systematic compo-
nents of the energy scale calibration derived from Z — ee events (Section 6.5). The
“WTOTS1” uncertainty accounts for the modelling of the lateral shower shape in the
first calorimeter layer, while “LEAKAGE” refers to uncertainties related to longitudinal
energy leakage. Finally, “PH_CONVRADIUS” describes uncertainties in the modelling
of the photon conversion radius in the 1D, and “PH_CONVRECO” corresponds to un-
certainties in the reconstruction efficiency of photon conversion (Section 6.5.2).

Figure 7.12 displays the squared sum of all upward photon energy scale systematic vari-
ations for each category. The total impact on the measured mass ranges from £1.12%o in
the Conv, Central-barrel, low pt, category to £3.76 %o in the UU Endcap category. As an-
ticipated in Section 7.3.1, the largest photon energy scale uncertainties occur for uncon-
verted photons, mainly due to the electron-to-photon scale extrapolation; this trend is
visible in Figure 7.12, where UU categories exhibit a larger squared sum of scale-related
uncertainties than the corresponding Conv categories. In addition, a decrease in the
squared-sum impact is observed when moving from high- to low-p, categories.
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Figure 7.11 — Impact of the photon scale systematic uncertainties ( PES) for the category UU,
Central-barrel, low pp;. The up and down systematics (evaluated using respectively the +1c
and —1c varied distributions) are shown in red and in yellow. The naming of each uncer-
tainty on the x-axis reflect its origin.

To estimate the resolution systematic uncertainties, the relative difference of inter-quartile
ranges is used. The inter-quartile range is computed as IQR = CDF ' (75%) — CDF ! (25%),
where the CDF is the cumulative distribution function of the m,, nominal and varied
distributions. Then, the systematic uncertainty is evaluated for each category c and for
each one of the 9 resolution uncertainties as
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Figure 7.12 — Squared sum of all the photon energy scale systematic impacts of the up contri-
butions on the mass 1y for each category. The total impact ranges from 4-0.11% in the Conv,
Central-barrel, low pt, category to £0.38% in the UU Endcap category.
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This procedure was repeated for the nine resolution systematic uncertainties. These
were subsequently grouped into five combined uncertainties, by summing in quadrature
some of the individual components, in order to match the grouping scheme adopted in
the Run 1 analysis. The grouping scheme is reported in Table 7.17. Figure 7.13 shows the
five grouped resolution uncertainties for the UU, Central-barrel, low py, category. Fig-
ure 7.14 presents the squared sum of all upward energy-resolution variations for each
category. The overall impact on the mass resolution ranges from +4.5% in the Conv,
Outer-barrel, low pr, category to £17% in the UU, Central-barrel, high py, category.

Final 5 uncertainties | Grouping
MATERIAL_RUN1_RUN2 | MATERIALCALO, MATERIALCRYO, MATERIALGAP, MATERIALID
MATERIAL_RUN2 MATERIALIBL, MATERIALPPO
PILEUP PILEUP
SAMPLINGTERM SAMPLINGTERM
ZSMEARING ZSMEARING

Table 7.17 — Grouping of the 9 resolution systematics in 5 final uncertainties: the uncertainties
on the same line on the right column are summed in quadrature to obtain the systematic on
the left column.

In principle all the scale and resolution systematics have a dependence on the m; value,
since they depend on the photon pt. To assess the impact of this dependence, the proce-
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Figure 7.13 — Evaluation of the 5 resolution systematic uncertainties ( PER) for the category
UU, Central-barrel, low pr;. The up and down systematics (evaluated using respectively the
+10 and —10 varied distributions) are shown in blue and in light-blue.

dure to evaluate the scale and resolution systematic uncertainties described in the previ-
ous pararagraph was repeated using varied mass systematic MC samples generated at
different values of my; besides the MC sample at 125 GeV: my = 110, 124,126,140 GeV.
Since the evaluated percentual variations (at my = 124 and 126 GeV with respect to
125 GeV) is practically always less than 1% (the maximum value is 2.5%) for the three
main scale systematics and less than 2% (the maximum value is 3.4%) for the three main
resolution systematics for each category, it was decided not to include this dependence
on my; of the systematics in the analysis and therefore to consider these uncertainties as
constants.

7.6.2 Modelling biases on mg
Signal modelling uncertainty

Since the parameters of the signal model are fixed to the values obtained in Section 7.4.3,
an inaccurate signal modelling could induce a bias in the mass measurement, which
must therefore be evaluated. To assess this potential bias, a signal injection test is per-
formed. A dataset composed of a background Asimov sample and the signal MC sam-
ple at my = 125 GeV is fitted with the nominal signal-plus-background model.

The shape parameters and yields of the background-only Asimov dataset for each cate-
gory are derived from fits to the data sidebands (see Section 7.5.3), using as background
models the functional forms selected by the spurious signal test (Section 7.5.2). The
signal MC sample generated at my = 125 GeV is then injected on top of the back-
ground Asimov. The resulting signal-plus-background sample is fitted with the nominal
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Figure 7.14 — Squared sum of all the energy resolution systematic up contributions for each
category. The overall impact on the mass resolution ranges from +4.5% in the Conv, Outer-
barrel, low pr, category to £17% in the UU, Central-barrel, high py, category.

signal-plus-background model, where the signal component is the parametrised model
obtained in Section 7.4.3 and the background component follows the functions listed in
Table 7.15. In this fit, the only free parameters are my, the background-shape parame-
ters, and the normalisation factors Ng;; and Ny,

The signal bias for each category is evaluated as the relative shift between the fitted mass
and the injected value (my = 125 GeV). The results for all categories are reported in the
first four columns of Table 7.18.

To assess whether the signal bias is statistically significant, a bootstrap3 of the signal
MC sample at mp = 125 GeV is performed, producing Np,otstrap = 1000 replicas for
each category. Each bootstrap replica is added on top of the same background Asimov
sample, and the resulting Ny ostrap COmposite datasets are fitted using the same signal-
plus-background model employed in the nominal bias evaluation. For each replica, the
signal bias is computed as before from the relative shift between the fitted and injected
Higgs boson mass. The mean and standard deviation of the bootstrap bias distribution
are then calculated; these results are shown in Table 7.18 in the “Bootstrap” columns.

In particular, the last column of the “Bootstrap” section gives the uncertainty on the sig-
nal bias, which provides an indication of its statistical significance. For most categories,
the bias is found to be statistically significant (/¢ > 1).

Moreover, the last two columns of the table provide a comparison between the evaluated

3The bootstrap is a resampling technique used to estimate statistical properties of a distribution by sampling
with replacement. To construct one bootstrap sample, events (defined as pairs of the observable n1,, and their
MC weight) are drawn at random from the original MC sample, with replacement, until the bootstrap sample
reaches the same size as the original MC. This procedure is repeated Npgotstrap times to produce Npgotstrap
replicas.
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signal bias and the total systematic uncertainty arising from the PES, as evaluated in
Section 7.6.1. The second-to-last column reports the quadrature sum of the scale system-
atics for each category (the same information displayed in Figure 7.12), while the final
column shows the ratio between the nominal signal bias and the total scale systematic
uncertainty, expressed as a percentage. As can be seen, for most categories the size of the
signal-modelling uncertainty is less than 10% of the total scale systematic uncertainty.

Nominal fit Bootstrap Comparison with PES

Category fitted : P o o 1 2 To ias size [
mifted [GeV]  bias [GeV] bias [%o] | (%] o [%] |L| | £o63es [%] Bias size [%]
UU, Central-barrel, high pr, 124.975 -0.025 -0.20 | -0.17 007 26 2.10 9.5
UU, Central-barrel, med pr, 125.009 0.009 0.07 0.07 0.06 1.2 1.64 43
UU, Central-barrel, low p, 125.005 0.005 0.04 0.03 003 1.1 1.34 3.0
UU, Outer-barrel, high pr, 124.971 -0.029 -0.23 | -0.14 0.09 17 3.27 7.0
UU, Outer-barrel, med pry 125.035 0.035 0.28 0.28 0.07 4.0 2.36 12
UU, Outer-barrel, low pr, 125.008 0.008 0.06 0.05 004 13 1.92 3.1
UU, Endcap 125.016 0.016 0.13 0.10 004 26 3.86 34
Conv, Central-barrel, high p, 125.000 0.000 0.00 0.04 0.09 0.49 1.76 0.0
Conv, Central-barrel, med pr, 124.997 -0.003 -0.02 -0.02 0.09 0.24 1.34 15
Conv, Central-barrel, low pr, 125.012 0.012 0.10 0.09 0.05 20 115 8.7
Conv, Outer-barrel, high pr, 125.030 0.030 0.24 0.24 010 25 2.53 9.5
Conv, Outer-barrel, med pr, 124.986 -0.014 -0.12 | -0.11 0.08 1.3 1.69 7.1
Conv, Outer-barrel, low pry 125.016 0.016 0.13 0.12 0.05 24 1.37 9.5
Conv, Endcap 125.018 0.018 0.14 0.11 004 31 1.94 72

Table 7.18 — Signal bias computed as difference between the fitted and injected (125 GeV)
Higgs boson mass. Mean and standard deviation obtained from a bootstrap procedure with
1000 replicas is reported as well. The significance y/ o of the bias for each category is reported.
In addition, a comparison of the signal bias with the quadrature sum of the PES systematic
uncertainties is reported, with “Bias size" computed as the ratio between the nominal signal
bias and the quadrature sum of the scale systematics.

Background modelling uncertainty

An inaccurate modelling of the background can also introduce a bias in the mass mea-
surement. To quantify it, a background injection test is performed following the same strat-
egy used for the signal bias. A sample consisting of a signal Asimov dataset generated
at my = 125 GeV and a background MC sample is fitted with the nominal signal-plus-
background model, using the signal shape parameters extracted in Section 7.4.3. The
signal Asimov is then injected on top of the background MC (the <y SHERPA sample
reweighted to the background templates described in Section 7.5.1), and the resulting
composite dataset is fitted again with the nominal model, where the background com-
ponent is described by the functional form selected through the spurious signal test.
The only free parameters in the fit are my;, the background-shape parameters, and the
normalisation factors Ng;; and Npy.

The background bias for each category is defined as the relative shift between the fitted
and injected Higgs boson mass. The results are reported in the “Nominal fit” columns
of Table 7.19.

To assess the statistical significance of this bias, a bootstrap procedure—analogous to
that used for the signal bias—is applied to the background MC sample, generating
Npootstrap = 1000 replicas for each category. Each replica is added to the same signal
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Nominal fit Bootstrap Comparison with PES

Category fited : oo q q I 2 1o (28 size [9
my [GeV] bias [GeV] bias [%o] | p[%] o [%o] - ‘ Y 0pps [%o]  Bias size [%]
UU, Central-barrel, high py 124.990 -0.010 -0.08 -0.13 0.25 0.55 2.10 3.8
UU, Central-barrel, med pr, 124.975 -0.025 -0.20 | -0.22 025 0.88 1.64 12
UU, Central-barrel, low pr, 125.013 0.013 0.10 0.10 0.17 058 1.34 7.5
UU, Outer-barrel, high pr, 125.030 0.030 0.24 0.16 052 0.30 3.27 73
UU, Outer-barrel, med pry 125.017 0.017 0.14 0.15 0.05 3.0 2.36 5.9
UU, Outer-barrel, low pr, 125.051 0.051 0.41 0.37 027 14 1.92 21
UU, Endcap 125.194 0.194 1.6 1.6 033 48 3.86 41
Conv, Central-barrel, high pp, 125.024 0.024 0.19 0.24 0.34 071 1.76 11
Conv, Central-barrel, med pr, 124.945 -0.055 -044 | -044 042 11 1.34 33
Conv, Central-barrel, low pr, 125.118 0.118 0.94 0.88 032 28 1.15 82
Conv, Outer-barrel, high pr, 125.209 0.209 1.7 17 047 3.6 2.53 67
Conv, Outer-barrel, med py 124.858 -0.142 -1.1 -1.0 062 1.6 1.69 65
Conv, Outer-barrel, low py 125.035 0.035 0.28 0.25 0.40 0.64 1.37 12
Conv, Endcap 125.283 0.283 2.3 2.3 04 54 1.94 119

Table 7.19 — Background bias as relative shift between the fitted and injected (125 GeV) Higgs
boson mass. Mean and standard deviation obtained from a bootstrap procedure with 1000
replicas is reported as well. The significance u/c of the bias for each category is reported.
In addition, a comparison of the signal bias with the quadrature sum of the PES systematic
uncertainties is reported, with “Bias size" computed as the ratio between the nominal back-
ground bias and the quadrature sum of the scale systematics.

Asimov sample and fitted with the nominal model. The mean and standard deviation
of the resulting bias distribution are shown in the “Bootstrap” columns of Table 7.19; the
latter quantifies the uncertainty on the bias. For most categories, the bias is statistically
significant (/o > 1).

Finally, the last two columns compare the size of the background-modelling bias with the
total photon energy scale systematic uncertainty discussed in Section 7.6.1. The second-
to-last column lists the quadrature sum of the scale uncertainties for each category (also
shown in Figure 7.12), while the final column provides the ratio between the nominal
background bias and this total scale uncertainty, expressed as a percentage. The back-
ground modelling bias is normally small (< 10% PES) for the UU Central-barrel and
Outer-barrel categories, but becomes significant for the UU Endcap and the Conv cate-
gories, reaching values between 10%-100% of the PES. In particular, for the Conv Endcap
category the background modelling bias is found to be 119% of the total scale systematic
uncertainty.

Interference uncertainty

The effect of interference between the gg — H — 7y signal and the gg — 7y continuum
background and between qg — H — 7y and q¢ — <7y is not included in the simulated
event samples used to study the nominal signal model. In the SM, this interference is
expected to change the signal cross-section by 1%-2% [169] and to shift the position of
the peak in the diphoton invariant mass distribution by a few tens of MeV [170]. Fig-
ure 7.15 illustrates the inclusive mass distributions with and without the gg interference
contribution. Its impact on the mass measurement is not corrected and therefore treated
as a systematic uncertainty, evaluated following the same strategy adopted for the signal
modelling uncertainties.
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Figure 7.15 — Inclusive invariant mass distributions with (red) and without (blue) the gg
interference contribution.

A dataset composed of a signal-plus-background Asimov sample generated at my =
125 GeV and the interference MC sample (with I'y; = F?{M and including both the g¢
and gg contributions, see Section 7.1.2) is fitted with the nominal signal-plus-background
model. The signal shape parameters and yields entering the Asimov are taken from the
global simultaneous fit described in Section 7.4.3, while the background component is
constrained using the functions selected through the spurious-signal test (Section 7.5.2).
In this fit, the only free parameters are my;, the background-shape parameters, and the
normalisation factors Ng;, and Ny, The resulting shift in 7; defines the systematic
uncertainty associated with the interference modelling.

The interference bias for each category is evaluated as the relative shift between the
fitted and injected Higgs boson mass (my = 125 GeV). The results are reported in Ta-
ble 7.20. Two noteworthy features emerge: the bias is negative in almost all categories
(i.e. m%t < m}? = 125.0 GeV), and its magnitude generally grows as the transverse mo-
mentum decreases (from high- to low-pr, categories). Both behaviours arise from the

characteristic shape of the interference term [171].

To assess the statistical significance of the interference bias, a bootstrap of the MC in-
terference sample at my; = 125 GeV is performed, generating Nyotstrap = 1000 replicas
for each category. Each bootstrapped interference sample is added to the same signal-
plus-background Asimov dataset, and the resulting ensembles are fitted using the same
signal-plus-background model adopted for the nominal bias determination. For every
replica, the interference bias is computed as the relative shift between the fitted and in-
jected Higgs boson mass. The mean and standard deviation of these bias distributions
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Nominal fit Bootstrap Comparison with PES

Category fited : oo q q I 2 1o (28 size [9
mffed [GeV] bias [GeV] bias [%] | ju[%] (%] |E| | Zohes [%] Bias size [%]
UU, Central-barrel, high pr, 125.003 0.003 0.02 0.02 0.006 3.9 2.10 0.95
UU, Central-barrel, med pr, 124.995 -0.005 -0.04 -0.04 0023 1.6 1.64 2.4
UU, Central-barrel, low pr, 124.956 -0.044 -0.36 -0.35 0.030 12 1.34 27
UU, Outer-barrel, high pr, 124.993 -0.007 -0.05 0.00 0.024 017 3.27 1.5
UU, Outer-barrel, med pr, 124.985 -0.015 -0.12 | -0.13 0.03 44 2.36 5.1
UU, Outer-barrel, low py 124.956 -0.044 -0.35 -0.37 0.03 12 1.92 18
UU, Endcap 124.955 -0.045 -0.36 | -0.39 0.03 14 3.86 9.3
Conv, Central-barrel, high pp, 124.998 -0.002 -0.02 0.02 0.04 0.63 1.76 11
Conv, Central-barrel, med pr, 124.997 -0.003 -0.02 | -0.02 0.03  0.65 1.34 15
Conv, Central-barrel, low pr, 124.951 -0.049 -0.39 -0.38 0.05 8.2 1.15 34
Conv, Outer-barrel, high pr, 125.001 0.001 0.01 0.00 0.04 0.02 2.53 0.40
Conv, Outer-barrel, med py 124.993 -0.007 -0.05 | -0.05 0.04 14 1.69 3.0
Conv, Outer-barrel, low py 124.943 -0.057 -0.46 | -0.46 0.05 9.0 1.37 34
Conv, Endcap 124.953 -0.047 -0.38 -0.42 0.02 18 1.94 20

Table 7.20 — Interference bias as relative shift between the fitted and injected (125 GeV) Higgs
boson mass. Mean and standard deviation obtained from a bootstrap procedure with 1000
replicas is reported as well. The significance y /¢ of the bias for each category is reported.

are quoted in Table 7.20 under the “Bootstrap” columns, where the quoted uncertainty
provides a measure of the statistical significance. For most categories, the interference
bias is statistically significant (#/c > 1).

The last two columns of Table 7.20 compare the nominal interference bias with the to-
tal photon energy scale ( PES) systematic uncertainty evaluated in Section 7.6.1. The
second-to-last column reports the quadrature sum of the PES contributions for each cat-
egory (also shown in Figure 7.12), while the final column gives the ratio between the
nominal interference bias and the total PES uncertainty expressed as a percentage. The
interference bias is normally small (< 5% PES), but its magnitude generally grows as
the transverse momentum decreases (from high- to low-pt, categories and in the Conv
Endcap category) where it reaches values between 18%-34% of the PES.

7.6.3 Signal yield uncertainties

Yield uncertainties affect the signal yield in a given reconstructed category by causing
migrations of events among categories or by modifying the efficiency of the diphoton se-
lection. Several experimental systematic sources are taken into account: photon isolation
and identification efficiency uncertainties, uncertainties on the diphoton trigger efficiency,
and uncertainties arising from the modelling of pileup in simulation.

Concerning the impact of PER and PES on the category yields, this effect is typically
smaller than that of the other systematic sources. Therefore, instead of evaluating sepa-
rately the impact of each of the 67 energy-scale and 5 energy-resolution systematics on
the yield, a simplified model is adopted in which a single global variation is used for the
scale and one for the resolution. In this model, the individual systematic contributions
are treated as uncorrelated (except for correlations across ) and added in quadrature to
obtain one effective uncertainty for the energy scale and one for the energy resolution.
The yields for each category c are computed for the nominal sample and for the two
varied samples corresponding to +1c shifts, where the systematic variations are applied
upstream and their effect propagated to the m, ., shape using the signal MC samples.
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The impact on the yield is then evaluated as the relative difference between the varied
and nominal yields:

+1o
SN (£10) = % —1. (7.11)

c
The PES and PER yield uncertainties are below 0.1% in all categories, while the sig-
nal yield uncertainties related to identification, isolation, trigger efficiencies, and pileup
modelling are typically below 1-2%. Since these effects impact the event yield rather
than the position of the reconstructed mass peak, their contribution to the Higgs boson
mass systematic uncertainty is expected to be negligible.

7.6.4 Theoretical systematic uncertainties

Theoretical uncertainties affecting the cross section of the SM Higgs production modes
arising from missing higher-order terms in perturbative QCD calculations (the “Scale”
uncertainties) are evaluated by varying the factorization and normalization scales used
for theoretical calculations and taking the largest relative difference between the varied
and nominal cross sections. The relative impact of the Scale uncertainty ranges from
0.3% (VBF) up to 25% (ggZH); the impact for the ggH production mode is found to be ~
5%.

The uncertainty on parton distribution functions and on the value of the strong coupling
constant (“PDF + ag” uncertainty) ranges instead from ~ 1% (WH) to 6% (tWH), with
an impact of 2-3% for the ggH and VBF production modes.

Finally a 2.9% uncertainty on the branching ratio BR(H — <7) is included for all the
resonant processes.

7.6.5 Additional systematic uncertainties

Diphoton production vertex As discussed in Section 7.2.2, the primary-vertex selec-
tion in the H — <y analysis relies on a NN to rank the reconstructed vertices in an
event and identify the most probable hard-scattering vertex. This vertex is then used
to recompute the photon kinematics. Since the photon pseudorapidity and the pointing
information used by the NN are derived from the cluster barycentre and its position rel-
ative to the tracking system, any misalignment between the ID and the electromagnetic
calorimeter could introduce a systematic bias in the m, ., reconstruction. In addition, the
NN algorithm itself may contain an intrinsic preference in the z direction.

To assess whether these effects are properly modelled in the simulation, a data/ MC
comparison is performed using a Z — e’ e~ control sample.

The directions of the selected electrons and positrons, and therefore their invariant mass,
are computed using either (i) the vertex candidate with the largest scalar sum of track
p% (including the et tracks), or (ii) the NN-selected vertex, for which the electron and
positron tracks are deliberately excluded. The separation between the peak positions of
the two resulting e"e” invariant-mass distributions is measured independently in data
and in simulation. The maximal observed difference between data and MC—found to
be 5 MeV—is taken as an additional systematic uncertainty on my,.
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Migration from photon conversion mis-modelling Given that the analysis categorisa-
tion relies on requirements on 7, p%z and photon conversion status, events may migrate
between categories if the modelling of the photon pr spectrum or the photon-conversion
reconstruction differs between data and simulation. The former effect is already covered
by the photon energy scale and resolution uncertainties, as well as parton-shower sys-
tematics, whereas the latter requires a dedicated study.

Mis-modelling of the photon-conversion rate can bias the photon energy response, since
the MC MVA calibration is trained separately for converted and unconverted pho-
tons, as explained in Section 6.3. This effect is parameterised in the calibration by the
PH_SCALE_CONVRECO systematic uncertainty, which is correlated across the two pho-
ton types. When propagated to the mass analysis, it accounts for a possible bias in the
peak position but does not describe the relative migration of events between the UU and
Conv categories.

To quantify this migration, the same method used in the photon calibration is adopted.
The number of converted and unconverted photons entering the analysis is expressed in
terms of three probabilities: the true-photon conversion probability f,,,,,, the conversion-
reconstruction efficiency f,,,,, and the fake-conversion rate fr;,. These quantities are
measured in radiative Z decays in both data and simulation.

The impact on the mass categories is obtained by reweighting a ggH MC sample so that
it reproduces the f.,0, freco and ffp, values observed in data, while keeping the total
number of selected photons constant. The relative yield variations between the nominal
and reweighted configurations provide the category-by-category systematic uncertainty
associated with conversion mis-modelling, as reported in Table 7.21.

Category Relative yield variation [%]
UU, Central-barrel, high pr, —-0.81
UU, Central-barrel, med pr —0.93
UU, Central-barrel, low py -1.13
UU, Outer-barrel, high py 1.87
UU, Outer-barrel, med pr, 1.61
UU, Outer-barrel, low pr, 1.56
UU, Endcap 10.97
Conv, Central-barrel, high pr, 2.25
Conv, Central-barrel, med py 2.98
Conv, Central-barrel, low pry 3.57
Conv, Outer-barrel, high pr, —2.79
Conv, Outer-barrel, high pry —241
Conv, Outer-barrel, low py —2.27
Conv, Endcap —7.68

Table 7.21 — Category yield variation due to the mis-modelling of the photon conversion
between data and MC.
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7.6.6 Main sistematic uncertainties summary

Table 7.22 summarises the main source of systematic uncertainties for the my measure-
ment in the diphoton channel and their expected pre-fit and pre-linearity impacts for
category and for systematic group.

LAr cell non-linearity

Z — ee calibration

Layer calibration

Other material (not ID)
Lateral shower shape
Conversion reconstruction
ID material

Interference bias
Background modelling bias
Signal modelling bias
Vertex bias

Category

UU, Central-barrel, high pr, 0.171 0.042 0.083 0.046 0.065 0.003 0.014 | 0.002 0.008 0.020 | 0.004
UU, Central-barrel, med py 0.122 0.042 0.070 0.046 0.057 0.005 0.013 | 0.004 0.020 0.007 | 0.004
UU, Central-barrel, low pry 0.087 0.042 0.061 0.044 0.053 0.007 0.013 | 0.035 0.010 0.004 | 0.004

UU, Outer-barrel, high pr, 0264 0.047 0.130 0.119 0.050 0.006 0.039 | 0.005 0.024 0.023 | 0.004
UU, Outer-barrel, med pry 0.161 0.048 0.110 0.110 0.042 0.010 0.038 | 0.012 0.014 0.028 | 0.004
UU, Outer-barrel, low pr, 0.101 0.048 0.100 0.106 0.039 0.012 0.038 | 0.035 0.041 0.006 | 0.004
UU, Endcap 0.099 0.090 0.196 0.106 0.183 0.040 0.074 | 0.036 0.160 0.013 | 0.004

Conv, Central-barrel, high pr, | 0.144 0.042 0.055 0.032 0.057 0.037 0.011 | 0.002 0.019 0.000 | 0.004
Conv, Central-barrel, med py, | 0.092 0.042 0.039 0.024 0.050 0.058 0.008 | 0.002 0.044 0.002 | 0.004
Conv, Central-barrel, low pr; | 0.056 0.042 0.028 0.018 0.045 0.075 0.006 | 0.039 0.094 0.010 | 0.004
Conv, Outer-barrel, high pr, 0.208 0.048 0.084 0.080 0.048 0.044 0.036 | 0.001 0.170 0.024 | 0.004
Conv, Outer-barrel, med pr, 0.112 0.049 0.056 0.052 0.044 0.069 0.034 | 0.005 0.110 0.012 | 0.004
Conv, Outer-barrel, low pry 0.061 0.049 0.043 0.036 0.041 0.086 0.033 | 0.046 0.028 0.013 | 0.004
Conv, Endcap 0.053 0.094 0.100 0.036 0.068 0.053 0.063 | 0.038 0.230 0.014 | 0.004

Table 7.22 — Pre-fit and pre-linearity impacts (in %) of the main systematic uncertainty
groups. The quadrature sum of the first seven columns corresponds to the total photon en-
ergy scale uncertainty.

7.7 Statistical model

The Higgs boson mass is extracted from a maximume-likelihood fit to the diphoton in-
variant mass distributions in the range 105 < m,, < 160 GeV, performed simultane-
ously across all analysis categories. An extended likelihood function is constructed for the
Nt = 14 categories, incorporating the signal and background models described in Sec-
tions 7.4 and 7.5, together with the nuisance-parameter constraints associated with the
systematic uncertainties discussed in Section 7.6.

The number of expected events for each category ¢ and for each production mode i (ggH,
VBE, WH, ZH, ggZH, ttH, bbH, tHbj and tWH) is modelled as in Equation (7.5), introduc-
ing the signal strength u as an overall multiplicative factor. The parameter y quantifies
the agreement between the yields predicted by the SM and the value measured in data.
The expected yield in category c is therefore:
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Nc<mH' H, 6) = Z‘M : L(Blumi) ’ Ui(mH/ 6theo> ) BR'y'y(mH' GBR) (A~ e)ic(mH/ 6sig)
= Z# i(myy, 0 (7.12)

where:
¢ L is the total integrated luminosity, L = 140 bl

* 0 denotes the Nuisance Parameters (NPs), i.e. all parameters entering the fit except
for the Parameters of Interest (POls) (my and p);

* 0;(mp, Oyeo) is the Higgs production cross section for process i;
* BR,.,(my,0pg) is the diphoton branching ratio (BR ., =~ 0.227% at my; = 125.09 GeV);

e A, is the geometric/kinematic acceptance and ¢;, the reconstruction and selection
efficiency for a Higgs event of production mode i to be reconstructed in category c;

* N, denotes the yield in category c¢ from production mode i, given by the product
L-0;-BR,, - (A€);.
The dependence of the yield N; on my was studied for each category and production
mode in Section 7.4.1 and it is 1nc1uded in the model. The likelihood function L is

N,

cat

L (mH,‘u,B;mw) = 1_[1 <P01s (N, |v. (my,u,6 ch (mzw;mH,(-))> HG (9]-) .
= ]
(7.13)
The first product is the likelihood extended term and it spans the analysis categories: the
number of observed events for each category N, is modelled with a Poisson distribution
with mean

Ve (my, 1, 8) = No(my, 1, 0) + NJ'€ + NE, - 65, (7.14)

where N, is the number of expected Higgs signal events for the c-th category, N, kg the
number of background events fitted on data and N, Sp is the spurious signal with 1ts asso-
ciated nuisance parameter 9§p.

For each category, the diphoton mass probability density function is built from the signal
and background functions as

fc (mfw; my, 6) = 1{ (Nc(mH' H, )+ Nscpegp) fsclg (me" my, 658) =+

1%
¢ (7.15)
bk i
NS - i (s 935)}

where fscl-g and f;fkg are the analytical functions for signal and background respectively
evaluated in Section 7.4.3 and 7.5, 654 are the shape uncertainties on the peak position
and width of the signal shape (Section 7.6.1, Section 7.6.2) and 054 are the background
shape parameters which are free to float in the fit. The Higgs boson mass m; represents
the main Parameter of Interest (POI) of the fit.
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The last term in the likelihood function (Eq. 7.13) is the product of constraint terms on the
NPs. Systematic uncertainties enter the likelihood by multiplying the affected quantity
with a response function which may differ according to the considered systematic; the
possible choices are

F5(0,0) =(1+460) gaussian response,

in(1+6%) 0
Fn(6,0)=e log-normal response, (7.16)
Py(6; 67,0,67), 0¢€6,67],

X asymmetric response,
Fin(5,0), otherwise,

Fas(6%,0) = {

where 0 is the relative uncertainty amplitude estimated as explained in Section 7.6, & *in
the case of asymmetric =10 variations. Asymmetric uncertainties are implemented with
two log-normal response functions, one for the up and one for the down variation, linked
by a six-degree polynomial Py. In general, log-normal constraints are used whenever
a negative model parameter has no physical sense, as in the case of luminosity. The
nuisance parameter 6 is constrained by probability density function which is an unitary
Gaussian G (6) of mean 0 and width 1. Some details on the systematics implementation
are listed below:

* The 67 photon energy scale systematics ( PES) of Section 7.6.1 are included in the
fit to data as response functions FgES on jicp of the signal DSCB:

Hep = Hep(my)FE>(67,0) (7.17)

where jicg () comes from the parametrization of Equation (7.8). The constrained
nuisance parameters 6 are implemented in the fit to data as Gaussian response us-
ing the 410 variation, because of the high symmetry observed. The constraint is
applied to jicp as a response function of the type Fo (6%,0) = (1 + bps - Opgs)-
The other parameters of the analytic function used to model the signal are not af-
fected. These 67 6~ systematic variations are extracted for each analysis category
using the techniques described in the corresponding Section 7.6.1 and are then con-
sidered fully correlated” across the categories;

* The 5 resolution uncertainties ( PER) are applied to ocg as a response function
FKER((Si, 6) and they are implemented in the fit to data with an asymmetric con-
straint, to take into account differences in the +10 and —1¢ variations:

¢ = 0cp(my)Fag (67,6) (7.18)

where ocg(mpy) comes from the parametrization of Equation (7.8). All the energy

“Correlation among a systematic source is imposed by using the same nuisance parameter § with different
values of ¢: in this case for each one of the 67 scale systematics 14 values of J are implemented (one for each
category) but with the same name.
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resolution effects are then considered fully correlated across the categories;

* The signal and background biases evaluated in Section 7.6.2 are both assumed un-
correlated among the categories, thus leading to 14 additional NPs each, one for
each category. Each bias is considered as uncorrelated because it might depend on
the kinematic selections applied to obtain the categories and these effects are not
clearly correlated between the categories. They are included in the fit as response
functions with a Gaussian response on jig of the signal DSCB, in the same way of
the scale systematics;

* The interference biases of Section 7.6.2 are assumed correlated among the cate-
gories, thus leading to only 1 additional NP. Also this bias is included in the fit
with a Gaussian response on jicg;

* The spurious signal is different from all the other uncertainty implemented, since
the response function is just Fy, = 6, as shown in Equation (7.14)

* The yield uncertainties related to photon isolation, photon identification, trigger,
and pileup, described in Section 7.6.3, are assumed to be fully correlated across
categories and therefore introduce a single additional NP per systematic source.
These uncertainties are implemented in the fit as response functions acting on the
expected yield N, using an asymmetric response, with the exception of the trigger
uncertainty, which is modelled with a log-normal response. The effects of energy
scale and resolution uncertainties on the yield are also assumed to be correlated
across categories and are implemented using 67 and 5 NPs, respectively, following
the same strategy adopted for the corresponding shape systematics. Scale-induced
yield uncertainties are modelled with gaussian responses, while resolution-induced
yield uncertainties are implemented using asymmetric responses.

A summary of the number of nuisance parameter and the relative constraint is reported
in Table 7.23.

Likelihood ratio and scan

As defined in Equation (7.13), the likelihood function quantifies the compatibility of a
model, depending on the parameters (1, 4, 8), with the observed dataset (1., ). In the
framework of maximum likelihood estimation [172], the parameter values that maximise
the likelihood are the maximum-likelihood estimators; in this analysis, the principal estima-
tor is ri1y. For sufficiently large datasets, maximum-likelihood estimators are consistent,
asymptotically unbiased, and efficient.

Maximising £ is equivalent to maximising the log-likelihood In £, or, equivalently, to
minimising the negative log-likelihood —2In £. From the latter, the profile likelihood ratio
is defined as

—2InA(my) = —ZInM = =2 [In L(my; B(myy)) — In LOy; )], (7.19)
'C(mH; 0)

where 7i1;; and @ are the values of the POI and NPs that maximize the likelihood
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Systematic source =~ NP Implementation

o  Branching ratio 1 Niot Fin (95, 6;)
E PDF 9 N, Fas(6,,6,)
&g 1 Np FAS(‘szIGz)
g E{ Luminosity 1 Niot Fin (95, 6;)
< .
;‘ Tngger 1 Nc FLN (51/ 91)
Photon Isolation 1 N, Fas(6;,6;)
& Photon Identification 1 N, Fpg(9;,6;)
& Photon Scale 1 N, F;(4;,6;)
Photon Resolution 1 N, Faq(6;,6;)
Pileup 1 NC FAS (5i’ 91)
Photon Scale 67 tcp Fe(6;,6;)
o Photon Resolution 5 ocp Fas(6;,6;)
E Signal Bias 14 tcp Fe (6;,0;)
n Background Bias 14 tcg Fg(;,6;)
Interference Bias 1 tcp Fe(6;,0;)
Bkg Spurious signal 14 Nspur,e Ospur,c

Table 7.23 - Summary of sources of systematic uncertainty 6; along with their implementation
in the likelihood function, impacting on signal yields, mass scale/resolution and the spurious
signals resulting from the background parametrization. When acting on N, the uncertainty
value is the same for all the categories, whereas the uncertainty has a different value for each
category on the case denoted by N, and a different value for each production mode when
denoted by N,,.

L(ri1y; 0), while ?)(m 1) corresponds to the values of the NPs that ‘maximize the like-
lihood for a given value of my;. By construction, £(1ity; 8) > L(my; (m )

In the asymptotic regime, which is valid for all results presented here, the test statistic
—2In A(my) follows a x* distribution with a number of degrees of freedom equal to
the number of parameters of interest. This allows confidence intervals on m; to be con-
structed. The endpoints of the 68% confidence interval for #1;; are obtained by solving

—2InA(my) = 1. (7.20)

7.8 Results

7.8.1 Expected results without linearity

In order to estimate the expected values of the uncertainties on the mp value, a fit is per-
formed on an Asimov dataset corresponding to the SM expectations (i.e. signal strength
setto 1.0, my = 125.00 GeV, all systematic nuisance parameters set to 0, and background
normalisation and shape fitted in the m, ., data sidebands). The fitted POls in the nom-
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inal fit are the Higgs boson mass and the 14 signal strenghts ., one for each category.
The best value obtained for m; from the fit is:

my = 125.00 4 0.12 (stat.) = 0.18 (syst.) GeV = 125.00 & 0.21 GeV (7.21)

where the first error is the statistical uncertainty while the second is the total system-
atic uncertainty evaluated as the quadratic difference between the total error and the
statistical-only error. The statistical-only error is evaluated by repeating the fit after fix-
ing all the systematic nuisance parameters to their best values (which is by defition ~ 0
on a prefit Asimov dataset). The total uncertainty corresponds to a relative error of
0.17%, while the systematic uncertainty corresponds to a relative uncertainty of 0.14%;
as expected the measurement would therefore still be dominated by systematic uncer-
tainty, and in particular by the uncertainties arising from the photon energy calibration
(as detailed in Section 7.6). The total systematic is decomposed in the main components,
grouping several systematics in common set of uncertainty. The contribution of a par-
ticular set of systematic uncertainties is computed as a quadratic difference between the
total uncertainty, obtained floating all the nuisance parameters, and a fit with all the nui-
sance parameters free to float except for the ones under study. This is done always using
the same Asimov input dataset, with my = 125.00 GeV and the signal strengths fixed to
1. The errors on the my; are obtained from a scan of the likelihood ratio. The results are
shown in Table 7.24.

Impact on my [MeV]

Systematic group Down Up
LAr cell non-linearity 126 127
Z — ee calibration 61 61
Layer calibration 61 61
Other material (not ID) 51 51
Lateral shower shape 51 51
Interference bias 34 34
Conversion reconstruction 29 30
Background model bias 28 28
ID material 21 21
Vertex bias 5 5
Signal model bias 4 4
Resolution 3 3
Spurious Signal 3 3
Theory 0 0
Yield 0 0
Luminosity 0 0

Table 7.24 — Systematic decomposition on the Asimov dataset.

The main POI is the Higgs boson mass m but in the maximum likelihood fit it is
possible to constrain also the global signal strength u. The global u however can be
parametrised by the product of the signal strengths for each production mode y; or
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considering the 14 signal strenghts y,;, one for each category. The main features and
expected results of these fit schemes are listed below. The main result, i.e. the expected
Higgs boson mass and its uncertainties, is not affected by the choice of the signal yields
fit strategy.

¢ global u: The expected result considering the global signal strength y is

my = 125.00£0.22 GeV = 125.00 & 0.12 (stat.) £ 0.18 (syst.) GeV

(7.22)
u=1.00 349 — 1.00 £ 0.06 (stat.) T00S (syst.)

® 14 peategory: the baseline configuration considers a different y for each analysis
category to be as model independent as possible. The expected result is

my =125.00 +0.21 GeV = 125.00 + 0.12 (stat.) + 0.18 (syst.) GeV

HUU Central—barrel high—py, = 1-00 024 = 1.00 133 (stat.) “g08 (syst.)
HUU Central—barrelmed—py, = 1:00 7023 = 1.00 + 0.24 (stat.) “g57 (syst.)
HUU Central —barrel low—py, — 1-00 o6 = 1.00 + 0.15 (stat.) 5¢ (syst.)
HUU,Outer—barrel high—pg, — 1-00 0% = 1.00 703 (stat) "8 (syst.)
HUU,Outer—barrel,med—py, = 1-00 0% = 1.00 7037 (stat.) "8 (syst.)
HUU Outer barrel lowpr, = 100 7030 =100+ 0.19 (stat.) (5 (syst)
HUU Endeap = 100 103 = 1.00 £ 0.24 (stat.) 7029 (syst.)
HConv,Central —barreLhigh—pg, = 1-00 o3t =1.00 1335 (stat.) T58 (syst)
HConv,Central —barrel,med —py, — 1-00 034 =1.00 733 (stat) T517 (syst)
HConv,Central —barrellow—py, = 1-00 0% = 1.00 £ 0.21 (stat.) 057 (syst.)
HConyOuter—barrelhigh—pr, = 100 1033 =1.00 733 (stat.) T8 (syst)
HConvOuter —barrelmed pr, = 1.00 7036 = 1.00 733 (stat.) *8%% <syst )
HConvOuter barrellow-py, = 100 703 = 1.00 4021 (stat.) 577 (syst.)
HConyEndeap = 1.00 7035 = 1.00 £ 0.20 (stat.) T017 (syst.)

(7.23)

7.8.2 Expected results with linearity fit

A significant improvement on the precision of the Higgs boson mass measurement is
coming from a innovative method to evaluate the electron and photon energy scale, the
linearity fit, as explained in Section 6.5.4.

The output of the fit returns a set of new additional scales o' which evolve according to
the post-fit pulled, constrained and correlated systematic uncertainties described by the
best fitted §;, and the covariance matrix X pxnyp- Ihe new scales are applied to data
on top of the inclusive in-situ scales. The additional constraint and correlation of the
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systematic uncertainties is propagated to Higgs boson mass measurement by modifying
the auxiliary measurements in the likelihood described in Section 7.7. In particular, the
product of the Gaussian constraint terms (one for each systematic uncertainty when the
systematic uncertainties are uncorrelated) is substituted by a unique multivariate Gaus-
sian defined from the covariance matrix obtained from the fit:

[1c (0|9]-,1) e (0\5, Zananp) . (7.24)
]

After including the new constraints and correlation of the scale systematic uncertainties
in the statistical model, as shown in Equation (7.24), the expected value of the Higgs
boson mass becomes:

my = 125.00 + 0.12 (stat.) = 0.09 (syst.) GeV = 125.00 & 0.15 GeV. (7.25)

The additional linearity measurement reduces the systematic uncertainties by 50%, and
the total uncertainty by 30%. After including the linearity constraints in the fit, the dom-
inant source of uncertainty of the mass measurement in the diphoton channel becomes
the statistical uncertainty.

The reduction of the total energy scale uncertainty per category is reported in Figure 7.16,
which shows the quadrature sum of energy scale impacts with and without the linearity
constraints. It also compares the same quantity on the same categorisation but obtained
from MC samples with the reconstruction algorithm (Rel. 20.7) and energy calibration
used for the partial Run 2 H — 77 mass publication [15]. With respect to the previous
calibration, the new precision recommendations reduce the energy scaled impact per
category by a factor of 2, while the constraint induced by the linearity fit reduces the
impact by another factor of 2, with a larger reduction observed for "high" pt, categories.
The observed mass measurement with and without the linearity constraints are expected
to be different not only for the precision level, but also for the central value for the mass,
as new additional energy scales are included in the calibration procedure. The addi-
tional energy scale will be applied to data, therefore no difference in the central value is
propagated to the expected results, but only on the observed. However, it is important
to understand what the shift might be on mp with and without linearity correction, to
check that the two measurement result in two compatible values of the mass.

As a first test, the expected shift of the m., peak induced by the additional energy scale
due to the linearity correction was computed in each category. The additional energy
correction Eyyc = (1 + &/)EMC5 is applied to each selected photon in the signal MC, to
obtain the corrected m’w values. In each category the expected shift of the average value
m,,., (which is a proxy for the signal peak) is smaller than the 410 uncertainty variations
coming from the energy scales systematics evaluated before including the linearity con-
straint. In every category we can expect a compatible value of my; before and after the
linearity constraint.

As second test, in order to evaluate the expected total shift on my;, the likelihood which

®The standard calibration procedure requires that the energy scale is applied to data as: Eljy; = Egara/ (1 +
~l
&)
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Figure 7.16 — Total systematic uncertainty in the Higgs boson mass from the photon energy
scale calibration using the analysis strategy of this analysis [14] and, respectively, the pre-
vious calibration model [151] (light red histogram) or the new calibration model [17] with
(light-blue hatched histogram) or without (dark-blue hatched histogram) the linearity fit to
constrain the Ep-dependence of the energy scale corrections.

includes the multivariate linearity constraints and correlation (as in Eq. 7.24) is modified
to account also for the additional energy scale, by shifting the global observables from
zero to the observed pulls 6, in the linearity fit", see Equation (6.13). The modified
likelihood is then fitted on an Asimov dataset generated from the likelihood with global
observables and pulls equal to zero (i.e. un-shifted) and with an expected value of my =
125 GeV. The fit returns a best-fit value of my; = 125.085 GeV. The corresponding shift
of 85 MeV away from the Asimov dataset hypothesis 125 GeV is significantly smaller
than the inclusive 1o systematic uncertainty expected for the my measurement without
linearity correction, equal to 180 MeV.

Once the linearity fit constraint is included in the likelihood, the total systematic uncer-
tainty is decomposed in different groups in order to provide meaningful comparisons
with the previous case without linearity fit. In particular, in Table 7.25, the "Et dependent
electron energy scale" group is composed by all uncertainties constrained by the linear-
ity fit, such as the LAr Cell non-linearity, the Layer Calibration, Other Material (not ID),
ID Material groups plus the EG_SCALE_WTOTS and EG_SCALE_LEAKAGEELEC nui-
sance parameters. The two latter NPs are therefore removed from the "Lateral shower

®When the energy scale correction (from linearity) are applied to data the global observables are fixed to
zero because we assume no additional scale. Setting the global observables of each NP to the corresponding
0 results in a shift on the signal model of the same magnitude but in the opposite direction with respect to the
one would be applied to data: energy in data is corrected for (1 — &') while MC is corrected for (1 +&').
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shape" group. The change in impact for NPs groups not affected by the linearity fit is
due to the different weight that each reconstructed category has in the fit: in fact, with
the linearity fit applied, the “high" p1, categories present a reduced energy scale system-
atic uncertainty therefore they become more important in the likelihood fit; on the other
hand, for example, these categories are less affected by the interference and background
biases, therefore the total impacts from these groups decrease as well.

Impact on my [MeV]

Systematic group Without Linearity ~With Linearity
Et dependent electron energy scale 163 43
Z — ee calibration 61 60
Interference bias 34 24
Lateral shower shape 31 30
Conversion reconstruction 30 23
Background model bias 28 18
Vertex bias 5 5
Signal model bias 4 5
Resolution 3 3
Spurious Signal 3 3
Yield 0 0
Theory 0 0
Luminosity 0 0

Table 7.25 — Systematic decomposition on the Asimov dataset.

7.8.3 Observed results

The m,,, distribution of the data, overlaid with the sum of the signal and background
models corresponding to the maximum-likelihood estimates of the parameters of the
likelihood function, is shown in Figure 7.17. All event categories are included. For il-
lustration purposes, events in each category are weighted by a factor In(1 + S35°/ B&®),
where S and B$® are the fitted signal and background yields in the smallest Mo
interval containing 90% of the signal. Figures 7.18 to 7.20 show the m.,, data distribu-
tions for each of the 14 categories separately with the corresponding fitted signal-plus-
background models.

The profile likelihood ratio as a function of my; is shown in Figure 7.21. The value of the
Higgs boson mass determined by fitting the profile likelihood ratio in Equation (7.19) to
the diphoton invariant mass distribution in data is:

my = 125.17 £ 0.11 (stat.) £ 0.09 (syst.) GeV = 125.17 £ 0.14 GeV. (7.26)

The statistical and systematic uncertainties are in good agreement with the values of 120
MeV and 90 MeV expected for a SM Higgs boson with the observed mass. The main
sources of systematic uncertainty and their impact on the measurement are summarised
in Table 7.26 and well agree with their expectations reported in Table 7.25.
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Figure 7.17 — Diphoton invariant mass distribution of all selected data events (black dots with
error bars), overlaid with the result of the fit (solid red line). For both the data and the fit, each
category is weighted by a factor In(1 + S35°/ B&®), where S5° and BJL® are the fitted signal
and background yields in the smallest m,,, interval containing 90% of the expected signal.

The dotted line describes the background component of the model [14].

Source Impact [MeV]
Photon energy scale 83
Z — e"e” calibration 59
EiT—dependent electron energy scale 44
e~ — 7 extrapolation 30
Conversion modelling 24
Signal-background interference 26
Energy resolution 15
Background model 14
Diphoton vertex selection 5
Signal model 1
Total 90

Table 7.26 — Impact of the main sources of systematic uncertainties on the Higgs boson mass
measurement.

The signal strength y, in each category c is compatible with the SM prediction y, = 1,
with the largest difference being 2.2 standard deviations (¢) for the Conv, Central-barrel,
medium-pr, category. The measured signal strengths for each category are reported in
Figure 7.22. The global significance of this difference, taking into account a trial factor
of 14, is less than 1o. The best-fit my values for the individual categories are in good
agreement with each other, with a global p-value of 8%.
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Figure 7.18 — Projections of the final fit to the diphoton invariant mass distribution in each
category: the diphoton invariant mass distribution of all selected data events (black dots with
error bars), overlaid with the result of the fit (solid red line) for the categories UU, Central-
barrel, high pr (a), medium py, (b), low pr, (c), UU, Outer-barrel, high pr, (d), medium
prt (e), low ppy (f). The dotted line describes the background component of the model. In
addition, the lower panels show the residuals between the data and the fitted background-
only model [14].

If the same signal strength p is used for each category, the central value of my is shifted
by -35 MeV, and the fitted value of y is in agreement with the SM prediction within

1.4 standard deviations. If the signal m.,, model is modified to account for the expected
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Figure 7.19 — Projections of the final fit to the diphoton invariant mass distribution in each
category: the diphoton invariant mass distribution of all selected data events (black dots with
error bars), overlaid with the result of the fit (solid red line) for the categories Conv, Central-
barrel, high pr, (a), medium pr, (b), low pr, (c), Conv, Outer-barrel, high pr, (d), medium
prt (e), low ppy (f). The dotted line describes the background component of the model. In
addition, the lower panels show the residuals between the data and the fitted background-
only model [14].

shift induced by interference with non-resonant background diphoton production, the
measured value of the Higgs boson mass is increased by approximately 26 MeV.
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Figure 7.20 — Projections of the final fit to the diphoton invariant mass distribution in each
category: the diphoton invariant mass distribution of all selected data events (black dots with
error bars), overlaid with the result of the fit (solid red line) for the categories UU Endcap (a),
Conv Endcap (b). The dotted line describes the background component of the model. In
addition, the lower panels show the residuals between the data and the fitted background-
only model [14].
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Figure 7.21 — Value of —2In A as a function of mp for the combined fit to all H — 7 cat-
egories. The intersections of the —2In A curve with the horizontal lines labelled 1 and 20
provide the 68.3% and 95.5% confidence intervals [14].
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7.8.4 Cross-checks

In order to assess the robustness of the mass measurement and to probe potential biases
in the photon energy calibration, the analysis is repeated using four additional, mostly
detector-oriented, categorisation schemes:

* Category-by-category mass compatibility. Instead of extracting a single common
value of my, the fit is repeated allowing an independent Higgs boson mass param-
eter in each category. For a given category i, the mass is parametrised as

i 2 i
mH - mH + AmH,

where 7it; is the global best-fit Higgs boson mass and Amﬁq represents the deviation
of category i from the global value. The compatibility of the set of Am; values with
zero is then evaluated using the asymptotic x? distribution with Nt — 1 degrees of
freedom.

* Compatibility across detector-oriented category groups. A similar study is per-
formed by grouping categories according to detector-related properties and assign-
ing a common mass shift Amp to each group:

— Photon conversion status: one common Amy is assigned to all “UU” categories
and one to all “Conv” categories, to test for possible biases between the calibra-
tions of unconverted and converted photons;

— Photon pseudorapidity: three independent Amy; parameters are assigned to the
“Central-barrel”, “Outer-barrel”, and “Endcap” categories, respectively, to probe
potential #7-dependent calibration biases;

— Photon transverse momentum: three independent Amy; parameters are assigned
to the “high”, “medium”, and “low” p} categories, respectively, to test for
possible energy-dependent calibration biases.

For all the above cases, the null hypothesis to be excluded is “my; is the same in all the
categories”. This can be checked assuming as alternative one of two kind of hypotheses,
i.e,”only mp in category i is different" or "the values of my in all the categories are
different". The test based on the second alternative hypothesis is less powerful, but more
general. The test is done implementing a workspace where the value of the mass of the
Higgs boson is m; + Am'y, where i is the index of the categories or a group of categories,
depending on the test. Under the first alternative hypothesis, the following likelihood
ratio test is used for the first category:

L(A;=0,0y=0,...,A, =0,nfy)
L(ApAz:O/---rAn :O,rer)

qél) = —2log

All other parameters, including my;, the 14 signal strengths and all the pulls are profiled.
(1)

The asymptotic approximation is assumed, so g, ’ is assumed to be distributed as Xz
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with 1 degree of freedom. For the second kind of alternative hypothesis the statistic

L (8= 0,85 =0,...,8, = O,niy)
L (B sy By i)

7y’ = —2log

is used and it is assumed to be distributed as a x* with n — 1 degrees of freedom. In the
special case where the number # is equal to the number of categories, the m; value is
fixed to the best fit value of Equation (7.26) in order to have a non-degenerate fit.

The best-fit values and uncertainties of the differences Amﬁq are shown in Figure 7.23a for
the different categories and in Figure 7.23b for the detector oriented groups of categories.

]
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Figure 7.23 — Best-fit values and uncertainties of the differences Amﬂq between the mass mea-
sured in the analysis category i with respect to the mass measured simultaneously (under the
first alternative hypothesis) in all other analysis categories. For this measurement, the mass

in the analysis category under test is parametrised as mjy; = ity + Am%. The results are ob-

tained from the scan of the modified profile likelihood ratio as a function of Am};. (a) Results
for each of the 14 analysis categories. (b) Results for groups of categories defined according to
detector-related properties: photon conversion status (“UU” and “Conv”), photon pseudora-
pidity (“Central-barrel”, “Outer-barrel”, and “Endcap”), and photon transverse momentum
(“high”, “medium”, and “low” p%g categories) [14].

The global p-value under the first alternative hypothesis for the compatibility of the
14 individual categories is 8%. The p-value for the conversion based categorization is
48%, the one for the barrel /endcap categorization is 43% and the one for the high /medi-
um/low pr is 6%. All the results indicate good compatibility among the categories, with
no significant sign of potential biases in the photon energy calibration.

7.9 Combination with Run 1 measurement

To improve on the precision of the mass measurement in the -y channel, the presented
measurement is combined with the previous one, obtained by ATLAS in the diphoton
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channel using 25 fb! of proton-proton collisions recorded at /s = 7 and 8 TeV during
Run 1 of the LHC in 2011-2012 [13], my = 126.02 £ 0.43(stat.) & 0.27(syst.)GeV.

The Run 1 H — 9 workspace was re-created and the Run 1 expected and observed
results obtained in the ATLAS and CMS Run 1 combination [13] were reproduced. The
expected results are obtained fitting an Asimov dataset built with my = 125 GeV, while
the observed results are obtained fitting the Run 1 dataset. The results are obtained
fitting simultaneously mp and two signal strengths, one for the coupling to fermions
and one to vector bosons: yr and ;. The results are reported in Table 7.27: the total and
statistical uncertainties are obtained from a profile likelihood ratio A scan.

Expected [GeV] Observed [GeV]
Workspace Fitted my Total Unc. Stat. Unc. Syst. Unc. | Fitted my Total Unc. Stat. Unc. Syst. Unc.
RunlH — yy | 125.00 +0.52 +0.44 +027 | 126.02 +0.51 +043 +0.27

Table 7.27 — Expected and observed Run 1 H — <y results.

The combination of ATLAS Run 1 and Run 2 results is performed by simultaneously
fitting a single my parameter to the two datasets. The nominal model including the 14
signal strengths . of the reconstructed categories is used for the Run 2 dataset, while
two separate signal strengths, one each for production processes involving Higgs boson
couplings to either fermions or vector bosons, are used for the Run 1 dataset. All 16
signal-strength parameters are profiled in the combined fit for m;.

Almost all the nuisance parameters, especially the Er-dependent photon energy scale
parameters affected by the linearity measurement and the parameters describing the ex-
trapolation of the energy scale from electrons to photons, are assumed to be uncorrelated
between the two measurements because of differences in the reconstruction algorithms
and in the calibration procedures and control samples. The Z — e'e~ scale uncertain-
ties and some of the resolution uncertainties, estimated in the same way for the two
measurements, are treated as being fully correlated between the two data-taking peri-
ods. The combination with the Run 1 ATLAS measurement in the diphoton channel
produces a small shift (+50 MeV) of the central value and a slight reduction (<10 MeV)
of the statistical uncertainty, leading to:

my; = 125.22 +0.11 (stat.) + 0.09 (syst.) GeV = 125.22 4+ 0.14GeV. (7.27)

The individual profile likelihood ratios as a function of my of the ATLAS Run 1 and
Run 2 measurements in the diphoton channel and their combination are shown in Fig-
ure 7.24a; all the results are summarised in Figure 7.24b together with the ATLAS+ CMS
Run 1 measurement [13] using H — ¢y and H — 4/ decays.

7.10 Conclusions

The Run 2 H — <7 result represents a significant improvement over the previous
ATLAS measurement in this channel. This gain is driven both by the use of the full
LHC Run 2 dataset—which reduces the statistical uncertainty by approximately a factor
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Figure 7.24 — (a) Value of —2In A as a function of my for the Run 1 (magenta) and Run 2
(cyan) data and their combination (black), taking into account all uncertainties (solid lines)
or only the statistical component (dashed lines). The intersections of the —2In A curve with
the horizontal lines labelled 1 and 20 provide the 68.3% and 95.5% confidence intervals
[14]. (b) Summary of the Higgs boson mass measurements from the analysis of H — 7y
decays in ATLAS Run 2 data and combined Run 1 + Run 2 data presented in the [14] paper,
compared with the combined Run 1 ATLAS result in the diphoton channel and with the Run
1 measurement by ATLAS and CMS [13] combining the diphoton and four-lepton channels.
The statistical, systematic and total uncertainties are indicated with horizontal yellow-shaded
bands, pink-shaded bands and black error bars, respectively. The vertical dashed line and
grey shaded band around it indicate the central value and total uncertainty of the H — 7y
ATLAS Run 1 + Run 2 measurement.

of two—and by substantial improvements in the calibration of the photon energy re-
sponse, which lower the systematic uncertainty by nearly a factor of four with respect to
the earlier publication based on 36 fb~! of Run 2 data [15]. After the inclusion of the lin-
earity corrections, the precision of the Higgs boson mass measurement in the diphoton
channel is primarily limited by the statistical uncertainty.
The Higgs boson mass measured in the H — <<y decay channel, using pp collision data
recorded by the ATLAS detector during the full Run 2 data-taking period at a centre-of-
mass energy of /s = 13 TeV, corresponding to a total integrated luminosity of 140 bt
is:

mp = 12517 +0.11 (stat.) = 0.09 (syst.) GeV = 125.17 £ 0.14 GeV. (7.28)

The combination with the Run 1 ATLAS measurement in the diphoton channel (25 !
of proton-proton collisions data recorded at y/s =7 and 8 TeV) produces a small shift (+50
MeV) of the central value and a slight reduction (<10 MeV) of the statistical uncertainty,
leading to:

my = 12522 +0.11 (stat.) = 0.09 (syst.) GeV = 125.22 4 0.14 GeV. (7.29)
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8 | Combined measurement of the Higgs mass
from H — ZZ" — 4¢ and H — 7 chan-
nels

This Chapter presents the measurement of the Higgs boson mass combining the results
from the H — ZZ* — 4¢ [18] and H — 7 [14] decay channels. The result [19] is
based on 140 fb ' of pp collision data collected by the ATLAS detector during the LHC
Run 2 data-taking period at a centre-of-mass energy of /s = 13 TeV, then combined
with the previous ATLAS measurement using Run 1 data at centre-of-mass energies of
V/s = 7 and 8 TeV. The full Run 2 combined measurement updates and supersedes that
based on the same final states and a partial Run 2 dataset corresponding to an integrated
luminosity of 36.1 o [15]. It profits from the increased dataset, and from significantly
improved calibrations of the electron and photon energy (Chapter 6) and of the muon
momentum (Section 5.2.1).

8.1 The H — ZZ" — 4£ decay channel

As mentioned in Section 4.4, the H — ZZ* — 4/ decay channel is one of the two golden
channels for the Higgs boson mass measurement due to its excellent mass resolution,
which produce a clear peak above a continuum background. The Run 2 mass measure-
ment in this channel is fully described in Ref. [15] and will be briefly described in this
Section.

The H — ZZ* — 4/ decay is reconstructed by requiring two pairs of same-flavour
opposite-sign isolated leptons (¢ = e, i) in the final state. The pair with the invariant
mass closer to that of the Z boson mass is defined as the leading dilepton pair, while the
remaining one is referred to as the subleading dilepton pair. The selected quadruplets are
separated into four sub-channels according to the flavour of the leading and subleading
dilepton pairs (4y, 2e2p, 2u2e, 4e).

A Neural Network (NN)-based classifier is employed to discriminate between the Higgs
boson signal and the dominant ZZ* — 4/ background. The my measurement is per-
formed with a simultaneous unbinned maximum likelihood fit of the reconstructed in-
variant mass of the four leptons system, m, in the four sub-channels.

The event-level my; resolution, o;, is estimated using a Quantile Regression Neural Net-
work (QRNN), with inputs the pr, 7 and ¢ of the individual leptons as well as the four-
lepton momentum, constrained by the Z-boson mass constraint, and its uncertainty. The
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output of the QRNN for each final state is the predicted quantile of the difference be-
tween the reconstructed mass and the true mass of the four-lepton system. The my;
resolution ranges from about 1.5 GeV (4 and 2e2y sub-channels) to about 2.1 GeV (2p2¢
and 4e sub-channels).

The signal model consists of a Double-Sided Crystal Ball (DSCB) probability density
function, with the mean of its Gaussian core parameterized as a function of my and the
standard deviation expressed as a function of the predicted event-level resolution. The
signal and background normalization for each of the four sub-channels are free param-
eters in the fit. The my; distribution is shown in Figure 8.2a for the inclusive final state
for the mass range of 105-160 GeV; the signal-plus-background fit on the inclusive data
distribution from all sub-channels combined is shown in Figure 8.2b.

The measured mass of the Higgs boson in the H — ZZ" — 4/ final state using the full
Run 2 dataset is [18]

mpy = 124.99 £+ 0.18 (stat.) == 0.04 (syst.) GeV = 124.99 +0.19 GeV. 8.1)

The dominant sources of systematic uncertainty on the measurement are the uncertain-
ties in the muon momentum scale, resolution and sagitta bias correction (28 MeV) and
the electron energy scale (19 MeV). With respect to the di-photon channel, the measure-
ment of my in the four lepton channel is characterized by a smaller systematic uncer-
tainty, due to the smaller calibration uncertainties for muons compared to electrons and
photons. The profile likelihood ratios as a function of my for each channel (4y, 2e2y,
2u2e, 4¢) and for their combination, giving the result of Equation (8.1), are shown in
Figure 8.1.

A combination with the measurement of mp using the Run 1 dataset [13], my = 124.51 +
0.52(stat.) £ 0.04(syst.) = 124.51 £ 0.52 GeV has been performed. In this combination,
only the uncertainties on the electron calibration were considered correlated, while the
muon calibration systematic uncertainty is uncorrelated between the two measurements
due to improved and independent techniques in the muon momentum scale calibration.
The combined measurement of mp performed with Run 1 and Run 2 datasets in the
H — ZZ" — 4/ channel is

my; = 124.94 + 0.17 (stat.) £ 0.03 (syst.) GeV = 124.94 + 0.18 GeV. (8.2)

8.2 Combination

As for the Run 2 H — 77y mass measurement described in Chapter 7, the combination is
performed using a profile likelihood ratio [172], defined as in Equation (7.19). Systematic
uncertainties are modelled by constrained NP, while the signal and background normal-
izations in the various channels entering the fit are treated as free parameters. The con-
fidence intervals are obtained assuming the asymptotic distribution of the 2In A(mp)
test statistic. The statistical uncertainty on my; is estimated by fixing all the NPs that
are associated with systematic uncertainties to their best-fit values and leaving all the
remaining parameters unconstrained. The total systematic uncertainty, whose squared
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Figure 8.1 — Values of the test statistic —2In(A) as a function of my for the fit in each of
the final states 4y (purple), 2e2u (green), 2u2e (orange), and 4e (blue), and for the combined
fit (black), both with (solid lines) and without (dashed lines) systematic uncertainties. The
horizontal dashed line indicates the location of the 1o uncertainty [18].

value is evaluated as the difference between the squares of the total uncertainty and the
statistical uncertainty, can be decomposed into categories representing distinct sources
of uncertainty by setting all relevant subsets of NP to their best-fit values.

8.2.1 Systematics correlation scheme

In the combination, the correlations between systematic uncertainties in the two mea-
surements are accounted for in the profile likelihood function by using the same con-
straint for each of the correlated NP. Due to substantial variations in the calibration
of electrons, photons, and muons, most correlations are small. The choice of corre-
lation model between the Run 2 H — 4y and H — ZZ" — 4/ measurements re-
flects the improvements in the photon calibration adopted by the H — < analysis
described in Section 6.5.4 not being mirrored in the calibration of the electrons used in
the H — ZZ" — 4/ analysis; only the electron and photon resolution systematic un-
certainties and those associated with the Ep-independent component of the electron and
photon in-situ energy scale are considered as correlated.

Other sources of systematic uncertainty considered as correlated between the two mea-
surements are: theoretical uncertainties on the prediction of the various Higgs produc-
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Figure 8.2 — (a) The observed and expected (pre-fit) m,; distributions for the selected Higgs
boson candidates. The predicted number of events for these distributions is taken from sim-
ulation for the signal, 77", tXX, and VVV processes, while it is taken from the data-driven
estimate for the Z+jets and tf backgrounds. The total uncertainty in the prediction is shown
by the hatched band, which also includes the theoretical uncertainties of the SM cross-section
for the signal and the ZZ" background. Higgs boson events in this plot are simulated with
my = 125 GeV. (b) The my; data distribution from all sub-channels combined (black points) is
shown along with the signal-plus-background post-fit probability density function (red line)

[15].

tion modes, uncertainties on the modelling of additional pileup pp collisions and uncer-
tainties on the integrated luminosity.

8.2.2 Combination results

The combined measurement of the Higgs boson mass using the H — ZZ"* — 4/ and
H — 7 decay channels with the full Run 2 dataset collected by ATLAS at a centre-of-
mass energy of /s = 13 TeV is [19]

my = 125.10 & 0.09 (stat.) == 0.07 (syst.) GeV = 125.10 £ 0.11 GeV. (8.3)

The corresponding profile likelihood, for the two channels and for their combination, is
shown in Figure 8.3a as a function of my. If the small interference predicted by the SM
between the Higgs boson and the non-resonant diphoton background was considered
for the H — < signal parameterization, the mp value measured by the combination
would increase by 15 MeV. This result is in good agreement with the ATLAS + CMS
Run 1 measurement [13], my = 125.09 +0.24 GeV.

The contributions of the main sources of systematic uncertainty to the combined mea-
surement, using ATLAS Run 2 data, are summarised in Table 8.1. The values differ from
those reported in Refs. [15] and [14] because of the relative impact of the H — 7y
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Figure 8.3 — Value of —21In A as a function of my; for (a) H — vy, H — ZZ" — 4/ channels
and their combination (magenta, cyan and green, respectively) using Run 2 data only and for
(b) Run 1, Run 2 and their combination (red, green and black, respectively). The dashed lines
show the statistical component of the uncertainty. The 1o (20) confidence interval is indicated
by the intersections of the horizontal line at 1 (4) with the log-likelihood curves [19].

and H — ZZ* — 4/ results in the combination. The E-independent component
of the electron and photon in-situ energy scale ("e/v Er-independent Z — ee calibra-
tion" in Table 8.1) is among the few uncertainties correlated between the H — v and
H — ZZ" — 4/ measurements, and impacts the former measurement by 59 MeV [14]
(see Table 7.26), and the latter by 19 MeV [15].

Source Systematic uncertainty on my [MeV]
e/ Ep-independent Z — ee calibration 44

e/ Ep-dependent electron energy scale 28

H — 77y interference bias 17

e/ photon lateral shower shape 16

e/ photon conversion reconstruction 15

e/ energy resolution 11

H — 7 background modelling 10

Muon momentum scale 8

All other systematic uncertainties 7

Table 8.1 — Impact of the main sources of systematic uncertainty on the my measurement
from the combination of the H — ZZ" — 4¢ and H — 7y final states using Run 2 data. The
systematic uncertainties associated with the combination of Run 1 and Run 2 data are nearly
identical. The sum in quadrature of the individual contributions is not expected to reproduce
the total systematic uncertainty due to the different methodologies employed to derive them.

The combination of the Run 2 result with the previous ATLAS measurement using Run 1
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data at centre-of-mass energies of /s = 7 and 8 TeV [17] yields the final ATLAS mea-
surement of the Higgs boson mass:

my = 125.11 4 0.09 (stat.) + 0.06 (syst.) GeV = 125.11 + 0.11 GeV. (8.4)

Figure 8.3b shows the corresponding profile likelihoods, separately for the ATLAS Run1
and Run 2 datasets, as well as for their combination, as a function of my. The four
combined measurements are compatible with a p-value of 18%.

Figure 8.4 presents a summary of the all the ATLAS my measurements from the indi-
vidual H — 9y and H — ZZ* — 4/ channels and their Run 1 and Run 2 combinations.

| | | | | |
ATLAS e Total Stat. only | Combination
Run 1: /s =7-8 TeV, 25 fb~%, Run 2: /s = 13 TeV, 140 fo~!

Total (Stat. only)
Run1 H — vy H——e—1 126.02 + 051 (+ 0.43) GeV
Runi1 H — 4¢ e 124.51 + 0.52 (+ 0.52) GeV
Run2 H — ~y el 125.17 £ 0.14 (+ 0.11) GeV
Run2 H — 4/ I—O—I| 124.99 + 0.19 (+ 0.18) GeV
Run1+2 H — v ol 125.22 + 0.14 (+ 0.11) GeV
Run 1+2 H — 4¢ o | 124.94 £ 0.18 (+ 0.17) GeV
Run 1 Combined —e— 125.38 + 0.41 (+ 0.37) GeV
Run 2 Combined I-0|-| 125.10 + 0.11 (+ 0.09) GeV
Run 1+2 Combined I-l-| 125.11 £ 0.11 (+ 0.09) GeV
I I T I I I
123 124 125 126 127 128
my [GeV]

Figure 8.4 - Summary of mpy measurements from the individual H — <979 and
H — ZZ" — 4( channels and their combination presented in this Chapter. The uncertainty
bar on each point corresponds to the total uncertainty; the horizontal shaded bands represent
the statistical component of the uncertainties; the vertical red line and gray band represent
the combined result with its total uncertainty [19].

The combined Run 1 and Run 2 ATLAS Higgs boson mass measurement in the H —
and H — ZZ" — 4/ decay channels, reported in Equation (8.4), achieves a precision
of 0.09% on this fundamental parameter of the SM of particle physics. At present, this
result represents the most precise determination of the Higgs boson mass.
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Note for the referees. This Chapter is based on an ongoing ATLAS analysis. As
such, some details may be subject to change before the final publication. How-
ever, the overall analysis strategy and the expected results presented here are not
expected to change significantly.

As discussed in Chapter 4, the Higgs boson exhibits a rich phenomenology. A number
of rare Higgs boson decay modes are predicted by the SM but have not yet been ob-
served, owing to their small branching ratios and the presence of large backgrounds.
Among these, the H — up decay provides the most direct probe of the Higgs boson
Yukawa coupling to second-generation fermions, while the H — Z+ decay is sensitive
to potential BSM effects, as the SM contribution to this process is loop-induced.

The ATLAS Collaboration has recently published improved analyses of both decay
channels, based on the large partial Run 3 dataset collected between 2022 and 2024 and
on their combination with Run 2 results [21]. For the H — uu decay [22], an excess of
events over the background is observed with a significance of 3.4¢ (2.50 expected), pro-
viding evidence for this decay mode. For the H — Z<v decay [23], the analysis yields
an observed (expected) significance of 2.5¢ (1.9¢). In the previous round of Run 2 anal-
yses, the ATLAS and CMS Collaborations combined their results and reported the first
evidence for the Higgs boson decay into a Z boson and a photon, with a statistical sig-
nificance of 3.40 [24].

In this context, this Chapter presents the Run 3 search for the rare SM Higgs boson
decay into a photon (7) and an off-shell photon (7*), H — 7", where the 7" internally
converts into a dilepton pair, 7" — ¢¢ (¢ = e, u). Several processes lead to the same ({y
final state, including Dalitz decays involving a Z boson or a virtual photon " (see the
Feynman diagrams in Figure 9.1(a—c)), as well as Higgs boson decays into two leptons
accompanied by a photon radiated via FSR (Figure 9.1(d)).

Such £¢+ final states provide sensitivity to modifications of the Higgs boson couplings
induced by possible extensions of the SM [25]. In addition, three-body Higgs boson
decays offer a unique probe of CP-violation in the Higgs sector through the study of
angular and kinematic observables, such as the forward-backward asymmetry [26, 27].
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(a) (b) {©) (d)

Figure 9.1 — Feynman diagrams for the H — ¢{vy process, (a-c) Dalitz decays involving a Z
boson or a virtual photon ", (d) decay of the Higgs boson to two leptons and a photon from
FSR [29].

The relative contributions of these processes depend on the invariant mass of the dilep-
ton pair, . The decay mediated by a virtual photon, 7", dominates the low dilepton
mass region, m,, < 30 GeV. By applying this requirement, the analysis remains statisti-
cally independent of the H — Z+ search, which targets events with an on-shell Z boson
and requires |m,, — my| < 10 GeV, where m; = 91.2 GeV.

The CMS Collaboration published a result in the yy channel using 35.9 fb~! of Run 2
data collected at /s = 13 TeV, setting a 95% CL upper limit on the Higgs boson produc-
tion cross section times branching ratio of 4.0 times the SM prediction [28]. The ATLAS
Collaboration subsequently reported about this search using the full Run 2 dataset, cor-
responding to a total integrated luminosity of 139 fb~! [29]. That analysis provided
evidence for the H — £/ process with a significance of 3.2c over the background-only
hypothesis, compared with an expected significance of 2.1¢ for the SM prediction. The
best-fit value of the signal-strength parameter was found to be y = 1.5+ 0.5.

The analysis presented in this Chapter is based on pp collision data recorded at /s =
13.6 TeV during the 2022-2024 data-taking period, corresponding to an integrated lumi-
nosity of 165 fb ! It benefits from both the larger dataset and the higher centre-of-mass
energy, which result in an increase in the Higgs boson production cross sections with
respect to Run 2. In particular, the total Higgs boson production cross section increases
from approximately 55.83 pb at 13 TeV to approximately 59.98 pb at 13.6 TeV, as can be
seen from Table 4.1 when summing over all production modes at the two energies. This
corresponds to a relative increase of about 7.4%.

The analysis follows the strategy developed for the Run 2 search [29]. A description
of the dataset, as well as all the simulated samples used in the H — ~" analysis, is
provided in Section 9.1. The analysis proceeds by selecting events with two electrons or
muons and a photon in the final state. Events are categorised into mutually exclusive cat-
egories to optimise the signal significance. Because of the event kinematics of the signal
process, it is common for the energy deposits of the two electrons in the electromagnetic
calorimeter to be reconstructed as a single cluster. Therefore, two types of electron can-
didates are defined, each with its own selection criteria: one in which a cluster of energy
deposits is associated with one selected track from the inner detector (resolved electron),
representing a single electron, and one in which a cluster is associated with two selected
tracks (merged ee), representing a merged electron pair. For this reason, the events are
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categorised in three channels: uy, ee resolved (selecting two resolved electrons) and ee
merged (selecting a single merged electron). The three channels are then divided in three
categories based on kinematic topologies: vector-boson-fusion-like (VBF), high—p%7 and
all the remaining events, for a total of 9 categories. The object definition, the event selec-
tion and categorisation is described in Section 9.2. Special care is needed for the merged
electrons channel, where a special electron identification is employed to reconstruct two
electrons that merge into one electromagnetic cluster. Dedicated identification scale fac-
tors are derived for these merged electrons. The energy calibration of merged electrons is
taken from the calibration derived for converted photons: from a reconstruction point of
view, merged electrons closely resemble photons that have undergone an early conver-
sion (low conversion radius) in the tracker. The calibration and identification of merged
electrons is described in Section 9.3. The three-body invariant-mass spectrum is fitted
independently in each category using a Double-Sided Crystal Ball (DSCB) function to
model the signal (Section 9.4) and a background function (Section 9.5) selected with the
spurious signal method. This procedure, already employed in the previous H — 7
analysis (Chapter 7), chooses the background model among a set of simple functional
forms in order to reduce the statistical uncertainty and minimise potential fit biases. Sec-
tion 9.6 summarises the sources of experimental and theoretical systematic uncertainties.
The significance of a possible excess is evaluated, and limits are set on the production
cross section times branching ratio of the H — Il process: the expected results are
presented in Section 9.8, based on the statistic model described in Section 9.7.

9.1 Data and simulation samples

9.1.1 Data

The analysis is performed using a partial Run 3 pp dataset collected by ATLAS at /s =
13.6 TeV from 2022 to 2024, amounting to a total integrated luminosity of 165.4 !
after the application of data quality requirements, with an estimated uncertainty of 1.9%
using the LUCID-2 detector [73, 173]. A breakdown of the luminosity per-year together
with the corresponding uncertainties, is provided in Table 9.1.

B Uncertainty
Year Luminosity [fb -

uminosity [fb "] [fb'] Relative [%)]
2022 29 0.60 1.9
2023 27 0.50 1.9
2024 110 2.1 1.9
Total 170 3.1 19

Table 9.1 — Breakdown of the integrated luminosities per year with their absolute and relative
uncertainties.

The average number of inelastic pp interactions per bunch crossing (pileup) increased
from 42 in 2022 to 57 in 2024, as visible from Figure 2.9b. The maximum average number
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of interaction per bunch crossing was up to 80, with the peak instantaneous luminosity
reaching 2.3 x 10** em s (Figure 2.5). Events used in this analysis were recorded
using a combination of single lepton, dilepton, single photon, diphoton, and lepton +
photon triggers that are detailed in Section 9.2.1.

9.1.2 Simulation samples

Samples of simulated MC events are used to optimise the selection, to model the signal
processes, to choose an analytic function modelling the background and to estimate the
selection efficiency. The signal samples, as discussed in the following Section 9.1.2, were
processed through the full ATLAS detector simulation [157] based on GEANT4 [153].
For the background samples, a mix of full simulation samples and high-statistics fast
simulation [158] samples were used, as discussed below in Section 9.1.2. The hadroniza-
tion, parton showering, and the modelling of the underlying event were simulated using
PYTHIA 8 [163].

Signal samples

The signal samples used for this SM Higgs boson search include the six main production
modes: ggF, VBE, WH, ZH, ggZH and tfH. The corresponding production cross sections
at /s = 13.6 TeV are summarised in Table 4.1. In the simulation, the Higgs boson mass
is set to my = 125 GeV, with a SM width of I'y; = 4.07 MeV.

The ggZH and tfH production modes were not included in the previous Run 2 analy-
sis [29]. In addition, the bbH production mode (¢ = 0.5257 pb) is not explicitly simulated
in this analysis. Its contribution is therefore estimated assuming an acceptance similar to
that of the ggF production mode. For each analysis category, as defined in Section 9.2, the
expected ggF yield in the signal region is scaled by the ratio 0y /0gep ~ 0.01, which is
taken as an estimate of the corresponding bbH yield. With this procedure, the additional
contribution from bbH is found to be below 1% in all analysis categories.

The matrix elements for the signal samples are generated using POWHEG [159], with
different perturbative accuracies depending on the Higgs boson production mode. The
Higgs boson decays H — 7"y — eey and H — 7"y — upy, as well as the parton
shower, hadronisation and underlying event, are modelled using PYTHIA 8.

An overview of the signal samples, including the generators, PDF sets, tunes and theo-
retical accuracies, is given in Table 9.2.

The cross sections and branching ratios used for the signal are calculated by the LHC
Higgs Cross-section working Group [105] for the SM Higgs 125.09 GeV. The cross sec-
tions at /s = 13.6 TeV with their relative theoretical uncertainties on QCD scale and
PDF + ag are reported in Table 4.1.

The branching ratios for the processes H — 7"y — eey and H — 4"y — upy in the
dilepton invariant mass range 2m, < m,, < mp are taken from Ref. [174] and were used
in the previous Run 2 publication [29]. Their values are BR(H — eey) = 7.20 x 10°°
and BR(H — ppy) = 3.42 % 107°. Their sum corresponds to approximately ~ 5%
of the total H — <7 branching ratio. Due to their very small branching ratios, the
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Production mode Matrix-element + Showering PDF / Tune Accuracy Events [106]
ggF POWHEG + PYTHIA 8 NNPDF23LO / A14 N3LO + NLO 2.16
VBF POWHEG + PYTHIA 8 NNPDF23LO / A14 NNLO + NLO 1.35
W H POWHEG + PYTHIA 8 NNPDF23LO / A14 NNLO + NLO 0.17
WtH POWHEG + PYTHIA 8 NNPDF23LO / A14 NNLO + NLO 0.17
ZH POWHEG + PYTHIA 8 NNPDF23LO / A14 NNLO + NLO 0.35
ttH POWHEG + PYTHIA 8 NNPDF23LO / A14 NLO + NLO 0.32
9gZH POWHEG + PYTHIA 8 NNPDF23LO / A14  NNLO + - 0.18

Table 9.2 — Summary of the signal samples used in the analysis. The reported accuracies
refer to the perturbative order of the matrix-element calculation in QCD and electroweak
corrections, respectively. The number of generated events is given in millions.

H — «"y — ({7 decays are not visible in standard summaries of Higgs boson branching
ratios and lie well below the scale shown in Figure 4.4.

Interference effects with the processes H — Zy — ¢{y and H — ¢{ — {{7y are neglected
in this analysis. Such interference contributions are expected to be small [175] and have

been shown to be negligible in the signal region considered here, defined by m,, <
30 GeV [1706].

Background samples

In order to select the background model and to estimate the systematic uncertainty as-
sociated with this choice, simulated background samples are required.

Dedicated low-mass /Iy background samples were produced using SHERPA 2.2.14 with
the NNPDEF3.0 NNLO generator tune, at leading order in QCD for final states with up to
three additional jets. To improve the generation efficiency, the phase space was restricted
to a region close to the analysis pre-selection. The resulting production cross sections are
2.02 pb for the ee7y final state and 1.30 pb for the ppuy final state.

Two types of low-mass /Iy background samples were generated:

high-statistics samples produced with fast detector simulation, corresponding to a
total of 221 million events for the dielectron channel and 149 million events for the
dimuon channel;

fully simulated samples used for validation of generator-level kinematic shapes and
for the derivation of possible efficiency corrections, comprising 3 million events in
total, equally split between the two channels.

Other minor background processes were also simulated. The H — < ggF and VBF
samples are used to estimate the resonant background, as discussed in Section 9.5.1. Di-
Jet Filtered (JF) samples, labelled JF17, JE35 and JF50 according to the generator-level
transverse energy threshold applied to pseudo-jets (in GeV), are used for the merged-
electron calibration and identification studies described in Section 9.3. These samples
provide enhanced statistics in jet-rich topologies, which are particularly relevant for the
study of merged electron signatures.
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9.2 Event selection and categorisation

9.21 Triggers

This analysis employs a combination of single lepton, dilepton, lepton-photon, single
photon and diphoton triggers to maximise the signal efficiency. Table 9.3 summarises
the triggers used divided by trigger type and year. The trigger menu evolved during
Run 3 following updates of the Level-1 trigger system; therefore, different but function-
ally equivalent triggers were employed in different data-taking years.

Trigger type Trigger name 2022 2023 2024

HLT_mu?24_ivarmedium_L1IMU14FCH
HLT_mu50_L1MU14FCH

Single- and di-muon  HLT_mu60_0Oetal05_msonly_L1IMU14FCH
HLT _2mul4_L12MUSF
HLT_mu22_mu8noL1_L1MU14FCH

HLT_e26_lhtight_ivarloose_L1EM22VHI
HLT_e60_lhmedium_L1EM22VHI
HLT_e140_lhloose_L1EM22VHI

HLT _2e17_lhvloose_L12EM15VHI

HLT 2e24_lhvloose_L12EM20VH
HLT_e26_lhtight_ivarloose_L1eEM26M
HLT_e60_lhmedium_L1eEM26M
HLT_e140_lhloose_L1eEM26M
HLT_2e17_lhvloose_L12eEM18M

HLT 2e24_lhvloose_L12eEM24L

HLT_g25_medium_mu24_LIMU14FCH
HLT_g35_loose_mu18_L1EM24VHI
HLT_g25_medium_L1eEM18L_mu24_L1MU14FCH
(Di)Lepton-Photon HLT_g35_loose_mul8_L1eEM28M
HLT_g35_loose_mul5_mu2noL1_LleEM28M
HLT_e24_lhmedium_g25_medium_02dRAB_L12EM20VH
HLT_e25_mergedtight_g35_medium_90invmAB_02dRAB_L12EM20VH
HLT_e24_lhmedium_g25_medium_02dRAB_L12eEM24L
HLT_e25_mergedtight_g35_medium_90invmAB_02dRAB_L12eEM24L

HLT_g140_loose_L1EM22VHI
HLT_g300_etcut_L1EM22VHI
HLT_g35_medium_g25_medium_L12EM20VH
HLT_2g50_loose_L12EM20VH
HLT_g140_loose_L1eEM26M
HLT_g300_etcut_L1eEM26M
HLT_g35_medium_g25_medium_L12eEM24L
HLT_2g50_loose_L12eEM24L

Single- and di-electron

Single- and di-photon

P N N N N N N N R N N N N N NN NN
N e U I N N o RN NENE RN
N N U I N N o RN NENE RN

Table 9.3 — Triggers used in this analysis, divided by data-taking year (2022-2024). The sym-
bol v indicates that the trigger was used in a given year, while X indicates that it was not
present. Triggers with similar physics selections but different names correspond to updates
of the trigger menu across Run 3.

A dedicated cut-based electron identification working point, mergedtight, was intro-
duced in Run 2 to allow events with two highly collimated electrons to pass the trigger,
addressing the atypical topology of Higgs boson Dalitz decays. This trigger recovers a
significant fraction of signal events, particularly in the regime AR(ee) < 0.1. In addition,
a requirement on the invariant mass of the photon-dielectron system, Mpr > 90 GeV, is
applied at trigger level to suppress the dominant Z — ee background, with negligible
impact on the signal efficiency.
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The "mergedtight" working point differs significantly from standard electron identifica-
tion working points. In particular, it places stronger emphasis on rejecting clusters with
significant energy leakage in the hadronic calorimeter, while removing requirements on
the lateral shower width. Variables related to the shower width, which provide strong
discrimination for isolated electrons, are not well suited to merged-electron topologies
and would otherwise lead to a substantial loss of signal efficiency and a relatively in-
creased trigger rate. Their removal is therefore essential to retain efficiency for highly
collimated electron pairs.

9.2.2 Object preselection and selection

In this analysis, photon, electron, muon, and jet candidates are selected. Preselections
are applied to define objects used as input to the overlap removal procedure, and final
selection criteria are further applied to define the signal region.

Muon reconstruction and identification

As described in Section 5.2, muons are reconstructed by matching tracks in the MS with
tracks in the ID. In addition, MS-only tracks compatible with the IP and without a
matching ID track are also considered. Preselected muon candidates are required to
satisfy pr > 5 GeV, || < 2.7, and to pass the medium identification criteria [177]. The
highest-pt muon candidate in each event is required to be isolated from additional activ-
ity in the tracking detector and in the calorimeters. Muon candidates with an associated
ID track must be matched to the primary vertex by having a longitudinal impact param-
eter Az that satisfies |Az;sinf| < 0.5 mm, where 6 is the polar angle of the track. The
significance of the transverse impact parameter d, calculated relative to the measured
beam-line position is required to be |d|/ 04, < 3, where g is the uncertainty on d,.
After the preselection, the leading muon is required to satisfy pt > 15 GeV in order to
match the lowest dimuon trigger requirements. The pt spectrum of the leading and sub-
leading muons after the event selection is shown in Figure 9.2. A summary of the muon
object preselection and selection criteria is provided in Table 9.4. The isolation work-
ing point PflowTight_Va rRad' combines track-based and neutral particle-flow isolation
components, following the ATLAS combined performance (CP) recommendations. To
account for the presence of nearby objects, as can occur in collimated topologies, a close-
by correction is applied. In this procedure, contributions from nearby reconstructed
objects that enter the isolation cones are identified and subtracted, and the isolation re-
quirement is re-evaluated for the muon after this correction.

Electron reconstruction and identification

As described in Section 5.1, electrons are reconstructed by matching tracks in the 1D to
topological calorimeter clusters formed using a dynamic cell-clustering algorithm [16].
Owing to the event kinematics of the H — /({7 signal, the two electrons originating
from the Higgs boson decay can be highly collimated and may deposit their energy

Defined as (ptvarcone30_Nonprompt_All_MaxWeightTTVA_pt500 + 0.4 x neflowisol20)/py < 0.045.
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Muon Preselections

pr [GeV] >5
17| <27
Identification WP Medium
Muon Selections
|Az sin 6| [mm] <05
|do| /0, <3
Leading muon pt [GeV] >15
Leading muon Isolation WP  CloseByCorrected PflowTight_VarRad
CP recommendations 250418_Preliminary_r24run3

Table 9.4 — Summary of muon preselections and selections.

within the same region of the EM calorimeter. In such cases, the clustering algorithm is
unable to resolve the two electrons into separate clusters. This configuration occurs for
approximately 60% of signal eey events, corresponding to electron pairs with an angular
separation AR,, < 0.1.

For this reason, two categories of electron candidates are defined in this analysis, each
with dedicated reconstruction and selection criteria. Resolved electrons correspond to the
standard case in which a topological cluster is matched to a single 1D track. Merged elec-
trons instead arise when a single calorimeter cluster is matched to two distinct 1D tracks,
reflecting the presence of two spatially close electrons. Each ID track considered must
satisfy |Azgsin6| < 0.5 mm and |dy|/0y, < 5. The reconstruction and selection criteria
for both resolved and merged electrons are described in the following paragraphs.

Resolved electrons are preselected by requiring pr > 4.5 GeV, || < 2.47 (excluding the
crack region 1.37 < || < 1.52), and requiring the VeryLoose selection criteria, based on
a likelihood discriminant made from calorimeter shower shapes and track parameters
(Section 5.1.6). After the overlap removal procedure (described in Section 9.2.2) and re-
quirements on same flavour, opposite sign leptons, the resolved electrons are required to
pass the Medium likelihood selection criteria. The highest pr candidate in each event is
then required to satisfy pr > 18 GeV to match the lowest dielectron triggers require-
ments and to be isolated.

Merged electron candidates are built starting from objects in the electron container and
are preselected by requiring pr > 20 GeV and || < 2.37, excluding the crack region
1.37 < |n| < 1.52. In addition, the ratio of transverse energy deposited in the hadronic
calorimeter (Ry,,4 Or Ry.q7) to that in the associated EM cluster is required to be smaller
than 0.1. To suppress backgrounds from converted photons, candidates identified as
ambiguous by the reconstruction algorithm and compatible with photon-conversion
topologies are rejected at the preselection stage. In particular, merged-electron candi-
dates are discarded if they match a reconstructed conversion vertex with a radius larger
than 20 mm whose momentum is more consistent with the calorimeter cluster energy
than that of the track geometrically best matched to the cluster. A preselected merged-
electron cluster is then required to be matched to two tracks with opposite charge. Tracks
considered for merged electrons must satisfy pp > 5 GeV, |7| < 2.5, and quality require-
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ments including at least seven hits in the silicon detector and a hit in the innermost pixel
layer, in order to further suppress converted-photon backgrounds. The selected track
candidates are ranked following the procedure described in Ref. [16], and the highest-
ranked track together with the highest-ranked opposite-charge track are chosen. These
two tracks define the electron-track candidates associated with the merged-electron ob-
ject and are used in all subsequent reconstruction and event selection steps. Finally, the
two electron-track candidates are fitted to a common vertex to reconstruct the direction
of the merged electron candidate.

For the final selection, merged electrons must also satisfy the custom identification re-
quirements described in Section 9.3. To suppress SM backgrounds arising from a sin-
gle real electron accompanied by an additional track, a requirement is imposed on the
azimuthal separation A¢ between the two electron-track candidates. This requirement
depends on the transverse momentum of the subleading track and is designed to re-
tain efficiency for signal-like topologies while rejecting background configurations. The
scalar sum of the track transverse momentum within a variable-size cone around the
merged electron must be less than 4% of the electron pr, excluding tracks associated
with the merged object itself.

A summary of the resolved and merged electron preselection and selection criteria is
provided in Table 9.5. The pt spectrum of the leading and subleading resolved elec-
trons and for the merged electrons after the event selection is shown in Figure 9.2.
The isolation working points listed follow the ATLAS CP recommendations, while
the CloseByCorrected correction accounts for the presence of nearby objects, as can oc-
cur in collimated topologies. Electron isolation is defined using the Loose_Va rRad” and
Tight_VarRad’ working points, which rely on the same track-based and calorimeter-
based isolation variables but differ in the applied thresholds.

Resolved electrons Merged electrons
Preselections
pr [GeV] > 4.5 >4.5
7] <247 <247
Identification WP VeryLoose /
Selections
|Azg sin 6] [mm] <05 <0.5
|dol/ 04, <5 <5
pr [GeV] > 18 (leading only) >20
Identification WP Medium Custom
Isolation WP CloseByCorrected Loose_VarRad Tight_VarRad
CP recommendations €s2024_Run3_v@

Table 9.5 — Summary of resolved and merged electron preselections and selections.

2The Loose_VarRad working point is defined as ptvarcone30_Nonprompt_All_MaxWeightTTVALooseCone_pt1000/pt <
0.15 and topoetcone20/pr < 0.2.

3The Tight_VarRad working point is defined as ptvarcone30_Nonprompt_All_MaxWeightTTVALooseCone_pt1000/pt <
0.06 and topoetcone20/pr < 0.06.
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Z/~™ pair selection

The selection of the Z/" lepton pair is performed after the preselection of muon, re-
solved electron and merged electron candidates, but before the overlap removal proce-
dure.

For opposite-charge muon pairs, the leading muon is required to satisfy p > 15 GeV.
Among all preselected muons passing this requirement, the pair with the highest vector-
sum transverse momentum is chosen. Muon pairs are given priority over electron pairs
when forming the Z/v" candidate; once a muon pair is selected, all remaining prese-
lected muons are discarded.

If no opposite-charge muon pair satisfies these criteria, electron candidates are consid-
ered. For resolved electrons, the leading candidate must satisfy pp > 18 GeV and be un-
ambiguous, in order to suppress backgrounds from converted photons. To avoid biasing
the selection toward either merged or resolved electron topologies, electron-track candi-
dates are used to compute the vector-sum transverse momentum of the Z /7" candidate.
The Z/7" candidate is formed from same-flavour opposite-sign electron pairs, using
the electron-track candidates for merged electrons and the best-matched track for re-
solved electrons. The resolved electron pair or merged electron candidate with the high-
est vector-sum transverse momentum is selected. In cases where the same two tracks can
be interpreted either as a resolved electron pair or as a merged electron candidate, the
resolved interpretation is retained and its kinematics are used. After the Z/ 'y* candidate
is selected, any remaining preselected resolved or merged electrons are discarded.

Photon reconstruction and identification

Photons are reconstructed from calorimeter clusters formed using the same dynamic,
topological cell-clustering algorithm employed for electron reconstruction, as described
in Section 5.1. A photon candidate can be either converted or unconverted. The photon
energy is calibrated following the procedure described in Chapter 6.

Reconstructed photons are preselected by requiring pp > 20 GeV and || < 2.37, exclud-
ing the calorimeter transition region 1.37 < || < 1.52. A Loose identification working
point based on calorimeter shower-shape variables is applied to suppress backgrounds
from jets. Among the surviving candidates, the highest-py photon is selected for the
Higgs boson system.

To avoid double-counting, if the selected photon overlaps with one of the electromag-
netic clusters used to form the Z/v" candidate within AR < 0.02, it is discarded and
the next highest-p preselected photon is considered, in order to avoid double-counting
electromagnetic cluster objects. This procedure is repeated until no overlap remains or
no further photon candidates are available. Once a photon candidate is selected, all re-
maining preselected photons are discarded.

The selected photon is then required to pass the Tight identification working point (see
Section 5.1.5) and both calorimeter- and track-based isolation requirements (see Sec-
tion 5.1.7). The isolation is defined using the FixedCutLoose working point, and photons
failing either identification or isolation criteria are rejected.
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A summary of the photon preselection and selection requirements is provided in Ta-
ble 9.6.

Photon Preselections

pr [GeV] > 20
7] < 2.37, exlcuding 1.37 < || < 1.52
Identification WP Loose
Photon Selections
Identification WP Tight
Isolation WP FixedCutLoose

CP recommendations es2024_Run3_v@

Table 9.6 — Summary of photon preselections and selections.

Jet reconstruction and identification

Jets are reconstructed using the particle-flow (PFlow) algorithm, as described in Sec-
tion 5.3.1, and clustered with the anti-k, algorithm [147] using a distance parameter of
R = 0.4. The resulting jet candidates are required to satisfy pr > 20 GeV and || < 4.4.
Jets originating from pileup interactions are suppressed using dedicated vertex-based
tagging techniques. In the central region (|17| < 2.5), jets with p1 < 60 GeV are required
to pass the jet vertex tagger (JVT) selection, which exploits the association of tracks
within the jet to the primary vertex [17¢]. In the forward region (2.5 < || < 4.4), where
tracking information is limited, pileup suppression is achieved using the forward jet ver-
tex tagger (fJVT); the loose fJVT working point is applied to jets with p < 60 GeV [179].
In events containing more than two jets passing the selection criteria, only the two
highest-p jets are retained for the subsequent analysis steps.

Overlap removal

After object preselection and the Z/+" candidate selection, each event contains exactly
one photon candidate, two lepton candidates (either two muons, two resolved electrons,
or one merged electron corresponding to two leptons), and a set of jet candidates. An
overlap removal procedure is applied to avoid double counting of reconstructed objects.
The procedure follows the sequence listed below:

1. if an electron (resolved or merged) overlaps with the photon within AR < 04", the
event is discarded,;
2. if a jet overlaps with the photon within AR < 0.4, the jet is discarded;

3. if a remaining jet overlaps with an electron (resolved or merged) within AR < 0.2,
the jet is discarded;

*The electron-photon overlap removal procedure (with AR < 0.4) is distinct from the "double-counting"
step described earlier (with AR < 0.02). The double-counting step is meant to address the issue of a single EM
cluster showing up in both the electron and photon containers; the overlap removal step is meant to remove
events where an electron and a photon are nearby (e.g. a near- FSR photon radiated from an electron).
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4. if a remaining jet overlaps with an electron (resolved or merged) within 0.2 < AR <
0.4, the event is discarded;

5. if a muon overlaps with the photon within AR < 0.4, the event is discarded;

6. if a remaining jet overlaps with a muon within AR < 0.4, the jet is discarded.

Events containing overlapping preselected objects are removed rather than resolved by
selecting subleading object candidates. This choice serves two purposes. First, it sup-
presses backgrounds with multiple preselected objects that would otherwise have sev-
eral opportunities to satisfy the final event selection. Second, it allows the definition of
clean and well-controlled background control regions based on preselected leptons and
photons, in which identification, isolation, and impact-parameter requirements can be
inverted without altering the object definitions or their multiplicities, including jets.
The overlap removal is applied immediately after the Z/+" candidate selection and cor-
responds to Cut 13 in the signal cutflow shown in Tables 9.7, 9.8 and 9.10.

9.2.3 Event selection

An event selection is applied after the object preselection, the Z /" candidate selection,
and the overlap removal. To select the Higgs boson system, each event is required to
contain two opposite-charge, same-flavour leptons and one tight photon. The dilep-
ton invariant mass requirement m,, < 30 GeV allows control of the non-resonant back-
ground shape and enables the use of background functions with a reduced number of
degrees of freedom. Events in which the dilepton invariant mass is compatible with ]/
or Y resonances are rejected. In particular, contributions from J/¢ — ¢¢ decays are sup-
pressed by excluding the muon mass window 2.9 < m,,,, < 3.3 GeV and the electron
mass window 2.5 < m,, < 3.5 GeV. Similarly, events consistent with Y — /¢ decays are
removed by excluding the muon mass window 9.1 < m,,,, < 10.6 GeV and the electron
mass window 8.0 < m,, < 11.0 GeV.

The signal events are further defined by a three-body system invariant mass requirement
of my., € [105,160] GeV for fitting the signal and background components. Events also

need to satisfy relative photon and di-lepton pr requirements as pKTZ/ My, > 0.3 and
pr/ My, > 0.3. Tables 9.7, 9.8 and 9.10 list the event yields and selection efficiencies
(before categorization) for the inclusive, di-muon, and di-electron final states in H —
"7 process including all production modes. Table 9.10 splits event into reconstructed
resolved and merged electron categories after assignment of the Z/v" candidate. The
overall signal selection efficiency is 12.5%.

The pr spectra after the event selection, considering all production modes and all MC
campaigns for the partial Run 3 dataset for the leading and subleading muons (a,b), for
the leading and subleading resolved electrons (c,d), for the merged electrons (e) and for
the photons (f) are shown in Figure 9.2.

9.2.4 Event categorisation

The surviving events are first divided into three final-state channels: dimuon, resolved-
electron, and merged-electron. These channels exhibit different background composi-
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Cut Surviving events  Cut efficiency [%] Total efficiency [%]
3.AlH — v¢~ 1158.32 +1.31 100.0 100.0
4. No duplicates 1158.32 4 1.31 100.0 100.0
5. GRL 1158.32 £ 1.31 100.0 100.0
6. Pass trigger 760.56 & 0.68 65.7 65.7
7. Detector DQ 760.56 % 0.68 100.0 65.7
8. Has PV 760.56 + 0.68 100.0 65.7
9. > 2 same-flavor leptons 696.72 4+ 0.65 91.6 60.1
10. 1 loose photon 580.04 £ 0.58 83.3 50.1
11. e — y ambiguity / dead HV cell 579.56 + 0.58 99.9 50.0
12. Z/+" pair selection 411.30 £ 0.49 71.0 35.5
13. Overlap Removal and 2 same-flavor leptons 402.77 £ 0.49 97.9 34.8
14. 1 loose photon (post-OR) 402.77 £ 0.49 100.0 34.8
15. Trigger match 388.55 £ 0.48 96.5 33.5
16. lepton ID 264.05 £ 0.39 68.0 22.8
17. lepton impact parameter 255.66 + 0.38 96.8 22.1
18. lepton isolation 238.33 £ 0.37 93.2 20.6
19. photon tight ID 21421 £0.35 89.9 18.5
20. photon isolation 201.42 +0.34 94.0 17.4
21. myy < 30 GeV 179.11 £ 0.32 88.9 155
22. 1y, € [105,160]GeV 178.61 £0.32 99.7 15.4
23. my, veto [ /¥ and Y window 167.75 £ 0.31 93.9 14.5
24. p /g, > 03 158.88 + 0.30 94.7 13.7
25. p}/my, > 03 144.31 + 0.29 90.8 125

Table 9.7 - Signal cutflow for the H — " process, including all the production modes (ggF,
VBE, WH, ZH, ggZH and tfH) and all the MC campaigns for the partial Run 3 dataset.

tions and are therefore treated independently in the signal and background extraction.
To further enhance the signal-to-background ratio, each channel is subsequently subdi-
vided into three exclusive kinematic categories.

VBF category: events are required to satisfy a set of selections targeting the vector-
boson fusion topology, as summarised in Table 9.9. In this topology, the Higgs
boson (or the ¢{v system in this analysis) is typically produced centrally between
two forward jets with large invariant mass and pseudorapidity separation. The
selections exploit these features by requiring at least two high-py jets, large dijet
invariant mass and pseudorapidity gap, as well as a central /¢« system with respect
to the dijet system, quantified using the Zeppenfeld variable, defined as

7

Mooy — % (’7;’1 + ’1]'2)

NZeppenfeld =

where 7744, denotes the pseudorapidity of the £/ system and 7;; (77;3) that of the
leading (subleading) jet. Additional angular requirements are imposed to suppress
background processes. Events passing all these selections are assigned to the VBF
category;

High-p%7 category: events failing the VBF selection but with p?ﬂ > 100 GeV. The

variable p’%‘iv is defined as the transverse momentum of the ¢{v system projected
onto its thrust axis, as defined in Equation (7.4);

Low-pf}f'y category: all remaining events failing both the VBF and the high—pée?
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Cut Surviving events  Cut efficiency [%] Total efficiency [%]
3. AlH — upy 388.22 +-0.49 100.0 100.0
4. No duplicates 388.22 £ 0.49 100.0 100.0
5. GRL 388.22 £ 0.49 100.0 100.0
6. Pass trigger 257.06 £ 0.39 66.2 66.2
7. Detector DQ 257.06 + 0.39 100.0 66.2
8. Has PV 257.06 & 0.39 100.0 66.2
9. > 2 same-flavor leptons 232.36 £ 0.37 90.4 59.9
10. 1 loose photon 184.85 £ 0.33 79.6 47.6
11. e — y ambiguity / dead HV cell 184.68 4+ 0.33 99.9 47.6
12. Z/9" pair selection 149.56 + 0.30 81.0 38.5
13. Overlap Removal and 2 same-flavor leptons 147.67 +0.29 98.7 38.0
15. 1 loose photon (post-OR) 147.67 +0.29 100.0 38.0
15. Trigger match 144.10 = 0.29 97.6 37.1
16. lepton ID 140.09 +0.28 97.2 36.1
17. lepton impact parameter 135.98 £+ 0.28 97.1 35.0
18. lepton isolation 123.18 +0.27 90.6 31.7
19. photon tight ID 110.21 £ 0.25 89.5 28.4
20. photon isolation 103.42 4+ 0.24 93.8 26.6
21. myy < 30 GeV 89.46 + 0.23 86.5 23.0
22. myy,, € [105,160]GeV 89.10 +0.23 99.6 23.0
23. myy veto | /¥ and Y window 83.57 £0.22 93.8 21.5
24. pi Sy, > 03 77.75 + 021 93.0 20.0
25. pl /g, > 03 70.71 +0.20 90.9 182

Table 9.8 - Signal cutflow for the H — 7" process, including all the production modes (ggF,
VBE, WH, ZH, ggZH and ttH) and all the MC campaigns for the partial Run 3 dataset, but
considering only the H — upy decay.

selections.
Category Selections
Jet multiplicity > 2, with pp > 25 GeV
pr >30GeVif || > 2.5
VBF

100, — 0.5(1111 +17;2)| < 2.0

AR(jj, ¢) > 1.5, AR(jj, ) > 1.5

Ag(2ty,jj)] > 2.8

Table 9.9 — VBF selections used in the analysis to define VBF category in each final state
channel.

The Run 3 categorisation, identical to the Run 2 one [
which will be referred to throughout this Chapter as:

], comprises nine categories,

uu low-pr, ee resolved low-py, ee merged low-pr, uu VBE, ee resolved VBE, ee merged VBE, uu
high-py, ee resolved high-pry, ee merged high-p;.
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Figure 9.2 — The py spectra after event selection, considering all production modes and all
MC campaigns for the partial Run 3 dataset: leading and subleading muons (a,b), leading
and subleading resolved electrons (c,d), merged electron (e) and on-shell photon (f).
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9.3 Calibration and identification of merged electrons

Because the calorimeter response for merged electrons closely resembles that of photons
converting in the detector material near the interaction point, the energy of merged-ee
objects is calibrated using the converted-photon energy calibration. In this procedure,
the conversion radius is fixed to 7.,,, = 30 mm, defined with respect to the measured
beam-line position. As shown in Figure 9.3, the previous Run 2 analysis [29] demon-
strated that this approach minimises the energy bias, particularly in the mean recon-
structed dielectron energy, compared to alternative calibration schemes such as treating
merged electrons as standard electron objects.

‘:l T T T T T T T T T

2 ATLAS Simulation ]
L - Vs=13TeV .
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Figure 9.3 — Ratio of reconstructed to true merged-ee energy in simulated H — 7"y — eey
events as a function of the true merged-ee pr for several energy calibration techniques. The
merged-ee object is calibrated as a photon with a conversion radius of 30 mm (black circles,
analysis choice), 100 mm (red squares), and 400 mm (blue upward triangles) or as an electron
(purple downward triangles) [29].

Converted photons used for this comparison are required to be Silicon-Silicon conver-
sions, i.e. both conversion tracks must be reconstructed in the silicon detector, in order
to ensure a topology most similar to that of merged electrons. To account for residual
differences between the simulated detector response to converted photons and merged-
ee objects, an additional energy resolution uncertainty is introduced. This uncertainty
is defined as the difference between the squares of the energy resolutions of merged-ee
objects and converted photons in simulation. The resulting term is treated as an extra
contribution to the merged-ee energy resolution uncertainty.
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9.3.1 Identification of merged electrons

The following section describes the optimisation of the custom merged-electron iden-
tification. A dedicated identification is required because the standard electron criteria
have a low efficiency for objects characterised by closely spaced energy deposits lead-
ing to broader EM showers. The optimisation is performed using MC samples. Since
calorimeter shower-shape variables are known to be mismodelled in simulation, correc-
tions are applied to improve the agreement between data and MC. In standard ATLAS
analyses, these corrections (so-called fudge factors) are provided by the e/y CP group
for electrons and photons. In this analysis, merged-electron shower-shape variables are
corrected by treating merged electrons as converted photons.

The custom merged-electron identification developed during Run 2, briefly described in
the next Section, is applied to merged electrons and used as a comparison while awaiting
the completion of the dedicated Run 3 merged-electron identification studies, which are
described below.

Run 2 merged electron identification

In the Run 2 merged-electron dedicated identification [29], a multivariate discriminator
was trained to separate the 7" — ee signal objects from jets or single electrons. The input
variables for the training included:

Shower-shape variables: R;,.4,R,, R, E LW, W defined in Table 5.1;
P had’ 7 ¢ 37 Wy2s Yhot,sl

ratio’

Track-to-calorimeter pointing variables:

- Ay (trk1l) = An between the cluster and the leading track 7 in the first layer of
the EM calorimeter;

- E/p, =ratio between the cluster energy and the absolute value of the vectorial
sum of the transverse momentum of the two tracks (that have been selected to
run the vertex fit);

- Ag(vtx) = A¢ between: vertex (sum of the tracks) extrapolated at calorimeter
as NeutralParameter and the cluster ¢ in the EM layer 2;

- An(vtx) = Ay between: vertex (sum of the tracks) extrapolated at calorimeter
as NeutralParameter and the cluster 77 in the EM layer 2;

zgkl - zgk2| = difference in z; impact parameter between the two tracks;

TRT probabilities for both electrons tracks.
To find the optimal selection requirements for other variables, the TMVA package [152]
was used with simple cut-based approach. The optimization was done using simulated
signal events, and simulated background JF events for the Run 2 conditions. A com-
bined efficiency of ~ 50% for the merged-ee identification and isolation was achieved
for H — 4"y — ee7y events.

Run 3 merged electron identification studies

This Section describes the development and the expected performance improvements of
anew Run 3 dedicated merged-electron identification based on a multivariate approach.
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The identification is obtained through the training of a BDT classifier. A single BDT
model, without explicit binning in 7 or pr, is trained using the Light Gradient Boosting
Machine (LightGBM) framework [180].

Training samples The optimisation is performed using simulated signal and back-
ground events from the following MC samples, described in Section 9.1.2:

Signal: reconstructed merged electrons from all available H — " samples;

JF background: reconstructed merged electrons from the JF17, JF35 and JF50 sam-
ples;

H — 9 background: reconstructed merged electrons from H — 77 events (ggF
and VBF production), included to enrich the training sample with real photon can-
didates, given their similarity to merged electrons.

A series of selections, summarised in Table 9.11, are applied to both signal and back-
ground samples in order to closely match the selections used in the analysis.

For the JF samples, potential signal-like contamination is suppressed by rejecting re-
constructed merged electrons matched to true electrons (pdgId = +11) originating from
photons (parentPdgId = 22). For the H — < background samples, only photons orig-
inating directly from the Higgs boson decay (pdgId = 22 and parentPdgId = 25) are
retained, in order to remove contributions from Dalitz decays, which constitute signal in
this analysis.

Selections
H — " Signal JF bkg H — vy bkg

reco merged electron 4 v v

pr [GeV] >10 >10 >10

7] <25 <25 <25
Identification WP Loose Loose Loose
Match a 7" from H decay v X (not required) X (not required)
Remove possible signal-like contamination X (not required) v v

Table 9.11 - Summary of the selections applied to the signal and background samples used
in the BDT training.

After the selection, the signal H — 7" sample contains approximately 870k events,
while the background sample consists of about 400k events from JF samples and 70k
events from H — 7 production.

In addition, for the H — y7y" signal, a statistically independent sub-sample is defined us-
ing the eventNumber. This sub-sample is excluded from the signal modelling performed
later in the analysis, ensuring statistical independence and avoiding potential biases.

Input variables The training is performed using the following input variables, most of
them already employed in the Run 2 optimization:

pr and 77: a kinematic 1D x 1D reweighting has been applied so that the signal and
background pr and 7 distributions are matched. The goal is to train a model that
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distinguishes prompt merged electrons from background events, exploiting differ-
ences between signal and background in a set of discriminating features. However,
since the purpose is to develop a procedure that is not strictly limited to our spe-
cific analysis, differences in the pt and # distributions can lead the model to learn
spurious correlations, reducing its generalization power. To mitigate this effect,
kinematic weights are applied such that the py and # distributions of each back-
ground component match those of the signal, ensuring that the model does not rely
on these variables for discrimination. The pr and # distributions before and after
the reweighting are shown in Figure 9.4 and Figure 9.5.

Standard shower-shape variables employed in the electron identification are used,
namely Rp.4, Rhad1s Ryyr Rys Eratior AE, Wy1, wyp, and wyy ¢, as defined in Table 5.1.
All variables are reweighted with weights defined above depending on pt and 7
to account for their kinematic dependence. Representative distributions are shown
in Figure 9.6 for Ry,q and R, comparing signal and background contributions;
distributions for the remaining variables are provided in Appendix C.1. In general,
the discriminating power of a given variable increases with the degree to which its
distribution differs between signal and background.

Track-to-calorimeter pointing variables already used in the previous Run 2 opti-
trk1 trk2

mization: AP(vix), E/pyw, Ay (trkl), |Ayy (trk1)], Ay (vix), |z —zg |- E/ Py
and |ZBrkl - zgk2| are shown in Figure 9.7 while the remaining variables are reported

in Appendix C.1.

TRT variables for both electron tracks have not been included because of mismod-
elling issues observed in Run 3 MC samples.
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Figure 9.4 — Comparison between the normalised pr (a) and 5 (b) distributions before the
reweighting procedure for the signal and background samples used in the BDT training.

Training and results A single BDT classifier, without explicit binning in # or pr, is
trained using the LightGBM framework. No dedicated hyperparameter optimisation
is performed, as satisfactory performance is achieved with a simple configuration. The
main hyperparameter values used in the training are reported in Table 9.12; all other
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Figure 9.5 — Comparison between the normalised pr (a) and # (b) distributions after the
reweighting procedure for the signal and background samples used in the BDT training.
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Figure 9.6 - Comparison between the normalised shower-shape variables Ry,.4 (a) and R, (b)
distributions after the reweighting procedure for the signal and background samples used in
the BDT training.

parameters are set to their default values in the LightGBM classifier. Early stopping is
applied to prevent overfitting. The dataset is split evenly, with 50% of the events used
for training and the remaining 50% reserved for testing. As discussed previously, the
training is performed using kinematic weights in # and pt to account for differences
between signal and background distributions.

Hyperparameter Value
Learning rate 0.09
Number of leaves 100
Objective xentropy
Early stopping rounds 10

Table 9.12 — Summary of the main hyperparameters used in the training.
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ground samples used in the BDT training.

The trained BDT assigns a score in the range [0,1], where values close to 1 indicate
signal-like behaviour and values close to 0 indicate background-like behaviour. The
distribution of the BDT score for the test sample is shown in Figure 9.8, while the corre-
sponding Receiver Operating Characteristic ( Receiver Operating Characteristic (ROC))
curve is presented in Figure 9.9. The marker in Figure 9.9 indicates the signal and back-
ground efficiencies (s, bog) Obtained using the pass ID Run 2 working point, corre-
sponding to the merged-electron identification employed in Run 2.

Since the primary goal of this analysis is to increase the signal efficiency for merged-
electron identification, a natural comparison strategy is to selecta BDT threshold yield-
ing roughly the same background efficiency as the pass ID Run 2 working point. At
fixed background efficiency, the BDT-based identification achieves a higher signal effi-
ciency on the test sample, as can be clearly inferred from Figure 9.9.

Expected analysis significance To obtain a quantitative estimate of the impact of the
new BDT model on the expected analysis significance, a dedicated study was performed
comparing its performance to that of the Run 2 identification. Up to this point, the per-
formance metrics of the identification strategies have been evaluated on a test sample
drawn from the same dataset used for the BDT training. As a result, the background
composition of this sample does not reflect that expected in data, motivating the need
for an alternative evaluation strategy.

Focusing on the three merged-electron categories, the impact on the expected signifi-
cance is evaluated through the following procedure:

1- The full analysis event selection is applied to the MC H — " signal sample and
to the data sidebands (2022+2023+2024), with the exception of the merged-electron
identification requirement. The data are blinded in the invariant-mass window
My, € [120,130] GeV.

2— Two identification working points are considered: the Run 2 photon identification
and the Run 3 BDT-based identification. For the latter, no dedicated optimiza-
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tion of the BDT score is performed at this stage. Instead, a common threshold on
the BDT output is chosen to match the background efficiency of the Run 2 identi-
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fication. This corresponds to requiring a score larger than 0.80, applied uniformly
across the three categories. This choice simply guarantees that the same amount of
background is retained in the three merged electron categories.

3— A fit to the signal MC samples is used to determine oq,, defined as the smallest
My, interval containing 90% of the signal events, Sqy.

4— The background yield By is estimated by fitting the data sidebands with the back-
ground functions selected by the spurious signal test (see Section 9.5.2) and inte-
grating the resulting probability density function over the previously defined oy,
interval.

5- The expected significance is computed for each category and identification working
point as Zgy = Sgq/ /By
Table 9.13 reports all the evaluated values for Sy, Bgy for the three merged categories
and for the two different identification points. The Zy is the expected Run 3 significance
evaluated with the two different ID. The last column reports instead the improvement
[%] with respect to when using the Run 2 ID.

Run 21D

Category By, Se0 _ Zop

ee merged low-pr,  1359.89 30.67 0.83

ee merged VBF 3.63 1.03  0.54

ee merged high-pr,  34.86 371  0.63

BDT Run 3 ID

Category By, Sqg Zgy Improvement
ee merged low-pr, 137943 36.67 0.98 18.1%

ee merged VBF 3.91 119  0.59 9.3%

ee merged high-pr, 31.28 455 081 28.6%

Table 9.13 — Summary of the Sq,, Byy and expected significance in Run 3 Zgy, evaluated with
the two different ID (Run 2 and Run 3 BDT).

Table 9.14 summarises the expected significance Zq, in each category for the two iden-
tification strategies, anticipating the expected results of Section 9.8. The sizeable impact
of the updated merged-ee identification on the affected categories is partially mitigated
when considering the overall expected sensitivity of the analysis, as the improvement
is confined to the merged-electron categories and is therefore diluted by the remaining
six categories, for which no changes are applied. The total expected significance is here
computed as the quadratic sum of the individual category contributions, providing an
approximate estimate of the overall sensitivity: a value of Zg; = 2.27 is obtained us-
ing the Run 2 identification, while Zg; = 2.39 is achieved with the Run 3 BDT-based
approach. In the final results, the expected significance is instead extracted from a si-
multaneous likelihood fit using the full statistical model implemented in the analysis
workspace. This corresponds to an overall increase in the expected analysis sensitivity
of approximately 5% when adopting the new merged-electron identification.

Since photons converting at small radii produce signatures that closely resemble those
of merged-ee objects, the merged-ee identification efficiency is measured directly in data
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Category Zoo Run21D  Zyy BDT Run 3 ID
up low — pry 1.37 1.37
ee resolved low — pry 0.68 0.68
ee merged low — pry 0.83 0.98
up VBF 0.62 0.62
ee resolved VBF 0.31 0.31
ee merged VBF 0.54 0.59
up high — ppy 0.88 0.88
ee resolved high — pry 0.41 0.41
ee merged high — pry 0.63 0.81
Total 227 2.39

Table 9.14 — Expected significance Zy, in the 90% signal window for each category. The total
significance is computed as the quadrature sum of the individual categories.

using a tag-and-probe technique applied to FSR photons from radiative Z boson decays
(Z — {ll7y). Only converted photons reconstructed with exactly two tracks and with
a conversion radius 7.,,, < 160 mm—corresponding to conversions within the silicon
pixel detector—are considered. The efficiencies are extracted from a simultaneous fit
performed in a signal region and in a background-enriched control region. The resulting
data-to- MC scale factors are found to be consistent with unity within uncertainties.

9.4 Signal modelling

The signal modelling is based on the signal MC samples described in Section 9.1 and
follows the same strategy adopted in the Run 2 H — vy analysis, detailed in Section 7.4.
Unlike the previous case, no parametric dependence on the Higgs boson mass is re-
quired (Section 7.4.3), as only a single mass hypothesis (only one MC at my = 125 GeV)
is considered. The Higgs boson mass is fixed at my = 125.09 GeV % 0.24 GeV from the
ATLAS and CMS Run 1 combination [!13] in the statistical model of the analysis, includ-
ing the corresponding 0.19% uncertainty as a nuisance parameter affecting the signal
peak position.

The expected signal yield for each category N, can be evaluated from Equation (7.5), now
considering L = 165.4 fb~! for the integrated luminosity of the partial Run 3 dataset,
BR(H — eey) = 720 x 10> and BR(H — uuy) = 3.42 x 10> for the branching
ratios.

Table 9.15 and Table 9.16 show the values of the efficiencies €,; and of the yields N, for
each category c and for the different Higgs boson production modes i evaluated using
the MC sample generated at my = 125 GeV. As anticipated in Section 9.1, the bbH
sample is not explicitly simulated. Its contribution is estimated assuming an acceptance
similar to that of the ggF production mode. For each analysis category, as defined in
Section 9.2, the expected ggF yield in the signal region is scaled by the ratio o5/ 0ger =~
0.01 (see Table 4.1), which is taken as an estimate of the corresponding bbH yield. With
this procedure, the additional contribution from bbH is found to be below 1% in all



218 9.4 Signal modelling

analysis categories.

Category ggF ggZH ttH VBF WH ZH
pip low — pry 5.63 352 359 373 4.06 4.00
ee resolved low — pry 222 125 119 138 144 142
ee merged low — pry 3.62 242 244 242 261 256

juu VBF 006 016 008 143 002 003
ee resolved VBF 002 004 002 047 001 001
ee merged VBF 004 015 007 109 002 002
pp high — pr 045 347 239 089 126 130

ee resolved high — ppy | 0.13 1.03 060 026 036 0.36
ee merged high — ppy 0.37 268 194 067 095 096
Total eff. prod. mode 1254 1472 1232 1234 10.73 10.66

Table 9.15 — Expected reconstruction and selection efficiencies €,; in % for each considered
Higgs production mode i and for each category c, at /s = 13.6 TeV and my = 125 GeV. The
last row shows the total efficiency per production process summed over all the categories.

Category ggF  ggZH tHtH VBF WH ZH bbH | Total yield category
pp low — pry 573689 0.0935 0.3981 29671 1.1361 0.7355 0.5781 63.2772
ee resolved low — py 22,5552 0.0331 0.1322 1.0987 0.4014 0.2603 0.2273 24.7082
ee merged low — pr, 369124 0.0642 02708 1.9261 0.7238 0.4717 0.3720 40.7409
up VBF 0.5828 0.0042 0.0089 1.1374 0.0063 0.0051 0.0059 1.7505
ee resolved VBF 0.2076  0.0011 0.0024 0.3701 0.0023 0.0019 0.0021 0.5873
ee merged VBF 0.4345 0.0039 0.0077 0.8651 0.0060 0.0045 0.0044 1.3259
pp high — pr 4.6034 0.0919 0.2657 0.7107 0.3549 0.2384 0.0464 6.3114
ee resolved high — pry 1.3589 0.0273 0.0667 0.2038 0.1022 0.0661 0.0137 1.8387
ee merged high — pp, 37501 0.0710 0.2155 0.5321 0.2684 0.1772 0.0378 5.0520
Total yield prod. mode | 127.7738 0.3901 1.3679 9.8110 3.0013 1.9605 1.2875 145.5922

Table 9.16 — Expected SM signal yields N, for each production mode i and for each category

¢, at /s = 13.6 TeV, my = 125 GeV and L = 165.4 fb~!. The last column shows the total
yields per category summed over all the considered production processes.

The my;, invariant-mass distribution of the resonant signal process is modelled with
a DSCB, as described in Section 7.4.2 in Equation (7.7). The input mass distributions
for each category is obtained by summing all Higgs boson production processes (ggF,
ggZH, ttH, VBE, WH, ZH, bbH), taking their SM cross sections into account. A signal fit
using the DSCB is performed on the invariant-mass distribution derived from each MC
sample at my = 125 GeV, separately for each category, within the mass range my;, €
[110 GeV, 140 GeV]. All the six parameters of the DSCB are fitted in this first step. A
second fit is then performed in which 1y, and nyyg, are fixed to the values extracted
from the first fit, in order to improve the stability and convergence of the remaining four
DSCB parameters.

The fit result to the invariant-mass distribution m;,, for the first category pu low — pr is
shown in Figure 9.10. The signal model fits for all the other categories are reported in Ap-
pendix C.2. Only the statistically independent sub-sample defined using the eventNumber
is used to derive the signal model, in order to ensure statistical independence and avoid
potential biases; the other sub-sample was used for the merged electron Run 3 BDT
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training as described in Section 9.3.1. As a consequence, the number of events shown in
the signal-model fit plots corresponds to approximately half of the available simulated
sample. For ease of comparison, the normalisation of the fitted distributions is rescaled
to the full-sample expectation; however, small differences with respect to the yields re-
ported in Table 9.16 are expected due to the finite size of the samples and the fact that the
eventNumber-based split does not guarantee an exact 50/50 partition once event weights
and filtering effects are taken into account. The DSCB shape parameters evaluated from
the fit for each category are also summarised in Table 9.17. The effective signal mass res-
olutions obtained from the signal modelling are summarised in Table 9.18 for each event
category. The table reports the width of the fitted DSCB signal model, g, together with
the effective mass resolutions ogg and o, defined as half of the smallest invariant-mass
interval containing 68% and 90% of the signal events, respectively. The corresponding
mass windows centred on the fitted peak position picg, used in the evaluation of Sq; and
By, are also reported. The values of gy and Sq, are reported in the summary Table 9.22
to compute the expected significance of the analysis.

S=13.6 TeV, L =165.4fo? —@— MC
—— Signal Model

Upgn= 1.638 +0.027
a,,= 1708 +0.015
ow

H = 124.979 +0.010 GeV
DSCB

Opscs = 1.919 +0.011 GeV
Niow = 2.676
Nuigh = 25.773

Yield =63.33 +0.28
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Figure 9.10 — Result of the signal fit for the category uu low — pr, for the MC sample with
myy = 125 GeV: the fitted signal pdf is shown by the red line, the black dots correspond to
the MC sample. The values of the fitted parameters of the DSCB are shown in the legend on
the right side of the plot. The residuals are shown in the lower part of the plot.



220 9.5 Background modelling
Category Hce [GeV] UcB [GeV] XLow XHigh  MLow "High
pip low — pry 124.979+0.010 1.9194+0.011 1.714+0.02 1.64+£0.03 2.68 25.77
eeresolved low — ppy | 125.168+0.019 2.1384+0.021 1.38+£0.02 1.66+£0.05 5.00 108.89
ee merged low — pry 124.920+0.014 2.051+0.015 1.40+0.02 1.85+0.04 7.86 18.06
uu VBF 124.960+0.042 1.879+0.050 1.47+0.06 1.56+=0.09 3.17 9.98
ee resolved VBF 125.109+0.068 1.915+0.071 1.64+0.09 1.86+=0.17 4.84 8.49
ee merged VBF 124.961+£0.042 1.589+0.034 1.42+0.07 1.54+0.06 594 12.19
up high — ppy 125.010+0.032  1.911+0.040 1.57+0.05 1.37£0.06 3.59  20.56
ee resolved high — p, | 125.037+0.047 1.636+0.049 1.71+£0.08 1.53+£0.11 3.56  13.09
ee merged high — pr, | 125.121+0.028 1.531+0.030 1.40+£0.05 1.82+0.10 6.52  11.68

Table 9.17 — Parameters of the fitted DSCB for the nine analysis categories.

Category ocp [GeV] 045 [GeV] 09y [GeV] | [pcp — 090, fiep + 9] [GeV]
i low — pry 1.92 2.05 372 [121.26, 128.70]
ee resolved low — py 2.14 2.34 426 [120.91, 129.43]
ee merged low — py 2.05 2.19 3.90 [121.02, 128.82]
uu VBF 1.88 2.10 3.99 [120.97, 128.95]
ee resolved VBF 191 2.02 3.55 [121.55, 128.66]
ee merged VBF 1.59 1.75 3.22 [121.74,128.19]
p high — pr 1.91 211 3.96 [121.05, 128.97]
ee resolved high — pry 1.64 1.77 3.19 [121.84, 128.23]
ee merged high — pry 1.53 1.65 2.98 [122.14,128.11]

Table 9.18 — Effective signal mass resolutions ogg and oy in each event category, ogg (and oq)
is defined as half of the smallest interval expected to contain 68% (90%) of the signal events
for a mass my; = 125 GeV. They are compared with g obtained from the DSCB fit. In the
last column the g, bin ends around the ycp peak (necessary for the evaluation of Sg; and
Byy) are shown.

9.5 Background modelling

9.5.1 Resonant H — 9 background

In the merged and resolved electron channels, H — 77 events in which one photon
converts and is misidentified as either a merged electron or two resolved electrons give
rise to a resonant background. Only contributions from the ggF and VBF production
modes (accounting for approximately 94% of the total Higgs boson cross section, see
Table 4.1) are considered. Other production modes are neglected, as their contributions
are negligible. As in the Run 2 analysis, the H — < background is parameterised using
the same DSCB function and parameters as the signal in each category (see Section 9.4),
and is normalised to the H — <y yields obtained.

In most categories, the H — <y background sample contains too few events to allow a
meaningful parameterisation of its shape after the full event selection. For this reason,
the H — 77 background is modelled using the same DSCB function and parameters
as the signal in each category (see Section 9.4), and is normalised to the H — 7y yields
obtained. The agreement between the signal shape and the H — << background shape
is verified in each category, as shown in Figure 9.11 for the resolved ee categories and in
Figure 9.12 for the merged ee categories. In the merged channel, the H — -y background
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is predicted to be 17.8% of the signal yield, while in the resolved channel it is only 3.3%
of the signal yield.

Category H — yyyield Size w.r.t. to signal [%]
pp low — pry / /
ee resolved low — py 0.873 3.5
ee merged low — py 7.556 18.5
uu VBF / /
ee resolved VBF 0.015 2.6
ee merged VBF 0.230 17.3
pp high — py / /
ee resolved high — pry 0.018 1.0
ee merged high — pry 0.606 12.0

Table 9.19 — Expected yields for each category ¢, at /s = 13.6 TeV, my = 125 GeV and

L = 165.4 fb™ ! for the resonant background H — 7 (ggF+VBEF). It does not impact the yu
categories. The last column represents the size of the H — 7y background with respect to
the expected signal yield.
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Figure 9.11 — Comparison of the H — 7 (ggF+VBF) MC events and the signal H — 77"
DSCB in the ee resolved categories: (a) low — py, (b) VBE, (c) high — py.
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Figure 9.12 — Comparison of the H — 7 (ggF+VBF) MC events and the signal H — 7"
DSCB in the ee merged categories: (a) low — py, (b) VBE, (c) high — pry.

9.5.2 Non-resonant background

The dominant background in all categories arises from the non-resonant contribution,
originating from SM processes that produce a "y final state, where the virtual photon
converts into a lepton pair. As in the H — 7 analysis described in Section 7.5, this
background is modelled using analytic functions chosen independently for each cate-
gory to minimise potential bias in the fitted signal yields. Preference is given to func-
tions with a smaller number of degrees of freedom that pass the spurious signal test (see
Section 7.5.2), thereby reducing statistical uncertainty. The spurious signal test requires
a high-statistics template that accurately represents the non-resonant background in the
signal region. This template is based on a generator-level SM ¢/ high-statistics back-
ground sample, described in Section 9.1.2, which is subsequently modified to account
for contributions from background sources involving misidentified objects. The steps of
the background-modelling strategy are summarised in the following paragraphs.

Background templates

The low-mass {7 sample (Section 9.1.2) is used to construct the background templates
and to determine the analytic description of the non-resonant background through the
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spurious signal test. To achieve sufficient statistical precision, a high-statistics fast-simulation
MC sample is employed. The full event selection is then applied to produce the /¢y mass
distributions in each of the nine categories, which are normalised to the data sidebands
(105 GeV < myy, < 160 GeV, excluding 120 GeV < m ., < 130 GeV).

Before performing the spurious signal tests used to determine the analytic background
functions, the agreement between the MC-based templates and the data sidebands is
verified in all categories. An example of this validation is shown in Figure 9.13 for the
first category pp low-pry.
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Figure 9.13 — Comparison of the £{v invariant-mass distribution from data sidebands (black
points) and from the MC-based background template (green histogram) in the pp low — pr,
category. The lower panel shows the ratio between data and the MC background template.

The background templates are expected to include contributions from processes in-
volving misidentified objects. Studies of backgrounds with non-prompt photons
and non-prompt leptons are currently being finalised. A general description of these
background sources is therefore provided, and this section will be updated once the
studies are completed.

Non-prompt photon background In 7" events, the photon candidate is a prompt
photon, producing a narrow energy cluster in the EM calorimeter and typically be-
ing isolated from hadronic activity. In contrast, in 7" + jet events the photon candidate
predominantly originates from the decay of a neutral meson, most commonly a n°, car-
rying a large fraction of the initiating parton energy. Such candidates generally produce
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a broader energy cluster in the EM calorimeter, with non-negligible leakage into the
hadronic calorimeter, and are not isolated due to additional energy deposits from nearby
particles in the jet.

As a result, photon identification and isolation variables can be exploited to estimate
the contribution of 7" + jet events in data using a method equivalent to the standard
ABCD technique [151]. Control regions are defined by inverting the photon identifica-
tion and isolation requirements, allowing the contribution of non-prompt (fake) photon
backgrounds in the signal region to be estimated under the assumption of a weak corre-
lation between the two variables.

Non-prompt leptons background The fraction of events containing non-prompt lep-
tons in data is estimated using template fits to the distribution of the subleading lepton
isolation variable topoetcone20/Er, defined in Section 5.1.7. Templates for prompt lep-
tons are derived from simulated SHERPA ¢/ samples, while templates for non-prompt
leptons are constructed from events in data that fail the subleading lepton identification
requirements.

The non-prompt lepton template contains a residual contamination from prompt leptons
failing the identification criteria. This contribution is subtracted using simulated SHERPA
£{vy events through an iterative procedure. In the first iteration, the fractions of prompt
and non-prompt leptons in the data sidebands are extracted without applying any sub-
traction. In the second iteration, the prompt lepton contribution failing the identification
requirements is subtracted from the non-prompt template using the normalisation factor
obtained in the first step, and the template fit is repeated.

Spurious signal test

As described in Section 7.5.2, the spurious signal approach is used to select the functional
form employed to model each background template and to evaluate the associated bias,
which is assigned as a systematic uncertainty. The m,,, background shape in each analy-
sis category is modelled using an analytic function whose parameters and normalisation
are fitted directly to data. The set of candidate analytic functions includes an exponential
function, exponentials of second- and third-order polynomials, Bernstein polynomials of
order N, and a power-law function.

For each candidate function, a signal-plus-background fit is performed to the corre-
sponding background template in each category, using the signal model described in
Section 9.4. The fit is carried out over the mass range 110 < m,,, < 160 GeV. A scan
is then performed by varying the Higgs boson mass hypothesis, my, in steps of 1.0 GeV
within the interval 120 < Mg, < 130 GeV.

The candidate function that satisfies the spurious signal criteria defined in Section 7.5.2
with the lowest number of degrees of freedom is selected as the background model for
the given category. The results of the spurious signal tests are summarised in Table 9.20,
which reports the chosen background functions and the corresponding spurious signal
yields for all analysis categories.
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Category mp Ng Function  p(x?) [%] Ngpp /0Ngp %] Ngp / N exp [%]

up low-pry 1250 -591  ExpPoly3 91.3 -11.5 -8.6

ee resolved low-pr, 130.0 -2.26 Power Law 57.3 -7.82 -9.3
ee merged low-pr; 1240 3.49 Exponential 32.3 12.6 9.5
uu VBF 130.0 -0.12 Power Law 45.7 -4.15 -6.4

ee resolved VBF 1240 -0.11 Power Law 1.72 -9.11 -19.0
ee merged VBF 121.0 -0.07 Power Law 519 -5.65 -6.1

up high-pr, 130.0 -1.51 Power Law 65.7 -18.3 -24.1

ee resolved high-pr, 127.0 -043 Power Law 84.5 -10.9 -22.5
ee merged high-pr;  130.0 0.39 Exponential 76.6 9.48 8.4

Table 9.20 — Spurious signal test results in each category and associated uncertainties. The
scan is performed in the range 120-130 GeV in steps of 1.0 GeV. Here N, is the maxi-
is the statistical uncertainty on the fitted signal from a

mum fitted spurious signal, 6N
signal+background fit to the bac

k

ground template, and N

,exp

is the expected signal yield

under the SM assumption. The quoted my; is the scan point at which the maximum spurious

signal is observed. The )(2 probability is computed from the fit to the background template.

Data sidebands fit for Asimov dataset construction

The selected functions are used in a background only fit on the observed data sidebands,
blinding the range ., € [120 GeV, 130 GeV], to determine the background shape pa-
rameters and normalisation factors in order to create an Asimov dataset to estimate the
expected results in Section 9.8. The result of the background fit on the invariant mass
distribution m1,,, for the first category ppu low-pr, is shown in Figure 9.14. The data
sideband fits for all the other categories are reported in Appendix C.3. The fitted shape
parameters and yields obtained from this background fit are shown in Table 9.21 for each

category.
Category Function Po 121 2 N By
1 Tow-pry ExpPoly3 —379+035 3341059 —3+8 9248+111 17241
ee resolved low-pp, | PowerLaw —4.63£0.12 / / 507980 1061.3
ee merged low-pry Exponential —0.022 4 0.001 / /  6961+£93 13794
uu VBE PowerLaw —-15+14 / / 335+65 6.4
ee resolved VBF PowerLaw —-134+19 / / 174447 2.9
ee merged VBF PowerLaw —-094+1.6 / / 259 +5.7 3.9
pp high-pr PowerLaw —1.46 £0.56 / / 218+ 16 41.3
ee resolved high-pr, | PowerLaw —2.95+0.82 / / 104 +11 16.4
ee merged high-py, | Exponential —0.010 4= 0.004 / / 219 £17 314

Table 9.21 — Values of the parameters describing the background shape for each category,
extracted from fits to the data sidebands. The parameter N corresponds to the fitted back-
ground yield, while By is the expected number of background events in the 90% signal win-
dow around the peak, 0y, defined in Table 9.18.
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Figure 9.14 — Result of the background fit on data sidebands for the category pp low-pr,.
The fitted background pdf, in this case an exponential function of a 3rd order polynomial
(ExpPoly3), is shown by the blue line; the black dots correspond to the data, blinding the
My, € [120, 130] GeV range. The bottom panels shows the residuals.

9.6 Systematic uncertainties

Systematic uncertainties are being finalized and are not yet included in the
workspace and in the expected results.

The previous Run 2 analysis [29] was statistically limited, with a total observed sys-
tematic uncertainty on the signal strength measurement of about 11%, corresponding
to roughly 35% of the statistical uncertainty. Systematic uncertainties therefore did not
play a dominant role in that analysis, and a similar situation is expected for the present
Run 3 analysis.

9.7 Statistical model

The signal and background functional forms, together with their corresponding parame-
ters determined in Section 9.4 and Section 9.5, are used to construct the background-only
and signal-plus-background likelihood models.

Systematic uncertainties, that will be described in Section 9.6, will be implemented as
response terms in the likelihood function (see Section 9.7.1). Uncertainties affecting the
signal or background yields and resolutions are modelled with log-normal constraints,
while uncertainties affecting the energy scale are modelled with Gaussian constraints.
In cases where uncertainties are asymmetric, which is the most common scenario, a sin-
gle Gaussian-distributed nuisance parameter is employed together with a polynomial
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interpolation around NP = 0. The response functions used in the analysis are defined
as follows:

F(6,0) =(14+00) gaussian response,

in(1+6%) 6
Fn(6,0)=¢ log-normal response, 9.1)
Py(6;67,0,67), 05,51,

_ asymmetric response.
Fin(6,0), otherwise,

Frs(67,0) = {

The best-fit signal strenght y (the ratio between the observed event yield and the SM ex-

pected yield) maximizing the signal-plus-background likelihood is then calculated. Both

statistical Ay, and systematic Ay uncertainties are translated into the total uncertainty

Ayt on resulting signal strength. The systematic and statistical components are quanti-

fies by employing likelihood models with statistical uncertainties only, thereby evaluat-

ing the statistical uncertainty A,. The systematic uncertainty Ay, is then calculated as
Atzot - Az

Agyst = stat:

Th}:e sensitivity is quantified using the profile likelihood ratio method [152] to derive
95% CL, upper limits on the signal strength under the background-only hypothesis. The
observed limit is obtained by constraining the parameters of the likelihood model using
data, while the expected limit is derived from a background-only Asimov dataset (4 =
0) constructed using data sidebands and MC simulation. In addition, a signal-plus-
background Asimov dataset (@ = 1) is used to evaluate the expected limit under the
assumption of the presence of a SM Higgs boson.

The probability (p-value) of observing data with an equal or greater level of incompat-
ibility with the background-only hypothesis is computed from the test statistic of the
profile likelihood method using the asymptotic formulae [152]. The p-value is then con-
verted into an equivalent significance Z, defined such that a Gaussian-distributed vari-
able fluctuating Z standard deviations above its mean corresponds to the same proba-
bility p.

In all of the calculations presented above, the Higgs boson mass is fixed to 125.09 GeV.
No limits or significances are derived as a function of the Higgs boson mass, since its
value has already been precisely measured in other decay channels (for examples the
H — 77 analysis presented in Chapter 7) and the sensitivity of the present data set is
insufficient to provide additional constraints on the mass in this channel.

9.7.1 Likelihood definition

To construct the likelihood function, the event counts in different invariant-mass bins

of m,,« are assumed to follow Poisson statistics. The Poisson term in the likelihood is

combined with the probability density function fc(mfy Lz 0) describing the invariant-
mass distribution for each candidate event i. The mass probability density functions are
built from the signal and background functional forms introduced in Sections 9.4 and 9.5.
The likelihood is extended by the inclusion of constraint terms G(6), which encode the
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effect of nuisance parameters 6. These nuisance parameters are modelled with Gaus-
sian or log-normal constraints, depending on their role, as described in Section 9.6. Both
systematic uncertainties and background-shape parameters are treated as nuisance pa-
rameters and are constrained in the likelihood.

The resulting extended likelihood is written as:

i e N N
ﬁ(y,é’{m’w*}?_l)=1‘[[ ch )] el A CY)

c

Here, y denotes the signal strength, 6 the nuisance parameters, and 7, the observed
number of events. The expected event yield N, is given by the sum of the following
contributions:

the expected number of signal events,
N.=Lxuxo(pp— H) x BR(H — v7") x BR(y" — lly) x €,
as described in Section 9.4;
the number of resonant background events from H — vy, Ny Sy
the number of non-resonant background events, Ny,,;

the spurious signal yield, spur(QSpur), which depends on the spurious signal un-

certainty oy, and is constrained by the corresponding nuisance parameter 6.

The probability density function fC( «, i, 0) is constructed from the component proba-
bility density functions fge, fr—5q and fokg Weighted by their corresponding expected

event yields N, N9 N© N©

(© ; .
sig” Nspurs NE—yq7 and kag in each category c:

1 (©)
f( YY 'H’ - (C) |:< 51g ]’l' Slg +Nspur( spur)) fmg( 'yf)/ 4 Slg)

NI('ICL"{’Y (GH—VY'Y) X fH%’y’y( fy’y*) + Nb;g x flElC(g( 'y'y /ebkg):| (93)

Here, N'“) denotes the total expected event yield in category c. The yields Ngg)

spond to the sum of contributions from all considered Higgs boson production modes
(ggF, VBF, WH, ZH, tfH, and ggZH). The nuisance parameters associated with the sig-
nal yields, 65, and with the resonant background, 6y, ., encode the impact of system-
atic uncertainties and are treated as fully correlated across categories. In contrast, the

corre-

nuisance parameters describing the spurious signal, GS(E)ur, and the background-shape

parameters, Béi()g, are defined independently for each category.
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9.7.2 Significance calculation and CL, limits

To compute the p-value for the background-only hypothesis, the following test statistic
is used:

£(0,000)
—2In -, >0,
g0 = £ " (9.4)
0, fi <0,

where £ is the likelihood defined in Section 9.7.1, (f1,8) are the unconditional maximum-

likelihood estimators, and 0 (0) is the conditional maximume-likelihood estimator of 6
for y = 0. By construction, this one-sided test statistic is sensitive only to upward
fluctuations (i > 0), while downward fluctuations do not contribute to rejecting the
background-only hypothesis.

The p-value is defined as

—+o00
Po = f(q010)dqo, 9.5)

qO,obs

where f(g, | 0) denotes the probability density of g, under the background-only hy-
pothesis. In the asymptotic regime, the distribution of g, can be obtained using the Wald
approximation [153], which yields

- nﬁ(o,é(o)) o 1
21 TN _02+O(\/W>' (9.6)

where fI is asymptotically Gaussian distributed with mean zero under the background-
only hypothesis, ¢ is its standard deviation, and N is the sample size. Using this result,
the p-value can be expressed as [152]

po=1-—2(\/1q9), 9.7)

where @ is the cumulative distribution function of the standard normal distribution. The
corresponding significance is defined as

Z=o"'(1-py), 9.8)

with @ ! the inverse of the standard normal cumulative distribution function.

To set an upper limit on the signal strength, the following test statistic is employed:

AARIVAN

1"
g (9.9)
o, 1"

=

] :{—21n7\(u), Z
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where the modified profile likelihood ratio A(y) is defined as
( 1,0) B (9.10)

By construction, the test statistic vanishes for /i > yu, such that upward fluctuations of the
signal estimator beyond the tested value i do not constitute evidence against the signal
hypothesis. In addition, the signal strength is constrained to be non-negative, which is
reflected in the use of the background-only hypothesis (i = 0) in the denominator when
n <.

Based on this test statistic, the local p,-value is defined as

/ f qy | ﬂ) dqy = CLs+b (9-11)

]4 obs

To avoid overly aggressive exclusion in the presence of limited sensitivity, the modified
frequentist CL, prescription is adopted:

_ CLSH}
CL, = oL, (9.12)
where oo
CL, = f(G,10)dg (9.13)

qy obs
is the p-value for the background-only hypothesis.

In the asymptotic regime, the Wald approximation [183] can be used to derive a closed-
form expression for CL, [152]:

—F(q, | n)
CLy=-——1"2, (9.14)
’ 1- F(‘h | 0)
where the cumulative distribution function F is given by
d>( qy), 0<q, <p’/o?,
(9.15)

F(q, | u) = F 4202
qu+u/o N 2, 2
q’( 21/ ) Gy > W10

As discussed above, the result depends on the determination of ¢, the standard de-
viation of the estimator fi. While ¢ can in principle be obtained from ensembles of
pseudo-experiments, this approach is computationally expensive. Instead, an alterna-
tive method based on the properties of the Asimov dataset is employed, following the
prescription derived in [182].
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A hypothesised signal strength u is excluded at the 95% confidence level when CL; <
0.05. Accordingly, different values of u are tested by constructing an Asimov dataset for
each assumed signal strength, and the largest value of y that cannot be excluded by the
data is taken as the 95% confidence level upper limit.

9.8 Results

9.8.1 Expected results

A summary of the expected signal and background yields (S, Bgg and H — y7yg, for
the resonant background) in the smallest window containing 90% of signal events (75107
obtained in Sections 9.4 and 9.5, are shown in Table 9.22 for each category. The By,
and H — 7o are summed up to obtain the total background Bsj for the calculation

of the expected purity fog = Sog/(Seo + Boy ) and of the expected significance Zgy, =
Soo/\/ B3g -

Category ‘Télov [GeV]  [pcp — 090, Hcp + 090 So0 Byy H — 7799 ‘ fool%]  Zgg
up low — pry 3.72 [121.26, 128.70] 56.95 1724.15 / 32 137
ee resolved low — pr, 4.26 [120.91, 129.43] 2224 1061.31 0.79 21 0.68
ee merged low — pr, 3.90 [121.02, 128.82] 36.67 1379.43 6.80 26 098
uu VBF 3.99 [120.97, 128.95] 1.58 6.40 / 19.8 0.62
ee resolved VBF 3.55 [121.55, 128.66] 0.53 2.93 0.01 153 0.31
ee merged VBF 3.22 [121.74, 128.19] 1.19 3.91 0.21 224 059
up high — pr, 396 [121.05,128.97] 568 4127 /| 121 o088
ee resolved high — Pt 3.19 [121.84, 128.23] 1.65 16.39 0.02 9.1 041
ee merged high — Pt 2.98 [122.14, 128.11] 4.55 31.28 0.54 125 0.81

Table 9.22 — Summary of the categorisation performance evaluated in the smallest 11, win-

dow containing 90% of the signal events. The window width is denoted by U%ry, while Sq,
Byg and H — 77q represent the expected numbers of signal events, non-resonant back-
ground events, and resonant H — 77 background events within this window, respectively.
The signal fraction foy = Sgg/(Sgg + Bog + H — ¥79) and the expected significance Zy are
also reported.

Information from all analysis categories, including the signal model, the resonant back-
ground, and the non-resonant background, is combined into a single statistical model to
evaluate the expected significance and the expected upper limit on the signal strength.
For the merged electrons categories, the new Run 3 BDT identification working point
is employed. The signal model parameters are fixed in the fit to the values determined
in Section 9.4, while the non-resonant background parameters are left free to float, with
initial values taken from the data sideband fits described in Section 9.5.

An example of the invariant mass distribution m1,,, for the pp low-pr, category is shown
in Figure 9.15. The signal-plus-background model constructed under the SM hypoth-
esis (4 = 1) and fitted to the data sidebands is overlaid, with the signal region m,,, €
[120, 130] GeV blinded.

The expected 95% confidence level upper limit on the Higgs boson production cross-
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Figure 9.15 — Invariant mass distribution ., for the pu low-pr, category. The signal-plus-
background model (blue line) from the signal-plus-background workspace constructed un-
der the SM hypothesis (1 = 1) and fitted to the data sidebands is overlaid, with the signal
region my,, € [120,130] GeV blinded.

section times the H — £{- branching ratio in the m,, < 30 GeV region is found to be
1.65 times the SM prediction when evaluated using a signal-plus-background Asimov
dataset (4 = 1), considering statistical uncertainties only. In the absence of a SM Higgs
boson signal, the expected upper limit derived from a background-only Asimov dataset
(u = 0) is 0.70 times the SM prediction, again considering statistical uncertainties only.
The expected signal strength is extracted by fitting a signal-plus-background Asimov
dataset constructed under the SM hypothesis (# = 1). The best-fit value obtained from
this procedure, considering statistical uncertainties only, is:

Hexp = 10070755 (stat.) (9.16)

The combined expected significance derived from the likelihood fit is Z = 2.53 ¢, ac-
counting for statistical uncertainties only. A combination with the corresponding Run 2
search performed by ATLAS is foreseen and is expected to further enhance the sensitiv-
ity of the analysis. For reference, the full Run 2 search, based on an integrated luminosity
of 139 fb [29], provided evidence for the H — ¢{+ process with an observed (expected)
significance of 3.2 (2.10).
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This thesis presents three analyses based on proton—proton collision data recorded by
the ATLAS detector, exploiting the full Run 2 dataset collected between 2015 and 2018
at a centre-of-mass energy of \/s = 13 TeV, corresponding to an integrated luminosity
of 140 fb ', as well as data recorded during the first part of Run 3 between 2022 and
2024 at an increased centre-of-mass energy of /s = 13.6 TeV, amounting to an integrated
luminosity of about 165 fb~'. The analyses focus on a detailed investigation of the Higgs
boson within the SM, through the precision measurement of one of its fundamental
parameters, the Higgs boson mass mp, and the search for a rare decay mode not yet
observed, namely the decay into a low-mass dilepton system accompanied by a photon.
The first analysis focuses on the precision measurement of the Higgs boson mass in the
diphoton decay channel, H — <7, using the full Run 2 dataset. The measured myp,
extracted from a fit to the diphoton invariant mass distribution in data, is [14]:

m PR — 12517 4 0.11 (stat.) 4 0.09 (syst.) GeV = 125.17 + 0.14 GeV.

This result represents a significant improvement over the previous ATLAS measurement
in this channel. The increased precision is driven by both the use of the full Run 2 dataset,
which reduces the statistical uncertainty by approximately a factor of two, and by major
advances in the calibration of the photon energy response, which lower the dominant
systematic uncertainty by nearly a factor of four with respect to the earlier publication

based on 36 fb ! of Run 2 data [15], m¥® ' = 12493+ 021 (stat.) £ 034 (syst.) GeV. As
a result of the improved electron and photon energy scale determination, the measure-
ment of the Higgs boson mass in the diphoton channel is now statistically limited.

In the same analysis, a combination with the corresponding measurement by ATLAS
using 7 and 8 TeV pp collision data results in a Higgs boson mass measurement of [14]:

m PR — 12590 4 0.11 (stat.) + 0.09 (syst.) GeV = 125.22 + 0.14 GeV.

With a relative uncertainty of approximately 1.1 per mille, this result represented, at the
time of its publication, the most precise determination of the Higgs boson mass from a
single decay channel and remains a benchmark for precision measurements in the dipho-
ton final state.

The second analysis consists of the combination of the Higgs boson mass measurements
obtained by ATLAS in the H — ZZ" — 40 [18]and H — v [14] decay channels,
the two highest-resolution final states used for Higgs boson mass measurements. The
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result is based on 140 fb ™! of proton-proton collision data collected by the ATLAS de-
tector during LHC Run 2 at a centre-of-mass energy of 13 TeV combined with the Run 1
ATLAS mass measurement, performed at centre-of-mass energies of 7 and 8 TeV, yield-
ing a Higgs boson mass of [19]

PRI 195 11 40,09 (stat.) + 0.06 (syst.) GeV = 125.11 + 0.11 GeV.

This combined ATLAS measurement achieves a precision of 0.9 per mille on this fun-
damental parameter of the SM of particle physics. At present, this result represents
the most precise determination of the Higgs boson mass. All these measurements are in
excellent agreement with each other and with the combined ATLAS and CMS Higgs
boson mass determination from Run 1 data, ny" ATLASTCMS _ 125 09 +0.24 GeV [13].
The third analysis consists of a search for the rare SM Higgs boson decay into a low-
mass dilepton system accompanied by a photon, H — £{-y, with ¢ = e, u, using 165 fb!
of pp collision data collected by the ATLAS detector during the first part of Run 3 at
a centre-of-mass energy of /s = 13.6 TeV. The search targets the low-mass dilepton
region, my, < 30 GeV, where the decay is dominated by contributions mediated by an
off-shell photon, H — 7"y, where the " subsequently converts into the dilepton pair.
The analysis is currently under ATLAS internal review. While the finalisation of the
systematic uncertainties evaluation is still ongoing, they are expected to have a limited
impact on the overall sensitivity. For this reason, the preliminary expected results based
on statistical uncertainties only are presented in this thesis.

The expected 95% confidence level upper limit on the Higgs boson production cross
section times the H — £{< branching ratio in the m,, < 30 GeV region is found to be
1.65 times the SM prediction when evaluated using a signal-plus-background Asimov
dataset (4 = 1), considering statistical uncertainties only. In the absence of a SM Higgs
boson signal, the corresponding expected upper limit derived from a background-only
Asimov dataset (# = 0) is 0.70 times the SM prediction.

The expected signal strength is extracted by fitting a signal-plus-background Asimov
dataset constructed under the SM hypothesis (# = 1). The best-fit value obtained from
this procedure, considering statistical uncertainties only, is:

0.41
]’lexp = 1.001_0.40 (Stat.).

The corresponding expected significance is 2.53 c. A combination with the correspond-
ing Run 2 search performed by ATLAS is foreseen and is expected to further enhance
the sensitivity of the analysis. For reference, the full Run 2 search, based on an inte-
grated luminosity of 139 bt [29], provided evidence for the H — £{-y process with an
observed (expected) significance of 3.2¢ (2.10).

Studies of the ATLAS detector performance are also presented, including the training,
maintenance, and optimisation of the multivariate Monte Carlo-based energy calibra-
tion for electrons and photons in Run 2 and Run 3, as well as dedicated studies of the
identification of merged electrons from low-mass dilepton systems, which are crucial for
the H — (¢ search.
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A | Additional material for Monte Carlo-based

energy calibration

A.1 Linearity as a function of input variables for Run 2 MVA

This section contains additional plots showing the linearity of the Run 2 MVA calibration
as a function of various input variables. Figure A.1 shows the linearity as a function of
E. .., the total energy deposited in the accordion calorimeter, and f, the ratio of the en-
ergy deposited in the presampler to that in the accordion. Figure A.2 shows the linearity
as a function of 7 with respect to the cell edge and ¢ with respect to the lead absorber. In
all cases, the MVA calibration recovers linearity across the full range of these variables.

A.2 Linearity as a function of pileup for Run 3 MVA

Figure A.3 shows the linearity as a function of y (average number of pp interactions per
bunch crossing) for each particle type, dividing in barrel and endcap regions (left col-
umn) and in transverse momentum (right column). The linearity is expressed using the
mean of the smallest interval containing 10% of the events of the E_,j;,/ Eirye distribu-
tion. The MVA calibration recovers linearity across the full range of u for all particle
types, pseudorapidity regions and transverse momentum ranges.
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Figure A.1 - Linearity for unconverted photons (a,b), converted photons (c,d) and electrons
(e,f), expressed using the mean of the smallest interval containing 10% of the events of the
Ecaib/ Eqrue and E,y, / Eie distributions. For each particle type, the linearity is shown as a
function of the total raw cluster energy in the accordion E_,,, (left) and f; (right), the ratio of
the energy in the presampler to the energy in the accordion. The MVA calibration recovers
linearity across the full range of these variables. Pseudorapidity regions used: barrel 0 <
7] < 1.37 (red), endcap 1.52 < |57| < 2.5 (green).
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Figure A.2 — Linearity for unconverted photons (a,b), converted photons (c,d) and electrons
(e,f), expressed using the mean of the smallest interval containing 10% of the events of the
Eaib/ Eqrue and E,y, / Eiye distributions. For each particle type, the linearity is shown as a
function of the 1 with respect to the cell edge (left) and ¢ with respect to the lead absorber
(right). The MVA calibration recovers linearity across the full range of these variables. Pseu-
dorapidity regions used: barrel 0 < || < 1.37 (red), endcap 1.52 < || < 2.5 (green).
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Figure A.3 — Linearity for unconverted photons, converted photons and electrons, expressed
using the mean of the smallest interval containing 10% of the events of the E_,j;, / E;pye distri-
bution. For each particle type, the linearity is shown as a function of y (average number of
pp interactions per bunch crossing), dividing in barrel and endcap regions (left column) and
in transverse momentum (right column). Pseudorapidity regions used: barrel 0 < || < 1.37,
endcap 1.52 < || < 2.5. pr ranges: 5-25 GeV, 25-50 GeV, 50-120 GeV, 120-400 GeV.



B | Additional material for the Higgs boson

mass analysis in the H — < channel

B.1 Signal efficiencies

Table B.1 show the values of the efficiencies €,; for each category c and for the different
Higgs boson production modes i evaluated using the MC sample generated at my = 125
GeV.

Category ggF  VBF  WH ZH ggZH tfH  bbH  tHbj tWH
UU, Central-barrel, high pr 0.0017 0.0085 0014 00069 0.023 0.020 000090 0.011  0.025
UU, Central-barrel, medium pr; 0.0050 0018 0.026 0014 0032 0025 00033 0016 0.030
UU, Central-barrel, low pr, 0.055 0038 0062 0031 0025 0034 0066 0023 0035
UU, Outer-barrel, high pr, 0.0013 0.0064 0011 00056 0.016 0.013 0.00070 0.0069 0.017
UU, Outer-barrel, medium py, ~ 0.0053 0019 0029 0015 0032 0024 00030 0.021 0.026
UU, Outer-barrel, low pr 0.057 0039 0067 0033 0027 0034 0067 0028 0036
UU, Endcap 0.048 0047 0092 0046 0044 0036 0049 0047 0.036

Conv, Central-barrel, high pr, 0.0011 0.0054 0.0084 0.0043 0.014 0.012 0.00040 0.0080 0.014
Conv, Central-barrel, med py 0.0031 0.011 0.016 0.0084 0.020 0.016 0.0022 0.011  0.020
Conv, Central-barrel, low pry 0.033 0.023 0.038 0.019 0015 0.021 0.040 0.014 0.022

Conv, Outer-barrel, high pr, 0.0014 0.0070 0.012  0.0062 0.017 0.014 0.00080 0.011  0.021
Conv, Outer-barrel, med pry 0.0056 0.020 0.031 0.016 0.033 0.026 0.0030 0.019 0.028
Conv, Outer-barrel, low pry 0.060 0.041 0.071 0.036 0.028 0.035 0.070 0.032 0.034
Conv, Endcap 0.079  0.078 0.16 0.078 0073 0.060 0.077 0.082 0.058
Total 0.36 0.36 0.32 0.32 0.40 0.37 0.38 0.33 0.40

Table B.1 — Expected reconstruction and selection efficiencies €,; for each Higgs production
mode i and category ¢, at /s = 13 TeV and my = 125 GeV. The last row shows the total
efficiency per production process summed over all categories.

B.2 Yield parametrisation

This section contains additional plots showing the signal-yield parametrisation as a func-
tion of the Higgs boson mass for the UU, Central-barrel, low-p, category for all produc-
tion modes considered in the analysis: ggF, VBE, WH, ZH, ggZH and ttH (in Figure B.1),
tHbj and tWH (in Figure B.2). The bbH production mode is not shown, as no MC sam-
ples were available for this process at Higgs boson masses different from the nominal
value of 125 GeV.
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Figure B.1 - Yield parametrisation as a function of my for the UU, Central-barrel, low-p,
category in the ggF (a), VBF (b), WH (c), ZH (d), ggZH (e), tfH (f) production modes. The
black points represent the expected signal yields extracted from the nine MC samples gen-
erated at different Higgs-boson masses, while the red curve shows the fitted second-degree
polynomial. The fitted values of the polynomial parameters are listed in the bottom-left cor-

ner of the plot.

B.3 Signal model fits

This section contains additional plots with respect to Section 7.4.2, showing the signal
model fits for the 14 categories used in the Higgs boson mass analysis in the H — 7y
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while the red curve shows the fitted second-degree polynomial. The fitted values of the
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channel. The fits are shown for the nominal Higgs boson mass of 125 GeV in Figures B.3
to B.5. For the UU, Central-barrel, low-pr, category the fits are also shown for all the
other generated my samples in Figures B.6 and B.7.
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Figure B.3 — Result of the single fit for the categories UU, Central-barrel, high p; (a), medium
pr¢ (b): the fitted signal pdf is shown by the red line, the black dots correspond to the MC
sample at my = 125 GeV. The values of the fitted parameters of the DSCB are shown in the
legend on the right side of the plot. The residuals are shown in the lower part of the plot.
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Figure B.4 — Result of the single fit for the categories UU, Central-barrel, low pp (a), UU,
Outer-barrel, high pp, (b), medium p, (c), low pp, (d), UU Endcap (e), Conv, Central-barrel,
high ppy (f): the fitted signal pdf is shown by the red line, the black dots correspond to the
MC sample at my = 125 GeV. The values of the fitted parameters of the DSCB are shown in
the legend on the right side of the plot. The residuals are shown in the lower part of the plot.
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Figure B.5 — Result of the single fit for the categories Conv, Central-barrel, medium p; (a),
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at my; = 125 GeV. The values of the fitted parameters of the DSCB are shown in the legend
on the right side of the plot. The residuals are shown in the lower part of the plot.
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Figure B.6 — Result of the single fit for the category UU, Central-barrel, low pr, for the various
MC sample at 110 GeV (a), 122 GeV (b), 123 GeV (c), 124 GeV (d): the fitted signal pdf is
shown by the coloured line, the black dots correspond to the MC sample. The values of the
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C Additional material for the Higgs boson
search in the H — y* channel

C.1 Merged electron identification

This section contains additional plots with respect to Section 9.3.1, showing the dis-
tributions of the shower-shape and track-to-calorimeter pointing variables used in the
merged electron identification BDT, after the reweighting procedure. The distributions
are shown in Figures C.1 and C.2 for the signal and background samples.

C.2 Signal model fits

This section contains additional plots with respect to Section 9.4, showing the signal
model fits for the 9 categories used in the Higgs boson search in the H — y" channel.
The fits are shown for the nominal Higgs boson mass of 125 GeV in Figures C.3 to C.5.

C.3 Data sidebands fits

This section contains additional plots with respect to Section 9.5.2, showing the back-
ground fits on data sidebands for the 9 categories used in the Higgs boson search in the
H — 77" channel. The fits are shown in Figures C.6 and C.7.
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Figure C.1 — Comparison between the normalised shower-shape variables distributions after
the reweighting procedure for the signal and background samples used in the BDT training.
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