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Abstract

The work presented in this thesis is based on proton-proton collision data of the
Large Hadron Collider (LHC), recorded by the ATLAS detector between 2015 and
2018 (Run 2), amounting to a total integrated luminosity of 140 fb−1. This work fo-
cuses on two analyses, one in the Standard Model (SM) context, and one related to
probing new physics scenarios, whose common theme is the study of the Higgs bo-
son self-interactions through the search for Higgs boson pair production in the final
state with two photons and two bottom quarks (bb̄γγ).
The first analysis is a search for SM Higgs boson pairs (HH) in the bb̄γγ final state.
No excess of events with respect to the SM background is observed. An observed
upper limit of µHH < 4.0 is set at 95% confidence level (CL) on the di-Higgs signal
strength, corresponding to the di-Higgs production cross-section normalised to its SM
prediction. The corresponding expected upper limit under the assumption of no HH
production (SM HH production) is 5.0 (6.4). The observed 95% confidence intervals
for the coupling modifiers are −1.4 < κλ < 6.9 and −0.5 < κ2V < 2.7, while the
corresponding expected results are −2.8 < κλ < 7.8 and −1.1 < κ2V < 3.3, yield-
ing the most stringent expected constraints on κλ achieved by a single analysis to
date. This analysis is combined with all the other HH searches in various final states,
thus providing the most complete picture on HH production with the Run 2 dataset.
The combined observed (expected) upper limit on the signal strength is µHH < 2.9
(2.4) at 95% CL. The observed 95% confidence intervals for the coupling modifiers
are −1.2 < κλ < 7.2 and 0.6 < κ2V < 1.5, with corresponding expected intervals
−1.6 < κλ < 7.2 and 0.4 < κ2V < 1.6.
The second analysis is a search for a new heavy scalar resonance X, decaying into
a Higgs boson and another scalar particle S (X → SH), in the final state where the
Higgs boson decays into two photons and the S particle decays into two bottom
quarks. This is the first search for asymmetric Higgs boson pair production in the
bb̄γγ channel using ATLAS data. It searches for a X → SH → bb̄γγ signal within
a wide range of masses for the two resonances X and S (denoted mX and mS), cov-
ering 170 ≤ mX ≤ 1000 GeV and 15 ≤ mS ≤ 500 GeV. No significant excess above
the expected background is found and 95% CL upper limits are set on the cross sec-
tion times branching ratio, ranging from 39 fb to 0.09 fb. The largest deviation from
the background-only expectation occurs for (mX , mS) = (575, 200) GeV with a local
(global) significance of 3.5 (2.0) standard deviations.
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Introduction

The discovery of the Higgs boson (H), announced by the ATLAS [1] and CMS [2] collab-
orations in July 2012, marked the final missing piece of the Standard Model (SM) of par-
ticle physics. The SM, which provides a comprehensive and self-consistent description
for both the electroweak and strong phenomena, has been extensively tested through
numerous experimental measurements, across a wide range of energies. In the decade
following this discovery, impressive effort has been dedicated to studying the proper-
ties of this long-sought particle, including its interactions with the W and Z bosons, the
heaviest quarks, and charged leptons. To date, all measurements of the Higgs boson’s
properties report an excellent agreement with the SM predictions [3, 4].
However, the strengths of the interaction of the Higgs boson with other Higgs bosons
are still largely experimentally unconstrained. According to the SM, the Higgs boson
self-interactions (described by the scalar potential) emerge from the spontaneous breaking
of the electroweak gauge invariance (EWSB) realized by the Higgs mechanism, which is
responsible for the mass generation of elementary particles, including the Higgs boson
itself. Thus, experimental measurements of the Higgs boson self-couplings, particularly
the trilinear self-coupling λHHH , is crucial for understanding the exact structure of the
scalar potential. This, in turn, offers critical insights into the EWSB mechanism and the
process of mass generation.
More precisely, the SM requires a specific relationship between the trilinear Higgs boson
self-coupling λHHH , the Higgs boson mass (mH ≈ 125 GeV), and the vacuum expecta-
tion value of the Higgs field (v ≈ 246 GeV). Since the latter two parameters are known
from experimental measurements [5, 6], the SM provides a well-defined prediction for
the self-coupling λHHH , corresponding to λ

SM
HHH ≈ 0.13. The measurement of any de-

viation of λHHH from its SM prediction would profoundly challenge our current under-
standing of EWSB and provide a strong hint of new physics beyond the SM (BSM). In
experimental measurements, this corresponds to testing for a deviation of its coupling
modifier κλ = λHHH/λ

SM
HHH from unity.

The only direct way to probe κλ is through the search for Higgs boson pair produc-
tion (HH), which is influenced by the trilinear self-interaction vertex in both the domi-
nant gluon-gluon fusion (ggF) and subdominant vector boson fusion (VBF) production
modes, as shown in Figure 1. Up to now, the observation of SM double Higgs boson pro-
duction has been out of reach for the ATLAS and CMS experiments at the Large Hadron
Collider (LHC) [4, 7]. Therefore, a precise measurement of the trilinear Higgs boson self-
coupling remains elusive.

ix
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Figure 1 – Feynman diagrams contributing to the total amplitude of HH production via (a)
ggF and (b) VBF with terms proportional to the coupling modifier κλ.

The work presented in this thesis is based on proton-proton collision data of the LHC [8],
recorded by the ATLAS detector [9] between 2015 and 2018 (correspoding to the LHC
Run 2 data-taking period). The ATLAS detector is one of the two general-purpose ex-
periment along the LHC ring: its main goal is to study the broadest range of signals as
possible, either coming from SM processes or from new physics. Both these approaches
are pursued in this thesis. My work focuses on two analyses, whose common theme is
the search for Higgs boson pair production in the final state with two photons and two
bottom quarks (bb̄γγ).
The first analysis is a search for production of SM Higgs boson pairs in the bb̄γγ chan-
nel [10]. This final state where one Higgs boson decays to two bottom quarks and the
other decays to a photon pair is one of the “golden channels” of di-Higgs searches [11].
This final state benefits from the high branching fraction of the H → bb̄ decay (59% for a
SM Higgs boson). On the other hand, the low branching ratio for the H → γγ decay (at
just 0.23%) is compensated by the excellent trigger and reconstruction efficiency for pho-
tons with the ATLAS detector and the excellent resolution of the invariant mass of the
photon pair (1-2 GeV), leading to a clear and distinguishable signal. Di-Higgs boson pro-
duction is an extremely rare process, and only 0.26% of Higgs boson pairs generate a two
photon plus two bottom quarks final state. According to the SM, only ∼ 12 HH → bb̄γγ

events are expected to be present within the full Run 2 dataset, which corresponds to
a six and three order-of-magnitude suppression with respect to inclusive photon pair
production and single H → γγ, respectively. The former makes up the primary source
of background for the HH → bb̄γγ search. Hence, this analysis relies on the ability of
selecting good candidates for the H → γγ and H → bb̄ decays, to help separating the
rare signal events from the overwhelming backgrounds.
Compared to a previous di-Higgs search in the bb̄γγ channel using ATLAS Run 2 data [12],
this new analysis exploits an improved optimisation strategy, incorporating both the
dominant ggF production mode and the subdominant VBF production mode. Although
Higgs boson pair production via VBF is incredibly rare (with a rate about 20 times
smaller than ggF according to the SM), searching for the VBF HH process is particularly
interesting. This production mode is characterized by two highly energetic hadronic
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jets, reconstructed in the forward region of the ATLAS detector, in addition to the bb̄γγ

signature. This distinctive topology helps to isolating the Higgs boson pairs produced
via VBF, thus enhancing the overall signal-to-background ratio. Additionally, beyond
providing further constraints on the coupling modifier κλ when combined with ggF, di-
Higgs production via VBF offers an unique probe to the quartic interaction between a
Higgs boson pair and two vector bosons (W or Z). The strength of this interaction, de-
noted as gHHVV , is quantified by the coupling modifier κ2V = gHHVV/gSM

HHVV and is
closely connected to the EWSB sector of the SM. Measuring κ2V through Higgs boson
pair production via VBF would help to form a clearer picture of the EWSB and the Higgs
mechanism.
To maximise sensitivity to Higgs boson pair production, the HH → bb̄γγ analysis is
combined with other HH searches across different final states [7], including the two other
golden channels, bb̄bb̄ and bb̄ττ [13–15]. Among these, the bb̄γγ final state stands out for
its best sensitivity to κλ. The HH combination offers the most comprehensive insight
into Higgs boson self-interactions using ATLAS Run 2 data.
Despite the progress made with the new HH analyses with Run 2 data, which brings
us closer to the sensitivity needed to detect di-Higgs production in a SM-like scenario,
the Higgs boson self-interaction sector remains significantly unconstrained. As a result,
new physics could still be hidden within the scalar sector [16, 17], which could poten-
tially give rise to anomalous trilinear Higgs boson self-coupling values. New physics
scenarios can be explored by searching for extensions of the scalar sector, which can lead
to asymmetric Higgs boson pair production, where a heavy scalar resonance (X) decays
into a SM Higgs boson and a lighter scalar particle (S). The second analysis presented in
this thesis is a search for the X → SH process in the final state where the Higgs boson
decays into two photons and the scalar S decays into two bottom quarks [18]. This is
the first search for asymmetric Higgs boson pair production in the bb̄γγ channel using
ATLAS data. It searches for a X → SH → bb̄γγ signal within a broad range of masses
for the two resonances X and S (denoted mX and mS), reaching previously uncharted
regions of the phase space.
The search for X → SH → bb̄γγ exploits the presence of three resonances in the final
state - H → γγ, S → bb̄, and X → bb̄γγ - which are crucial for isolating the signal
from competing SM background processes mimicking the bb̄γγ signature, where at least
one of these resonances is absent. This analysis was designed to have a fully continu-
ous sensitivity across the explored region in the plane defined by the masses of the two
resonances. In absence of a statistically significant excess observed above the expected
backgrounds, it sets upper limits on the cross section times branching fraction for the
X → SH → bb̄γγ signal.

Summary of the manuscript and personal contributions

This thesis includes seven Chapters, which are organized as follows. The first chapter
(Chapter 1) summarizes the formulation of the SM, focusing on the electroweak symme-
try breaking and the Higgs mechanism. This chapter also includes a description of the
Higgs boson physics at hadron colliders, and a short review of the main measurements
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of the Higgs boson properties performed by the ATLAS and CMS collaborations with
Run 2 data.
Chapter 2 focuses on the phenomenology of Higgs boson pair production, including
its connection to the trilinear Higgs boson self-coupling λHHH , and to the quartic Higgs
boson-vector boson coupling gHHVV . This chapter also addresses the main shortcomings
of the SM, and includes a discussion on how new physics models, involving extended
scalar sector with multiple scalar particles, could address many of its open issues and
are thus interesting to probe.
Chapter 3 and Chapter 4 describe the LHC accelerator complex and the ATLAS detector.
In Chapter 4 special emphasis is given to the Liquid Argon electromagnetic calorime-
ter, which is one of the main sub-detectors exploited by the measurements described in
this thesis, especially for the reconstruction of photons. 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 upgrade of the readout electronics foreseen for
the High-Luminosity 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. My
duties ranged from solving hardware issues happening during the data-taking, as well
as hardware and software maintenance during the periods without proton beams circu-
lating in the LHC. For the latter activity, I tested various powering solutions for the main
readout boards of the calorimeter, which collect and process the ionization signals from
each calorimeter cells.
Chapters 5 details the reconstruction, identification, and calibration of photons. Sim-
ilarly, Chapter 6 describes the reconstruction, identification, and energy calibration of
jets originating from bottom quark hadronization. Both these particles are essential com-
ponents of the two analyses discussed earlier. I contributed to various aspects of both
photon and b-jets reconstruction. Specifically, I was involved in the electron and pho-
ton energy calibration, in particular on the final step of the procedure, which consists in
the in-situ measurement of the electron and photon energy scale using Z boson decays
to electron pairs [19]. This measurement is impacted by several sources of systematic
uncertainties, whose control is crucial, in order to achieve a precise reconstruction of
the H → γγ decay. My work included evaluating the systematic uncertainty related
to photon conversion mismodelling and propagating the effects of all other systematic
uncertainties to the electron and photon energy scale as functions of the pseudorapidity
and transverse momentum of electrons and photons.
On the b-jets side, I contributed to measuring the efficiency of a new b-jets identification
algorithm based on Graph Neural Networks (GNN) [20]. This algorithm was recently
developed by the ATLAS collaboration for analyses using data from the ongoing Run 3
data-taking period of the LHC, and is expected to be bring sizable improvements in the
next generation of HH searches involving b-jets in the final state.
Chapter 7 and Chapter 8 present the two analyses, HH → bb̄γγ [10] and X → SH →
bb̄γγ [18], respectively. I contributed to most aspects of the HH → bb̄γγ analysis. I
worked on the analysis optimisation, on the signal and background modelling, on the
evaluation of the systematic uncertainties, and on the statistical interpretation and the
extraction of the final results. In addition, I also served as editor of the Internal sup-
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porting documentation, detailing the full analysis. Chapter 7 also includes the descrip-
tion of the combination of HH final states with Run 2 data. My contribution to the HH
combination involved studying the modelling of HH production via ggF as a function
of the coupling modifier κλ, and extracting the final results, focusing especially on the
constraints on the di-Higgs signal strength and on the coupling modifiers κλ and κ2V .
My contributions to the X → SH → bb̄γγ analysis involved studying the background
modelling, developing one of the statistical frameworks adopted by the analysis, and
extracting the results. In addition, I evaluated the look-elsewhere effect for the calcula-
tion of the global significance across the full explored (mX , mS) plane.
In the context of the HH → bb̄γγ analysis, I also developed an alternative background
modelling strategy, based on changing the final discriminant variable, from the diphoton
invariant mass to BDT discriminants. This work, described in Appendix B, demostrated
the effectiveness of this approach, which was later adopted by the X → SH → bb̄γγ

analysis. Finally, I contributed to a phenomenological study, detailed in Appendix A,
which aims to improve the modeling of single Higgs boson production with emission
bottom quark emissions, which constitutes a crucial background for HH searches [21].
Some minor contributions to other publications of the ATLAS Collaboration are not in-
cluded in this thesis, such as the preparation of the statistical model for the HH → bb̄γγ

analysis [12] for the combination of HH and single Higgs boson final states [22].





CHAPTER 1

The Standard Model and Higgs boson physics

The Standard Model (SM) of particle physics offers a unified framework to describe both
strong and electroweak phenomena, while categorizing all known elementary particles,
including force carriers and matter particles. The SM was developed over the course
of a few decades between the 1950s and 1970s [23]. It has shown remarkable success
in explaining the subatomic world up to the highest energy scales accessible by current
experiments, and has survived every experimental test up to the present day.
Each elementary particle in the SM corresponds to a quantum field with specific trans-
formation properties under the Poincaré group (which determine their spin and parity),
and their interactions are governed by a common principle: local gauge invariance [24,
25]. The formulation of the SM as a gauge theory ensures its renormalizability [26, 27]. This
property guarantees that the SM remains predictive at all energy scales, and that the the-
ory can be consistently quantized. The SM integrates the electroweak theory developed
by Glashow, Weinberg, and Salam [28, 29] with Quantum Chromodynamics (QCD) [30],
the fundamental theory of strong interactions.
A cornerstone of the SM is the Higgs mechanism, which elegantly resolves the problem
of incorporating mass terms for elementary particles into the SM Lagrangian without
compromising the electroweak gauge invariance. This mechanism implies the existence
of a new scalar field, known as the Higgs field, whose excitations are identified as Higgs
bosons. The discovery of a particle resembling the Higgs boson by the ATLAS and CMS
collaborations in July 2012 [1, 2] provided strong evidence of the Higgs mechanism, sig-
nificantly advancing our comprehension of the origin of mass of elementary particles.
The Higgs mechanism realizes the spontaneous breaking of electroweak gauge invari-
ance (EWSB), thereby generating mass terms for elementary particles through their in-
teractions with the Higgs field. Concurrently, it introduces self-interaction terms for the
Higgs field itself. The study of these Higgs field self-interactions is closely linked to ex-
perimental efforts to observe the production of Higgs boson pairs. Detecting pairs of SM
Higgs bosons would offer definitive validation of the Higgs mechanism as described in
the SM, while any deviations from the expectation would provide a strong hint of new
physics.
This Chapter provides an overview of the SM (Section 1.1), with a particular focus on the
Higgs mechanism, discussed in Sections 1.2. A phenomenological portrait of the Higgs
boson physics at hadron colliders (including a brief description of the measurements of
the Higgs boson properties at the LHC) follows in Section 1.3.

1



2 1.1 The Standard Model

1.1 The Standard Model

The SM is a gauge quantum field theory based on the Lie group SU(3)C × SU(2)L ×
U(1)Y, where SU(3)C and SU(2)L × U(1)Y are the gauge groups of the QCD and elec-
troweak interactions respectively. The SM gauge symmetry governs the fundamental
interactions of all elementary particles, by assigning the corresponding fields to specific
representations of the gauge group. The electroweak gauge invariance SU(2)L × U(1)Y
is spontaneously broken (via the Higgs mechanism) to U(1)EM, which describes the elec-
tromagnetic interactions. The SM does not include a description of gravity. Neverthless,
at the subatomic scale, this force is the weakest among the fundamental interactions,
and can be safely neglected at the energy scales probed by the experiments at hadron
colliders.

1.1.1 Elementary particles

The SM incorporates 12 spin- 1
2 fermionic fields that represent the fundamental constituents

of matter, known as quarks and leptons. Leptons only interact through electroweak force,
while quarks are subject to both electroweak and strong forces, thus engaging in all SM
interactions. Quarks and leptons are organized into three generations (or families), which
share the same properties under electroweak and strong forces (namely, they have the
same quantum numbers) but have progressively larger masses. Each fermion has its own
anti-particle, with identical mass and opposite quantum numbers. In the SM, all the
matter fields are massive, except for the neutrinos, which are considered massless. Nev-
erthless, the observation of neutrino oscillations has confirmed the non-zero value of
neutrino masses [31], which are, however, extremely small compared to the masses of
other fermions (mν < 0.8 eV [32]).
Local gauge invariance in the SM implies the existence of spin-1 gauge fields related to
the generators of the SM gauge group, whose excitations, known as gauge bosons, medi-
ate the fundamental interactions. The photon (γ) is the gauge boson for electromagnetic
interactions, while the charged W± bosons and the neutral Z boson mediate weak in-
teractions. The gluon (g) is the gauge boson for the strong force. Among these, only
the photon and the gluon are massless. The masses of the weak bosons are acquired
through the Higgs mechanism. The Higgs boson, the final component of the SM, is cru-
cial for generating the masses of both the weak vector bosons and all massive fermions,
as well as its own mass.
Figure 1.1 provides an overview of the elementary particles in the SM and their proper-
ties.

1.1.2 Fundamental interactions

As already mentioned, the SM provides a consistent description of the electroweak and
strong forces at all energy scales, by enforcing local gauge invariance under the group
SU(3)C × SU(2)L × U(1)Y. In gauge theories, the form of the interaction is naturally
set after defining the symmetry group, requiring gauge invariance, and determining the
properties of the matter fields under gauge transformations.
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Figure 1.1 – Elementary particles described by the SM. The fermion fields (on the left) are de-
picted with their quantum numbers (electric charge, color, and spin), dictating their interaction
properties.



4 1.1 The Standard Model

The simplest example of a gauge theory is Quantum Electrodynamics (QED), where the
electromagnetic interaction is derived from gauge invariance under the Abelian sym-
metry group U(1). This method of constructing QED as a gauge theory (summarized
below) can be extended to the more complex framework of the SM.
Let us begin with the following Lagrangian:

L = iψ̄γ
µ

∂µψ − mψ̄ψ, (1.1)

which describes a free (non-interacting) spin- 1
2 fermion field ψ(x), with ψ̄ = ψ

†
γ

0 as
its adjoint. This Lagrangian remains invariant under the global transformations of the
symmetry group U(1), which are typically represented with the unitary operator U =

eiθQ. Here, θ is a constant phase (i.e. ∂µθ = 0), and Q is the generator of the group, which
acts on the fermion field as Qψ = ψ. The transformation laws for ψ and its adjoint field
under global U(1) transformations are:

ψ(x) −→ eiθQ
ψ(x) = eiθ

ψ(x),

ψ̄(x) −→ eiθQ
ψ̄(x) = e−iθ

ψ̄(x),
(1.2)

To introduce the electromagnetic interaction, we apply the gauge principle, converting
the global U(1) symmetry into a local gauge invariance. This means that the fundamental
laws of the theory (the Lagrangian) must remain invariant under local phase transfor-
mations, where θ(x) is an arbitrary function of space-time coordinates x. While the mass
term in the original Lagrangian is invariant under local U(1) transformations, the kinetic
term is not:

∂µψ −→ ∂µ

[
eiθ(x)

ψ
]
= eiθ(x)

[
∂µψ + i∂µθ

]
. (1.3)

Local gauge invariance is restored by replacing the partial derivative in the kinetic term
with a covariant derivative, which includes an additional vector (spin-1) field Aµ(x), char-
acterized by the same quantum numbers as the generator Q. The properties of Aµ(x)
under local phase transformations are defined as:

Aµ(x) −→ Aµ(x)− 1
e

∂µθ(x), (1.4)

where e is a constant.
The covariant derivative Dµ(x), acting on the fermion field as

Dµ(x)ψ(x) =
[
∂µ + ieAµ(x)

]
ψ(x), (1.5)

restores the gauge invariance of the resulting Lagrangian. The transformation law of the
vector field Aµ (termed the gauge field) cancels out the unwanted term containing the
partial derivative of θ(x). To complete the QED Lagrangian, we need a gauge-invariant
kinetic term for the vector field Aµ to describe its free propagation. This kinetic term,
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LQED
kin = − 1

4 FµνFµν, is based on the field strength

Fµν
= ∂

µ Aν − ∂
ν Aµ (1.6)

which is manifestly gauge-invariant. The resulting QED Lagrangian is:

L = −1
4

FµνFµν + iψ̄γ
µDµψ − mψ̄ψ

= −1
4

FµνFµν + iψ̄γ
µ

∂µψ − mψ̄ψ − eAµψ̄γ
µ

ψ

(1.7)

where the last term couples the fermion field to the gauge field Aµ, identified with the
electron and the photon (the carrier of the electromagnetic force) respectively. The con-
stant e = 1.602176 × 10−19 C is interpreted as the electric charge of the electron. The
photon remains massless, and a mass term − 1

2 M2 Aµ Aµ is forbidden by gauge invari-
ance. In addition, no self-interaction terms for the photon are present. The Aµ field is
neutral under electromagnetic interactions: this stems naturally from the Abelian nature
of the U(1) symmetry group.
The interaction term in the QED Lagrangian involving the fermion field and the photon,
specifically LQED

int = −eAµψ̄γ
µ

ψ, results in a cubic interaction vertex, as illustrated in
Figure 1.2. This vertex introduces a factor of e in the calculation of scattering amplitudes.

Figure 1.2 – Feynman diagram representing the cubic interaction vertex between two
fermions ( f ) and the photon (γ) in QED.

From an experimental point of view, the physical quantity of interest is the interaction
cross section, which is related to the probability of a particular scattering process to oc-
cur. The cross section is proportional to the square of the amplitude’s modulus, making
it dependent on e2. Therefore, the strength of the electromagnetic interaction is set by

the fine structure constant α = e2

4πϵ0 h̄c , rather than e itself. Here, ϵ0 = 8.854187 × 10−12

Fm−1 is the vacuum dielectric constant, h̄ = 1.054571 × 10−34 Js is the reduced Planck
constant, and c = 299792458 m/s is the speed of light in the vacuum. The quantization
of this Lagrangian has been remarkably successful in describing electromagnetic inter-
actions even at very high energies.
A similar procedure is used to construct the strong and electroweak Lagrangians follow-
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ing the gauge principle, though additional complexities arise due to the non-Abelian
nature of the symmetry group SU(3)C × SU(2)L × U(1)Y.

Quantum Chromodynamics

The complex dynamics of strong interactions are described at a fundamental level by
Quantum Chromodynamics (QCD). QCD is a gauge theory based on the SU(3)C sym-
metry group, where the subscript C denotes the color charge carried by particles influ-
enced by the strong force. The color charge in QCD plays the same role as the electric
charge in QED. However, there is a fundamental difference between the electric charge
and the color charge: while there is a single electric charge, the strong interaction phe-
nomenology suggests that quarks possess three types of color: red, green, and blue.
Consequently, each quark field of a specific flavor (u, d, c, s, t, or b) is a color triplet
q f (x) = (qred

f (x), qgreen
f (x), qblue

f (x)) under the transformations of SU(3)C.
Considering all quark flavors f , the QCD Lagrangian is formulated as:

L = ∑
f

iq f Dµγ
µq f −

1
4

8

∑
a=1

Fµν,aFa
µν, (1.8)

where:

- The first term parallels QED, incorporating both the free propagation of quarks and
their interaction with the gluons (the strong force carriers). The covariant derivative
is defined as:

Dµ(x)q f (x) =

[
∂µ + igs

8

∑
a=1

Ga
µ(x)ta

]
q f (x), (1.9)

including the eight gluon fields Ga
µ(x) - each corresponding to a SU(3)C generator -

and the generators ta acting on quark triplets. The interaction strength between the
gluons and the quarks is governed by the parameter gS. This quantity is unique

across all quark flavors and is typically expressed in terms of αS =
g2

S
4π , which de-

fines the strong coupling constant. αS plays the same role in QCD as the fine structure
constant in QED: it appears in the interaction cross section involving the cubic inter-
action vertex between quarks and gluons, thereby setting the strength of the strong
force.

- The second term is the gluons’ kinetic term, with:

Fµν,a
= ∂

µGν,a − ∂
νGµ,a − gS

8

∑
b,c=1

f abcGµ,bGν,c, (1.10)

with f abc being the structure constants of SU(3)C. The third term in the field strength -
absent in QED - arises from the gauge principle and the non-Abelian nature of
SU(3)C. Since Fµν,a is quadratic in gauge fields, 1

4 ∑
8
a=1 Fµν,aFa

µν includes cubic and

quartic interaction terms (proportional to gS and g2
S, respectively) involving gluons.
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In QED, the photon interacts with electrically charged fermions but remains elec-
trically neutral itself. In contrast, experimental evidence shows that gluons interact
strongly with each other [33]. Therefore, gluons are represented as gauge fields that
carry color charge.

Renormalizability in QCD manifests as a running coupling constant αS, varying with the
momentum transfer during strong interactions. For large momentum transfer Q, the
strong coupling is:

αs(Q
2
) ≈ 12π

(33 − 2n f ) · ln
(

Q2

Λ2
QCD

) , (1.11)

where n f is the number of quark flavors (n f = 6 in the SM) and ΛQCD ≈ 200 MeV sets
the energy scale for perturbative QCD predictions. This expression holds in the pertur-
bative regime, where the energy scale of the strong process significantly exceeds ΛQCD.

As Q2 → ∞, the strong coupling logarithmically approaches zero, leading to asymp-
totic freedom: the quarks act as free particles at high energies. Conversely, as the energy
scale nears ΛQCD, the running coupling diverges: the interaction between quarks grows
stronger, and perturbative calculations fail to provide reliable predictions for strong pro-
cesses. This behavior hints at another important property of QCD, namely, the color
confinement. While this property is not yet proved mathematically, it manifests itself in
experimental observations: particles carrying color charge (namely, quarks and gluons)
cannot be observed isolated. Instead they group together to form color-neutral compos-
ite states, known as hadrons. Color confinement explains the observation of an abun-
dance of color-singlet composite particles, including mesons and baryons (corresponding
to qq̄ and qqq bound states), and even more exotic hadronic states such as tetraquarks
and pentaquarks (all predicted by QCD). Due to color confinement, quarks or gluons pro-
duced in high energy collisions undergo hadronization. The primary particle involved in
the collision starts to emit gluons and quark-antiquark pairs with progressively lower
energy. The secondary quarks and gluons group themselves in hadronic states, thus re-
sulting in collimated sprays of hadrons termed hadronic jets. A notable exception to this
behaviour is the heaviest quark, the top quark. Due to its extremely short lifetime, the top
quark decays into a bottom quark and a W boson before hadronization can occur, thus
allowing for the direct observation of its properties.

Electroweak interactions

A unified description of the electromagnetic and weak forces was achieved by Glashow,
Weinberg, and Salam in the 1960s, leading to formulation of the electroweak interactions
as a gauge theory of the Lie group SU(2)L × U(1)Y. The subscript L denotes left-handed
fermions, indicating that only the left chiral component ψL = 1

2

(
1 − γ

5
)

ψ of quarks
and leptons - collectively indicated here using ψ - interacts with the three gauge fields
Wi

µ(x) (with i = 1, 2, 3) associated to the SU(2)L symmetry group. Conversely, the right

chiral component of a fermion field ψR = 1
2

(
1 + γ

5
)

ψ(x) is a singlet under SU(2)L, and

do not couple to its gauge fields. The three generators of SU(2)L, Ti with i = 1, 2, 3, are
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termed weak isospin operators. U(1)Y is not the gauge group of the electromagnetic inter-
actions: its generator, Y, is termed weak hypercharge and, contrary to the electric charge Q,
it affects the left-handed and the right-handed components of fermion fields differently.
Left-handed fermions are represented as doublets under SU(2)L, while, as mentioned
above, right-handed fermions transform trivially (namely, Ti

ψR = 0). The transforma-
tion properties of the left-handed fermions under U(1)Y maintain the SU(2)L structure,
as the upper and lower components of each doublet share the same weak hypercharge
quantum number.
The arrangement of leptons and quarks within each family into left-handed doublets
and right-handed singlets is detailed below:

Table 1.1 – Doublet and singlet structure for the left and right-handed components of the
fermion fields under the SU(2)L × U(1)Y symmetry group.

Leptons Quarks

Left-handed
(

νe,L
eL

)
,
(

νµ,L
µL

)
,
(

ντ,L
τL

) (
uL
dL

)
,
(

cL
sL

)
,
(

tL
bL

)
Right-handed eR, µR, τR

uR, cR, tR,
dR, sR, bR

In each left-handed lepton doublet, neutrinos are the upper-row partners of the corre-
sponding charged leptons. Right-handed neutrinos do not exist in the original formu-
lation of SM. The quarks whose left-handed components occupy the upper row of the
weak isospin doublets - up (u), charm (c), and top (t) quarks - are called up-type quarks.
Conversely, the bottom components correspond to the left chiral projections of the down-
type quarks, namely the down (d), strange (s), and bottom (b) quarks.
The gauge-invariant electroweak Lagrangian is given by

L = iψ̄Lγ
µDµψL + iψ̄Rγ

µDµψR − 1
4

3

∑
i=1

Wµν,iWi
µν −

1
4

BµνBµν, (1.12)

where sums are implied over all left-handed doublets ψL and right-handed singlets ψR.
The last two terms in Equation 1.12 include the field strengths

Wµν,i
= ∂

µWν,i − ∂
νWµ,i − g

3

∑
j,k=1

ϵ
ijkWµ,jWν,k (1.13)

and
Bµν

= ∂
µBν − ∂

νBµ, (1.14)

constructed from the gauge fields Wµ,i associated with the three weak isospin genera-
tors, and Bµ, the gauge field for the weak hypercharge. The structure constants of the
SU(2)L symmetry group appearing in Equation 1.13 are the Levi-Civita tensor compo-
nents ϵ

ijk, while and g (g′) are the weak charges for SU(2)L (U(1)Y).
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The electroweak covariant derivative (present in the first and second terms of Equa-
tion 1.12), acts differently on the left- and right-handed components of the fermion fields.

Given a SU(2)L doublet ψL =

(
uL
dL

)
whose weak hypercharge quantum number is YL/2,

the covariant derivative takes the following form:

Dµ(x)ψL(x) =

[
∂µ + ig

3

∑
i=1

Wi
µ(x)Ti

+ ig′Bµ(x)Y

]
ψL

= ∂µ

(
uL
dL

)
+ i

g
2

(
W3

µ W1
µ − iW2

µ

W1
µ + iW2

µ −W3
µ

)(
uL
dL

)
++ig′Bµ

YL
2

(
uL
dL

)
L

= ∂µ

(
uL
dL

)
+

i
2

(
gW3

µ + g′YLBµ g(W1
µ − iW2

µ)

g(W1
µ + iW2

µ) −gW3
µ + g′YLBµ

)(
uL
dL

)
(1.15)

where the SU(2)L generators Ti where replaced with their doublet representations σ
i/2,

with σ
i being the Pauli matrices.

On the other hand, the covariant derivative acting on the right-handed fields ψR is:

Dµ(x)ψR(x) =

[
∂µ + ig

3

∑
i=1

Wi
µ(x)Ti

+ ig′Bµ(x)Y

]
ψR(x)

= ∂µψR + i
g′

2
BµYu(d)

R ψR

(1.16)

where ψR represents either the up-type or the down-type quark (namely, uR or dR), and
Yu(d)

R /2 is their weak hypercharge quantum number.
The interactions between the electroweak gauge fields and the fermion fields are there-
fore encoded in the following Lagrangian, obtained by replacing the covariant deriva-
tives of Equation 1.15 and 1.16 in Equation 1.12:

LEW
int =− 1

2
(
ūLd̄L

)
γ

µ

gW3
µ + g′YLBµ g

(
W1

µ − iW2
µ

)
g
(

W1
µ + iW2

µ

)
g′YLBµ − gW3

µ

(uL
dL

)

− g′

2
ūRYu

Rγ
µBµuR − g′

2
d̄RYd

Rγ
µBµdR

(1.17)

Linear combinations of the two gauge fields W1,2
µ yield

W±
µ (x) =

1√
2

[
W1

µ(x)∓ W2
µ(x)

]
, (1.18)

whose physical states correspond to the two charged W± bosons. The weak interac-
tions mediated by W± - whose fields appear in the off-diagonal terms in the matrix that
describes the interaction with the left-handed fermions - connect the up and the down
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component of the weak isospin doublets (namely, uL and dL). The electromagnetic inter-
action is recovered by performing a rotation in the two-dimensional space spanned by
the two remaining gauge fields of the SU(2)L × U(1)Y group, W3

µ and Bµ:(
W3

µ

Bµ

)
=

(
cos θW sin θW
− sin θW cos θW

)(
Zµ

Aµ

)
(1.19)

This transformation defines the weak mixing angle θW . Identifying the gauge field Aµ

with the photon requires the following relationship between the electron charge e and
the weak charges g and g′:

e = g sin θW = g′ cos θW (1.20)

Moreover, in the context of the electroweak theory, the electric charge operator is defined
as

Q = T3
+

Y
2

(1.21)

Alongside with the photon, another gauge boson enters the neutral sector of the elec-
troweak interactions: the Z boson. The Z bosons mediates weak neutral interactions
between quarks and leptons of the same flavor, with different coupling constant across
left-handed and right-handed chiral components.
Applying the latter notations in Equation 1.17 recovers the electroweak Lagrangian in
terms of the physical weak and electromagnetic currents:

LEW
int =− eAµ

ψ̄γµQψ

− g√
2

ψ̄γµ

[
W+µ

(
T1 − iT2

)
+ W−µ

(
T1

+ iT2
)]

ψ

+
e

2 sin θW cos θW
ψ̄γµZµ

[(
T3 − 2Q sin2

θW

)
− T3

γ
5
]

ψ

(1.22)

where the first, second, and third lines include the electromagnetic current Jem
µ , the weak

charged currents1 J±µ , and the weak neutral current J0
µ.

The full electroweak Lagrangian in Equation 1.12 is therefore able to describe charged
and neutral interactions associated with electromagnetic and weak processes: it incor-
porates QED and contemplates self-interactions between the gauge bosons. However,
while it describes the photon as a massless boson (in agreement with experimental find-
ings), it does not account for the experimentally observed large masses of the weak
bosons W± and Z [34]. In fact, mass terms of the form m2

WW±,µW∓
µ and 1

2 m2
ZZµZµ

would explicitly violate the gauge invariance.

1The weak charged currents involve the raising and lowering weak isospin operators T±
= T1 ± iT2, acting

non-trivially only on the left-handed component of the fermion fields. Indeed, considering ψL =

(
uL
dL

)
as a

representative case, J+
µ
= ψ̄Lγ

µ
T+

ψL = ūLγ
µ

dL, while J−
µ
= d̄Lγ

µ
uL.
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1.2 The Higgs mechanism

As noted in Section 1.1.2, the gauge principle prohibits explicit mass terms for gauge
bosons in the electroweak Lagrangian. Nonetheless, experimental observations show
that, of the four electroweak bosons, only the photon is massless, while the W± and Z
bosons are massive [6]:

mW = 80.377 ± 0.012 GeV

mZ = 91.1876 ± 0.0021 GeV
(1.23)

The Higgs mechanism (formulated by Higgs, Brout, Englert, and others [35–37]) solves
this apparent tension between Glashow’s electroweak theory and the experimental data
without abandoning the gauge principle, which is fundamental for the internal consis-
tency of the SM.
Weak massive gauge bosons acquire mass dynamically, via interaction with a scalar field
Φ(x). The dynamics of this new field generate a spectrum of physical states which does
not reflect the underlying symmetry of the theory: this phenomenon is termed sponta-
neous symmetry breaking. In the SM, the spontaneous breaking of the electroweak gauge
group SU(2)L × U(1)Y induces mass terms for the three vector fields W±

µ and Zµ, while
maintaining the gauge invariance of the electroweak Lagrangian.
Let us consider a simple (unphysical) example to show how the Higgs mechanism works.
Given a complex scalar field ϕ(x), the following Lagrangian describes its self-interactions
via the potential V(ϕ) and its couplings with a (massless) gauge field Aµ(x):

L = −1
4

FµνFµν +
(

Dµ
ϕ
)†
(

Dµϕ
)
− V(ϕ) (1.24)

where the covariant derivative is Dµ(x)ϕ(x) =
[
∂µ + ieAµ(x)

]
ϕ(x) and Fµν

= ∂
µ Aν −

∂
ν Aµ is the usual field strength. The scalar potential contains a quadratic and a quadri-

linear self-interaction term for the scalar field ϕ:

V(ϕ) = µ
2
ϕ

†
ϕ + λ(ϕ

†
ϕ)

2 (1.25)

The above Lagrangian in Equation 1.24 is invariant under local phase transformation of
the U(1) symmetry group, affecting both ϕ and Aµ as follows:

ϕ(x) −→ eiθ(x)
ϕ(x)

Aµ(x) −→ Aµ(x)− 1
e

∂µθ(x)
(1.26)

The shape of the scalar potential V(ϕ) is the keystone of the Higgs mechanism. While
λ > 0 in Equation 1.25 guarantees the presence of global minima in V(ϕ), the sign of
µ

2 discriminates between a unique minimum (with µ
2
> 0 at ϕ0 = 0) or a degeneracy
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Figure 1.3 – Shape of the scalar potential with µ2 < 0 in two dimensions as a function of
the real and imaginary field components. This shape is typically referred to as “Mexican
hat” potential.

of equivalent minima (with µ
2
< 0). In the latter case, as shown in Figure 1.3, there are

infinite configurations of the scalar field that minimize the potential, given by:

ϕ0 = eiα

√
−µ

2

2λ
, for 0 < α < 2π (1.27)

To proceed with the quantization of the theory, ϕ will acquire one of these equivalent
configurations as ground (vacuum) state. Although the Lagrangian in Equation 1.24 re-
mains gauge-invariant under U(1) transformations, the symmetry does not manifest in
the spectrum of physical states after choosing a particular vacuum: namely, the under-
lying U(1) symmetry is hidden or spontaneously broken. For simplicity, let us adopt the
choice of vacuum where ϕ0 is real and positive (i.e. α = 0):

ϕ0 =

√
−µ

2

2λ
≡ v√

2
, (1.28)

where v is referred to as vacuum expectation value (v.e.v.). After the choice of vacuum,
the Lagrangian is reorganized in terms of the oscillations ϕ1(x) and ϕ2(x) around the
ground state. Substituting ϕ = v√

2
+ 1√

2
[ϕ1 + iϕ2] in Eq. 1.24, new interesting features
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emerge:

L =− 1
4

FµνFµν +
1
2

e2v2 Aµ Aµ

+
1
2

(
∂µϕ1

)2
− 1

2
(−2µ

2
)ϕ

2
1 − λvϕ

3
1 −

λ

4
ϕ

4
1

+ e2v2 Aµ Aµ
ϕ1
v

+ e2v2 Aµ Aµ
ϕ

2
1

v2

+
1
2

(
∂µϕ2

)2
+ ev(∂µϕ2)Aµ + (others)

(1.29)

A mass term for the gauge field Aµ(x) appears, with mA = ev. The real scalar field ϕ1,

referred to as the Higgs field, is massive with m1 =
√
−2µ

2 and interacts with itself with
trilinear and quadrilinear couplings, whose strengths (equal to λv and λ/4 respectively)
are related to its mass via the v.e.v, as described in Eq. 1.28. The coupling strengths for
the cubic and quartic vertices involving the Higgs and the gauge fields all include factors
e2v2, and are thus proportional to m2

A. A second (massless) scalar field ϕ2(x) (termed
Goldstone boson [38]) and its interaction terms also appear in the above rearrangement of
the Lagrangian.
The underlying gauge invariance allows to clarify the particle content of the theory. The
function θ(x) in Equation 1.26 can be chosen such that the transformed ϕ field is real,
by rotating away the complex phase2. With this gauge choice, termed unitary gauge, the
Goldstone boson disappears from the Lagrangian, which unambiguously describes a
massive vector boson and a massive scalar boson (the Higgs boson)3.

1.2.1 The Standard Model Higgs boson

The Higgs mechanism was incorporated in the electroweak sector of the SM by Weinberg
and Salam, through a weak isospin doublet of complex scalar fields Φ(x):

Φ(x) =

(
ϕ
+
(x)

ϕ
0
(x)

)
(1.30)

The self-interactions of Φ(x) are described by the scalar potential

V(Φ) = µ
2Φ†Φ + λ(Φ†Φ)

2, (1.31)

entering the Lagrangian L = (DµΦ)
†
(DµΦ)−V(Φ), which is manifestly gauge-invariant

under SU(2)L × U(1)Y, provided that the upper and lower component of Φ(x) have the

2After the choice of vacuum, the complex scalar field ϕ may be parametrized as ϕ(x) = e−i χ(x)
v (v + ϕ1(x)).

By enforcing the gauge invariance under U(1), the χ degree of freedom can always be rotated away using the

transformation law ϕ(x) −→ ei χ(x)
v ϕ(x), leaving only the real component ϕ1.

3A colourful description of the Higgs mechanism states that the spurious degree of freedom represented by
the Goldstone field ϕ2 is eaten up by the gauge field A

µ
, which, as a result, acquires mass.
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same weak hypercharge quantum number (YΦ = 1). Choosing µ
2
< 0, the potential

reaches its minimum for an infinite set of configurations of the complex doublet, all sat-

isfying Φ†Φ = −µ2

2λ . The particular choice of vacuum

Φ0 =

(
0

v/
√

2

)
(1.32)

with v =

√
−µ2

λ ensures that the photon remains massless, by preserving the unbroken
symmetry under U(1)EM, whose generator Q is the electric charge. Hence, the spectrum
of physical states still manifests the QED gauge invariance. After spontaneous symmetry
breaking the weak isospin doublet is conveniently parametrized as

Φ(x) =
1√
2

ei ∑3
i=1 θi(x)Ti

(
0

v + H(x)

)
, (1.33)

where θ
i
(x), i = 1, 2, 3 and H(x) are real scalar fields. The gauge-invariance under

SU(2)L allows to rotate away the spurious degrees of freedom θ
i
(x), i = 1, 2, 3. In the

unitary gauge,

Φ(x) =
1√
2

(
0

v + H(x)

)
, (1.34)

where H(x) is the Higgs field. The mass terms for the weak bosons W± and Z emerge
from substituting Equation 1.34 in the kinetic term of the scalar Lagrangian:

(DµΦ)
†
(DµΦ) =

1
2
(∂µH)

2

+
g2v2

4
W+,µW−

µ +
1
2

g2v2

4 cos2
θW

ZµZµ

+
g2v
2

W+,µW−
µ H +

g2

4
W+,µW−

µ H2

+
g2v

4 cos2
θW

ZµZµH +
g2

8 cos2
θW

ZµZµH2

(1.35)

Mass terms for the weak bosons W± and Z appear, with

mW =
gv
2

; mZ =
gv

2 cos θW
=

mW
cos θW

(1.36)

Moreover, both W± and Z interact with the Higgs field via cubic and quartic vertices,
whose couplings - typically expressed as gHVV · v and gHHVV , where both gHVV and
gHHVV are dimensionless quantities - are proportional to square of the weak bosons
masses. In fact, using the definitions of mW and mZ given in Equation 1.36, the third and
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fourth lines of Equation 1.35 can be rewritten as:

LEWSB
int =

2m2
W

v2 · v · W+,µW−
µ H +

m2
W

v2 · W+,µW−
µ H2

+
m2

Z

v2 · v · ZµZµH +
m2

Z

2v2 · ZµZµH2
(1.37)

When calculating scattering amplitudes, the interaction terms in Equation 1.37 give rise
to cubic and quartic vertices involving the weak bosons and the Higgs boson, as illus-
trated in Figure 1.35.

(a) (b)

(c) (d)

Figure 1.4 – Feynman diagrams illustrating the cubic (left) and quartic (right) interaction ver-
tices between the W or Z bosons and the Higgs bosons. The quartic vertex involving two W
bosons and two Higgs bosons (HHW+W−) includes an additional factor of 2 in its coupling

constant compared to the m2
W

v2 term in the Lagrangian (Equation 1.37), which arises from a
combinatorial factor due to the two identical Higgs bosons, either of which can occupy the
two legs of the interaction. Similarly, combinatorial factors of 2 also appear in the two bottom
diagrams, resulting from the presence of either two identical Z bosons or two identical Higgs
bosons.

The coupling constants for these interactions are related to each other and to the weak
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boson masses by the following relation:

gHVV = gHHVV =
m2

V

v2 (1.38)

This relationship is a direct result of the weak doublet structure of the Higgs field and the
process of electroweak symmetry breaking. Specifically, both the interaction terms and
the weak boson mass terms in Equation 1.35 are derived from expanding the covariant
derivative applied to the Higgs field Φ, as well as the (v + H)

2 term, which originates
from the bottom component of the doublets Φ and Φ† following the electroweak sym-
metry breaking.
The structure of the scalar potential unveils the Higgs boson self-interactions: by substi-
tuting Equation 1.34 in Equation 1.31, one finds

V(Φ) =
1
2
(−2µ

2
)H2

+ λvH3
+

λ

4
H4 (1.39)

Hence, oscillations of the Higgs field correspond to a massive scalar particle (namely,

the Higgs boson) with mass mH =
√
−2µ

2. The couplings of the Higgs boson self-
interactions are controlled by the v.e.v. and the Higgs boson mass:

λ =
−µ

2

v2 =
m2

H

2v2 (1.40)

The v.e.v can be measured via muon decay (v =
√

1/
√

2GF, where GF = 1.1663788(6) ·
10−5 GeV−2 [6] is the Fermi coupling constant, yielding v ≈ 246 GeV), while mH ≈
125 GeV. Therefore, once the v.e.v. and the Higgs boson mass are known, the Higgs
boson SM potential and its self-couplings are fully determined. This result is important
from a phenomenological point of view: as will be explained in Chapter 2, the trilinear
self-interaction term contributes to Higgs boson pair production with a well defined
dimensionless SM coupling:

λ
SM
HHH = λ =

m2
H

2v2 ≈ 0.13 (1.41)

The observation of Higgs boson pairs would provide an independent measurement for
λHHH , thus shedding light on the exact structure of the Higgs boson potential close to
its minima.

Mass generation for fermions

The chiral nature of the electroweak gauge group forbids explicit mass terms for fermions:
−mψ̄ψ = −m(ψ̄LψR + ψ̄RψL) is not gauge-invariant, because SU(2)L ×U(1)Y affects the
left-handed and right-handed chiral components of the fermion field differently. How-
ever, experimental data confirm that all fermions are massive: again, the solution comes
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from the interaction with Φ(x) and its charge conjugate ΦC
(x) = −iT2Φ(x) and spon-

taneous symmetry breaking.
Let us consider a single quark family. Gauge-invariant Yukawa interaction terms in-

volving the weak isospin doublet
(

uL
dL

)
and the right-handed components uR and dR

are included in the SM Lagrangian:

L = yu
(
ūLd̄L

)
· ΦC uR + yd

(
ūLd̄L

)
· Φ dR + h.c. (1.42)

After spontaneous symmetry breaking, the Yukawa Lagrangian gives rise to mass terms
for both the up- and down-type quarks (−muūu and −mdd̄d), and interaction terms be-
tween the massive fermions and the Higgs field. By expanding the Higgs doublet Φ in
terms of its vacuum expectation value (v.e.v.) and the real scalar field H, as shown in
Equation 1.34, the Yukawa Lagrangian takes the form:

LYukawa
=− yuv√

2
ūu − ydv√

2
d̄d

− yu√
2

ūuH − yd√
2

d̄dH
(1.43)

The fermion masses mu(d) ≡ yu(d)v√
2

, defined in the first line of Equation 1.43, are di-
rectly proportional to the Yukawa couplings yu(d), which dictate the interaction strengths
between the fermions and the Higgs boson, as shown in the second line of Equation 1.43.

1.3 Higgs boson physics at hadron colliders

As shown in Section 1.2, the fermions and the weak gauge bosons acquire mass dynam-
ically, via their interactions with the Higgs field. Hence, the strength of the interaction
between the Higgs bosons and the other SM particle is driven by their mass: given a
fermion (weak boson) with mass m, its coupling with the Higgs boson is proportional to
m (m2). Therefore, the SM privileges the interactions between the Higgs boson and the
heaviest particles, namely top quark and the weak bosons, while the Higgs boson cou-
plings to the lighter particles (such as the leptons or the lighter quarks) is suppressed.
In addition, there is no direct coupling between the Higgs and the gluon fields or the
photon fields, which is a direct consequence of the manifest gauge invariance of the SM
under SU(3)C × U(1)EM. Indeed, both the color and the electromagnetic gauge symme-
tries are unbroken, and the corresponding fields remain massless.
Hence, while the Higgs boson production and decay processes are primarily influenced
by its couplings to the top quarks and weak bosons, given that most SM particles have
mass, the Higgs boson phenomenology is rich and varied. In addition, Higgs boson pro-
duction cross-sections and branching fractions are governed by the Higgs boson mass
mH , whose value is not predicted by the theory. A precise measurement of mH is there-
fore fundamental for confirming the SM description of the Higgs boson interactions.
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1.3.1 Higgs boson production mechanisms

Production of Higgs bosons at hadron colliders can occur through various mechanisms.
The production mode with the largest cross section is gluon-gluon fusion (ggF), fol-
lowed by vector boson fusion (VBF), vector boson associated production (VH, including
WH and ZH), top-antitop quark pair associated production (tt̄H), bottom-antibottom
quark pair associated production (bb̄H), and single top quark associated production
(tHW and tHq). Figure 1.5 reports tree-level diagrams contributing to the main Higgs
boson production modes at the LHC. Figure 1.6 shows the behaviour of the Higgs boson
production cross sections through all the different production mechanisms available at
hadron colliders, as a function of the center of mass energy of the proton-proton (pp) col-
lisions (while fixing mH = 125 GeV), while Table 1.2 quotes the Higgs boson production
cross sections assuming mH = 125 GeV and pp collision at the center of mass energy of√

s = 13 TeV.

Production mode Cross section [pb] QCD Scale [%] PDF + αS [%]

ggF 48.58 +4.56
−6.72 3.20

VBF 3.797 +0.4
−0.3 2.1

WH 1.3728 +0.5
−0.7 1.1

qq → ZH 0.7612 +3.9
−3.0 1.6

gg → ZH 0.1226 +3.9
−3.0 1.6

tt̄H 0.5071 +5.8
−9.2 3.6

bb̄H 0.4880 +20.2
−23.9

tHq (t-channel) 7.425 × 10−2 +6.5
−14.9 3.7

tHq (s-channel) 2.879 × 10−3 +2.4
−1.8 2.2

tHW 1.517 × 10−2 +4.9
−6.7 6.3

Table 1.2 – Standard Model production cross sections [40] for a Higgs boson of mH = 125 GeV
in pp collision at

√
s = 13 TeV. Their relative theoretical uncertainties on QCD scale and

PDF + αS are reported. For bb̄H, only the total uncertainty is provided.

Despite having no direct coupling to gluons, the ggF (Figure 1.5a) is the dominant Higgs
boson production mode at the LHC, accounting for about 87% of the total cross sec-
tion. Two gluons emerging from the colliding protons couple with the Higgs boson
via a quark loop, whose main contribution comes from top quarks (due to their large
mass), while the contribution of lighter quarks are suppressed. The state of the art of the
theoretical calculation of the ggF production cross section reach next-to-next-to-next-to-
leading order (N3LO) accuracy in QCD and involve EW corrections at next-to-leading
order (NLO), and are performed in the limit of mt → ∞. The prediction for a 125-GeV
Higgs boson, including the central value as well as its theoretical uncertainty (theory)
and the uncertainty propagated from the Parton Distribution Functions (PDF) and the
value of the strong coupling constant αS (PDF + αS), is

σggF (H) = 48.58+2.22
−3.27 pb (theory) ± 1.56 pb (PDF + αS) [41] (1.44)
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(a) Gluon-gluon fusion, ggF (b) Vector boson fusion, VBF

(c) Vector boson associated production, VH
(d) Z boson associated production via
gluon-gluon fusion, gg → ZH

(e) Top (bottom) quark pair associated pro-
duction, tt̄H (bb̄H)

(f) Single top quark associated production
with additional W boson, tHW

(g) Single top quark associated produc-
tion plus additional jets (t-channel), tHq (t-
channel)

(h) Single top quark associated produc-
tion plus additional jets (s-channel), tHq (s-
channel)

Figure 1.5 – Leading order Feynman diagrams for SM Higgs boson production at LHC [3].
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Figure 1.6 – Cross sections for the SM Higgs boson production modes [39] as a function of
the center of mass energy of pp collisions. The Higgs boson mass is fixed at mH = 125 GeV.

The VBF mechanism (whose Feynman diagram is visible in Figure 1.5b) is the second
most abundant Higgs boson production mode at the LHC, contributing approximately
7% to the total cross section, as shown in Table 1.2. It occurs through the scattering of
two vector bosons (either W or Z bosons), emitted by two quarks within the two col-
liding protons. The two vector bosons fuse together and generate a Higgs boson. The
two quarks involved in the VBF process will then hadronize into two highly energetic
jets, which are typically observed in the forward and backward regions of the detector.
The next most relevant Higgs boson production mode is the associated production with
a vector boson (either W or Z). Figure 1.5c and 1.5d show two tree-level Feynman di-
agram contributing to this production mechanism. As for the VBF, this process occurs
via the Higgs boson coupling with a vector boson, which is typically emitted via the an-
nihilation of two quarks from the colliding protons. The Z boson associated production
could also occur via fusion of two gluons into a Z (via a quark loop), which then radi-
ates a Higgs boson. This process is typically referred to as gg → ZH (Figure 1.5d). The
VH processes are tagged by the final state particles produced by the W/Z bosons decay.
Finally, the bb̄H, tt̄H, and tH production modes (whose Feynman diagrams are repre-
sented in Figures 1.5e, 1.5f, 1.5g, and 1.5h) are the ones with the lowest cross sections.
These processes are tagged by the presence of multiple jets in the final state, and, in par-
ticular, the presence of jets from the hadronization of bottom quarks (termed b-jets). In
tt̄H, bb̄H, and tH processes, bottom quarks are either produced in association with the
Higgs boson, or are created via the top quark decay.

1.3.2 Higgs boson decay modes

After being produced in pp collisions, the Higgs boson lives for an extremely short time
(approximately 1.6 × 10−22 s according to the SM [40]) before decaying into other parti-



The Standard Model and Higgs boson physics 21

cles. Figure 1.7 presents the main decay modes for the SM Higgs boson, and shows their
Branching fractions (BRs) as a function of the Higgs boson mass in a window between
120 GeV and 130 GeV. The BR for a specific Higgs boson decay is defined as its partial
width divided by the total Higgs boson width:

BR(H → Xi) =
Γ(H → Xi)

∑i Γ(H → Xi)
(1.45)

The leading decay mode for a SM Higgs boson with mH = 125 GeV is H → bb̄, with
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Figure 1.7 – Branching fractions [39] for the main decay modes of the SM Higgs boson as a
function of mH varying in the window between 120 GeV and 130 GeV.

a BR of 58.24%. In principle, all the heavy fermions can constitute final states for a
Higgs boson decay (except for the top quark, being mt ≈ 172.5 GeV [42]), and the corre-
sponding BR is proportional to the fermion masses. The ATLAS and CMS experiments
at the LHC observed the Higgs boson decays to the third generation fermions (bottom
quarks and τ leptons) in pp collision data delivered by the LHC during its first and sec-
ond data-taking periods (Run 1 and Run 2) [43–46], and are now seeing hints of Higgs
boson couplings to second generation fermions (namely, muons) [47, 48]. The second
highest BR is provided by the decay into a pair of weak gauge bosons (WW∗ or ZZ∗,
with one of them being off-shell). The H → ZZ∗ → 4ℓ decay, where two lepton pairs
originate from each Z boson, constituted one of the two golden channels for the discovery
of the Higgs boson [1, 2]: this is due to the clear signals left by electrons and muons in
the ATLAS and CMS detectors, the precise invariant mass resolution of the four leptons
in the final state, and the low background from other SM processes that can mimick the
same four-lepton signature, allowing a signal-to-backround ratio close to unity.
Decays into massless gauge bosons (namely, gluons and photons) are also possible, and
occur via a loop of heavy quarks or W± bosons (only in the case of photons). The de-



22 1.3 Higgs boson physics at hadron colliders

cay into gluons has a larger BR (∼ 9%), but it is indistinguishable from the huge QCD
background produced in a hadron collider. Conversely, the decay into a pair of pho-
tons has a tiny BR (0.23% for a SM Higgs boson), but is nevertheless able to provide
an extremely clear signature. In addition, the excellent mass resolution of the diphoton
system allows to efficiently isolate Higgs boson decays from competing backgrounds.
For these reasons, the H → γγ decay mode was the second golden channel for Higgs
boson discovery.

1.3.3 Measurements of Higgs boson properties at the LHC

The observation of the Higgs boson announced in 2012 by the ATLAS and CMS exper-
iments at the LHC [1, 2] prompted a decade-long (currently still ongoing) campaign
of measurements of the properties of this long-sought particle, all reporting, up to this
date, an excellent agreement with the SM predictions. At the end of Run 2 (2015-2018),
the LHC delivered to the ATLAS and CMS experiments a huge amount of pp collision
data at

√
s = 13 TeV, corresponding to an integrated luminosity of approximately 140

fb−1 [49]. This dataset offered a unique opportunity to improve our understanding of
the Higgs boson, and allowed to reach an unprecedented precision in the measurements
of its mass, couplings, and quantum numbers. The following Section provides a short re-
view of the most up-to-date combination of measurements of the Higgs boson properties
performed by the ATLAS and CMS collaborations using the LHC Run 2 data.

Higgs boson mass, width, spin, and parity

The golden channels for the measurement of the Higgs boson mass are the H → γγ

and H → ZZ∗ → 4ℓ decays. Both final states are fully reconstructable, and benefit
from the excellent resolution for the energy and momentum of electrons, muons, and
photons with both the ATLAS and CMS detectors. The ultimate precision from a single
experiment is reached by combining the two measurements in the di-photon and four-
lepton channels. A combined legacy measurement of the Higgs boson mass, using data
collected by the ATLAS and CMS detectors during Run 1, determined the mass to be
mH = 125.09± 0.21(stat.)± 0.11(syst.) GeV [5]. Both ATLAS and CMS also measured the
Higgs boson mass using Run 2 data. Although a combined ATLAS and CMS result rely-
ing on Run 2 data is not yet available, both experiments have independently performed
Higgs boson mass measurements in the H → γγ and H → ZZ∗ → 4ℓ channels. The
ATLAS combination of these channels, incorporating both Run 1 and Run 2 data [50],
represents the most precise measurement to date, as shown in Figure 1.8a. CMS has also
performed separate measurements in the di-photon [51] and four-lepton [52] final states,
combining Run 1 and Run 2 data, whose results are shown in Figures 1.8b and 1.8c,
respectively. The CMS measurement in the H → ZZ→4ℓ channel is the most precise
single-channel determination of the Higgs boson mass to date.
The decay mode into a pair of Z bosons is also essential for determining the natural
decay width of the Higgs boson, ΓH . This parameter affects only the production cross
section of an on-shell Higgs boson, while the production of an off-shell Higgs boson
is independent of ΓH . Therefore, by measuring the ratio σ

on-shell/σ
off-shell in the ZZ∗
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Figure 1.8 – Summary of Higgs boson mass measurements from the individual analyses as
well as the available combinations for both ATLAS ([50]) and CMS ([51] and [52]), using the
Run 1 and Run 2 datasets. The statistical component to the total uncertainty (black error bar)
is highlighted in yellow. The ATLAS results also highlight the systematic contribution to the
total uncertainty (purple band).
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final state and assuming no potential new physics contributions differently affect the
on-shell and off-shell cross sections, both the ATLAS and CMS experiments successfully
measured for the first time with Run 2 data the total Higgs boson decay width. ATLAS
found ΓH = 4.5+3.3

−2.5 MeV [53] and CMS determined ΓH = 3.2+2.4
−1.7 MeV [54]: both mea-

surements are consistent with the SM prediction (ΓH = 4.1 MeV [40]).
Finally, the spin (J), and parity (P) of the Higgs boson can be measured exploiting its
bosonic decay modes (namely, H → γγ, H → ZZ∗, and H → WW∗). Using the angular
distributions of the particles in the final state (either photons or leptons from the W and
Z bosons subsequent decays), the ATLAS and CMS experiments were able to exclude
several non-SM spin-parity configurations of the Higgs boson with a confidence level
larger than 99.9% already using Run 1 data [55, 56]. These results strongly support the
JP

= 0+ configuration, consistent with the SM prediction.

Higgs boson signal strengths and couplings

A combined measurement of the Higgs boson production cross sections in different de-
cay channels can be harnessed to extract a protrait of the Higgs boson that is as com-
plete as possible. The combined model is typically expressed in terms of signal strengths,
whose measurements quantify the agreement between the observed data and the SM
predictions. The signal strength (typically referred to as µ) modifies the expected SM
cross section (or branching fraction) into the measured value. In other words, for a given
process Y → H → X, one can define a combined signal strength as well as individual
signal strengths for the production and the decay, corresponding to:

µ
Y
X =

σ(Y → H)×BR(H → X)

σ
SM

(Y → H)×BRSM
(H → X)

µ
Y
=

σ(Y → H)

σ
SM

(Y → H)

µX =
BR(H → X)

BRSM
(H → X)

, (1.46)

where σ(Y → H) (BR(H → X)) represents the measured cross section (branching frac-
tion), while σ

SM
(Y → H) (BRSM

(H → X)) is the corresponding SM prediction.
Figure 1.9 shows the individual signal strengths of the different Higgs boson production
processes and decay branching fractions measured by CMS using Run 2 data. Con-
versely, Figure 1.10 reports the signal strengths for all the different combinations be-
tween Higgs boson production and decay modes extracted from ATLAS Run 2 data. All
these measurements show an excellent agreement with the SM predictions over several
order of magnitude.
Both production cross sections and decay rates are governed by the couplings of the
Higgs boson to the massive fermions and the weak bosons, and are expected to respond
consistently to any deviation of these couplings from the SM predictions. Such devia-
tions are quantified using the κ framework, which requires that the Higgs boson cross
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Figure 1.9 – Summary of signal strengths for various Higgs boson production modes (left)
and decay processes (right), measured by CMS using Run 2 data [4]. The signal strengths
for the production cross sections µY are measured assuming branching fractions equal to the
SM predictions and vice-versa. The uncertainties are expressed in terms of 1(2) σ confidence
intervals, represented by the thick (thin) black lines. The statistical and systematic contribu-
tions to the 1σ uncertainty are highlighted using blue and red bands respectively.
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sections and decay widths are parametrized in terms of coupling modifiers (termed κ),
which change the strength of the couplings of the Higgs boson to other particles com-
pared to the SM expectations. For instance, the branching fraction of the Higgs boson
to bottom quarks is regulated by the Yukawa bottom coupling and is proportional to y2

b:
hence, within the κ framework, BR(H → bb̄) is parametrized as BR(H → bb̄) = κ

2
b ·

BRSM
(H → bb̄). A combined measurement of the Higgs boson cross sections and decay

rates allows a simultaneous extraction of κ modifiers, and quantify the agreement of the
observed couplings of the Higgs boson to a given particle with the SM. The κ framework
allows to explore interference effects of the Higgs boson couplings between production
and decay processes. This result is shown in Figure 1.11 as a function of the mass of
the probed particles, using data collected the ATLAS (left) and CMS (right) experiments
during the Run 2 of the LHC [3, 4]. In both cases, the absolute coupling strength mod-
ifiers - defined as

√
κV

mV
v for the vector bosons and κF

mF
v for the fermions, where mV

(mF) is the mass of the vector boson (fermion) and v is the v.e.v. - are shown, in order
to keep proportionality to the particle mass (as predicted by the SM and described in
Section 1.2.1). Figure 1.11 establishes a striking agreement of the measured couplings
with the SM description of the Higgs mechanism across several order of magnitude in
the masses of the probed particles. However, this picture is not yet complete. The cou-
plings of the Higgs boson to the first generation fermions (electrons and lighter quark),
that would populate the low mass frontier of Figure 1.11a and 1.11b, is out of reach for
the LHC experiments. In addition, a prominent absence can be noticed in the high range
of the SM particle mass spectrum: as explained in Section 1.2, the SM predicts that the
Higgs boson couples with two other Higgs bosons via the trilinear self-coupling λHHH ,
whose modifier is defined as:

κλ = λHHH/λ
SM
HHH (1.47)

which remains, to this day, unknown. Observing an agreement of the absolute trilinear
self-coupling of the Higgs boson (namely, κλ · v) with the diagonal lines in Figure 1.11
would provide the ultimate validation of the SM Higgs mechanism.
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Figure 1.11 – Summary of the coupling strength modifiers for the Higgs boson to different
particles measured by ATLAS (1.11a) and CMS (1.11b) using Run 2 data. In both cases, the
absolute coupling strength modifiers are shown as a function of the mass of the probed par-
ticles, and the SM prediction is represented by the diagonal line.





CHAPTER 2

Constraining the Higgs boson potential at colliders

The Higgs boson potential plays a central role in Higgs boson physics. It is respon-
sible for the electroweak symmetry breaking (EWSB), and for the generation of mass
of all the massive elementary particles in the SM (namely, the massive fermions and the
weak bosons). The EWSB induces trilinear and quadrilinear self-interaction terms for the
Higgs field, whose coupling strengths govern the shape of the scalar potential. Specifi-
cally, the trilinear Higgs boson self-coupling λHHH (already introduced in Section 1.2.1)
determines the structure of the Higgs boson potential close to its minima. Its behaviour
has profound implications for our understanding of particle physics, impacting both the
TeV scale (probed by the experiments at the LHC) and much higher energy scales, such
as the Planck scale, where quantum gravity effects may come into play.
For instance, the running of λHHH with the energy scale controls the stability of the vac-
uum [57, 58]. Current precision measurements of the Higgs boson mass and the top
quark mass (influencing radiative corrections to λHHH) point to a second minimum in
the Higgs boson potential, situated at a lower energy compared to our current vacuum
state. This indicates that this vacuum may be metastable, and a tunnel transition to this
new minimum could be possible, with a timescale set by the behaviour of λHHH in the
ultraviolet region. Additionally, λHHH drives the nature of the electroweak phase tran-
sition [59, 60], a critical moment in the early Universe when the Higgs field acquired a
non-zero vacuum expectation value (v.e.v) and spontaneously broke electroweak gauge
invariance.
However, the Higgs boson self-coupling is still largely experimentally unconstrained.
The only way to directly measure λHHH at the LHC is through the production of mul-
tiple Higgs bosons. The trilinear self-coupling term in the scalar potential generates an
interaction vertex involving three Higgs bosons. This allows a single Higgs boson to de-
cay into two additional Higgs bosons, therefore contributing to the production of Higgs
boson pairs. According to the SM, the trilinear self-coupling influences the production
of Higgs boson pairs through a scattering amplitude proportional to λ

SM
HHH , which is

fully determined by the Higgs boson mass mH and the v.e.v. An independent measure-
ment of λHHH (or, equivalently, of its coupling modifier κλ = λHHH/λ

SM
HHH) from Higgs

boson pair production in agreement with the SM expectations would strongly support
our current view of the Higgs mechanism. Conversely, any deviation of κλ from unity
emerging from Higgs boson pair production measurements would challenge our current

29
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understanding of the EWSB and inevitably open the door to new physics scenarios.
However, Higgs boson pair production is an extremely rare process, with a cross section
three orders of magnitude smaller than that of a single Higgs boson. Although no Higgs
boson pair production has been observed at the LHC so far, experimental sensitivity is
gradually approaching the levels required to detect SM-like scenarios. Investigating and
ultimately observing Higgs boson pair production is a key goal of the LHC physics pro-
gram, especially with the increased statistics from the Run 3 dataset and the upcoming
High Luminosity LHC phase. In particular, the sensitivity of the HH analyses performed
by the ATLAS and CMS Collaborations is improving at a rate that outpaces the increase
in collected data. If this trend continues, the combined data from the ATLAS and CMS
experiments collected during the Run 2 and Run 3 periods could reveal the first hint of
SM HH production.

2.1 Higgs boson pair production in the SM

2.1.1 Higgs boson pair production modes

The production mechanisms for SM Higgs boson pairs at hadron colliders mirror those
of a single Higgs boson, already discussed in Section 1.3. The most abundant production
mechanism is gluon-gluon Fusion (ggF HH), followed by vector boson fusion (VBF HH).
In the SM scenario, these two dominant production modes account for more than 95%
of the total SM di-Higgs cross section, and thus have been the primary focus of both
theoretical calculations and experimental searches at the LHC. The next relevant pro-
duction mode is top quark pair associated production (tt̄HH), followed by vector boson
associated production (VHH, including both W±HH and ZHH), and single top quark
associated production (tjHH). Figure 2.1 shows the di-Higgs production cross sections
for the different mechanisms as a function of the center of mass energy of pp collisions,
while fixing mH = 125 GeV and all the couplings affecting HH production to the SM ex-
pectations.
Similarly to the single Higgs boson production, Higgs boson pair production via ggF
occurs with two gluons emerging from the colliding protons, coupling with the Higgs
bosons via a heavy quark loop (predominantly top quarks). At tree level, the ggF HH
production mode proceeds via two amplitudes, shown in Figure 2.2, typically referred
to as box diagram (Figure 2.2a) and triangle diagram (Figure 2.2b). The first diagram does
not involve the Higgs boson self-couplings and is solely driven by the Higgs-top quark
Yukawa interaction, characterized by the coupling modifier κt = yt/ySM

t . In contrast,
the triangle diagram depends on both κt and κλ. The contributions of each amplitude
and their interference to the double Higgs invariant mass distribution mHH are illus-
trated in Figure 2.3. The destructive interference between the box and triangle diagrams
generates an extremely small cross section:

σggF (HH) = 31.05+1.86(+6%)
−7.14(−23%)

fb (scale+mt) ± 0.71 (± 2.3%)fb (PDF + αS) (2.1)
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Figure 2.1 – Cross sections for double Higgs production at hadron colliders via gluon gluon
fusion, vector boson fusion, vector boson associated production, and double Higgs produc-
tion with top quarks (tt̄HH and tjHH) as a function of the center of mass energy of the pp
collisions [11]. The perturbative order of the state-of-the-art theoretical predictions for each
production mode is also indicated. Specifically, the ggF HH cross section is calculated at
NNLO accuracy in QCD, incorporating finite top quark mass effects (FTapprox), while the
VBF HH cross section is evaluated at N3LO accuracy.
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This prediction, evaluated for SM mH = 125 GeV Higgs boson pairs generated in pp col-
lisions at

√
s = 13 TeV, achieves NNLO accuracy in QCD and incorporates top quark

mass effects [61]. Its dominant uncertainty (“scale+mt”), evaluated in [62], arises from
the finite order of the perturbative expansions and the definition of the top quark mass
in QCD corrections, while the uncertainty propagated from the PDFs and value of αS
(“PDF+αS”) is subleading [63].
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Figure 2.2 – Tree-level diagrams contributing to double Higgs production via ggF.

Figure 2.3 – Differential ggF HH cross section as a function of the di-Higgs invariant mass
distribution [11]. The contribution to the ggF HH cross section (solid black line) from the box
diagram, triangle diagram, and their interference are highlighted using dashed blue, red, and
green lines respectively.

The SM ggF HH cross section in Equation 2.1 illustrates just how rare Higgs boson pair
production is. Over the entire Run 2 data-taking period, during which the ATLAS de-
tector recorded pp collisions at a center-of-mass energy of 13 TeV corresponding to an
integrated luminosity of 140 fb−1, the SM predicts the production of only about 4300
Higgs boson pairs. By comparison, the cross section for single Higgs boson production
predicts more than eight million Higgs bosons in the same dataset - over three orders of
magnitude greater than the number of Higgs boson pairs.
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The VBF HH production mode involves the scattering of two weak bosons (W± or Z) ra-
diated from two valence quarks inside the colliding protons. At tree level, the VBF HH
cross section is driven by three diagrams, shown in Figure 2.4, scaling with κλκV (Fig-
ure 2.4a), κ2V (Figure 2.4b), and κV

2 (Figure 2.4c) respectively, where κV and κ2V describe
the coupling strengths of the HVV and HHVV interaction vertices, normalized to their
SM predictions. Hence, double Higgs production via VBF depends from the trilinear
Higgs boson self-coupling modifier κλ and simultaneously provides a unique probe to
the electroweak symmetry breaking dynamics, involving cubic and quartic interactions
between vector bosons and Higgs bosons. The state of the art for the theoretical calcula-
tion of the SM VBF HH cross section reaches N3LO accuracy in QCD and involves EW
corrections at NLO. The prediction for pp collisions at

√
s = 13 TeV, assuming mH = 125

GeV and all the other couplings affecting VBF HH production fixed to the SM expecta-
tions, is:

σVBF (HH) = 1.726+0.0005(+0.03%)
−0.0007(−0.04%)

(scale)± 0.036 (± 2.1%)fb (PDF + αS) [63–66] (2.2)

where the dominant contribution to the uncertainty arises from the PDF+αS component,
while the scale uncertainty (related to missing higher orders in the QCD perturbative ex-
pansion) is subleading. The defining feature of the final state in the VBF HH production
mode is the presence of two highly energetic hadronic jets, typically reconstructed in
the forward and backward regions of the particle detector. These two VBF jets originate
from the hadronization of the two valence quarks that are involved in the hard scattering
process. This signature, alongside the double Higgs final state, helps to efficiently dis-
criminate between signal and competing background processes. For this reason, despite
its extremely small SM cross section (almost 20 times smaller than the ggF HH cross sec-
tion), the experimental study of Higgs pairs produced via VBF is particularly interesting.

2.1.2 Dependence of the Higgs boson pair production cross section from κλ

Both the dominant production modes for Higgs boson pair production at the LHC,
ggF HH and VBF HH, are influenced by the Higgs boson trilinear self-coupling modifier
κλ, as demonstrated by the tree-level Feynman diagrams in Figures 2.2b and 2.4a. Both
the ggF HH and VBF HH cross sections exhibit a quadratic dependence on κλ, which
is evident from Figure 2.5. The prediction for ggF HH combines the full NLO accuracy
in QCD (including top quark mass effect) and the higher NNLO accuracy in the limit
of mt → ∞ [67]: this framework is used to extract the ggF HH cross section for any κλ

value. On the other hand, predictions for the VBF HH cross section for non-SM κλ val-
ues are available only at LO precision in QCD. Hence, the VBF HH prediction is based
on the SM calculation (performed at N3LO accuracy in QCD), and on LO predictions for
non-SM κλ values extracted using the MADGRAPH5 AMC@NLO event generator [68]
(which are then rescaled using the SM N3LO to LO ratio). A quadratic fit is then used to
interpolate the available points. As evident from Figure 2.5, non-SM κλ values can signif-
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Figure 2.4 – Tree-level diagrams contributing to double Higgs production via VBF.
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Figure 2.5 – Cross sections for double Higgs production at hadron colliders via gluon gluon
fusion and vector boson fusion as a function of the Higgs boson trilinear self-coupling modi-
fier κλ. These prediction assume pp collisions at

√
s = 13 TeV, the Higgs boson mass equal to

125 GeV, and all the other couplings affecting HH production fixed to the SM expectations.
The uncertainty bands represent the theoretical uncertainty affecting the predictions (namely,
the scale+mt and the PDF+αS component for ggF HH, and the scale and the PDF+αS compo-
nent for VBF HH).
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icantly enhance the di-Higgs cross section for both the ggF and VBF production modes.
Therefore, new physics scenarios with κλ values deviating from unity can be constrained
with less data compared to what is required to observe SM HH production. Although
VBF HH is less abundant than ggF HH, it experiences a greater enhancement with non-
SM κλ values. Therefore, when investigating such new physics scenarios, considering
HH production via VBF in addition to the main production mode helps to maximize the
sensitivity.
Figure 2.6 presents the distributions of mHH for Higgs boson pairs produced via ggF
(Figure 2.6a) and VBF (Figure 2.6b) for the SM case and various κλ values. For both pro-
duction modes, larger absolute values of κλ (positive or negative) result in softer mHH
spectra compared to the SM scenario, where the mHH distribution peaks around 400
GeV. A distinctive double peak in the mHH distribution for ggF HH appears at κλ = 2.4,
corresponding to the maximum destructive interference between the triangle and box
diagrams, which coincides with the minimum ggF HH cross section (see Figure 2.5).
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Figure 2.6 – Distribution of the Higgs boson pair invariant mass (mHH) for Higgs boson pairs
produced via ggF (left) VBF (right) in the SM and for various anomalous κλ values.

2.1.3 Dependence of the Higgs boson pair production cross section from κ2V and κV

As previously mentioned in Section 1.2.1, the SM Higgs mechanism induces a well-
defined relation between the dimensionless couplings of the Higgs boson with vector
bosons (gHVV and gHHVV) and the vector boson masses:

gSM
HVV = gSM

HHVV =
m2

V

v2 (2.3)

Therefore, investigating the interactions between Higgs bosons and vector bosons pro-
vides valuable insights into the nature of the Higgs mechanism and the electroweak
symmetry breaking. While κV is already measured with high accuracy from single Higgs
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boson measurements (see Section 1.3.3), only Higgs boson pair production via VBF is
directly sensitive to κ2V (as illustrated in the Feynman diagram in Figure 2.4b). The
VBF HH cross section as a function of κ2V is presented in Figure 2.7. The prediction for
the VBF HH cross section as a function of κ2V follows the same approach as that for κλ.
It is based on a quadratic fit to VBF HH cross sections for various non-SM κ2V values,
calculated at leading order (LO) [68] and then rescaled using the SM N3LO-to-LO ra-
tio. This method leverages the N3LO accuracy available for the SM calculation, while
non-SM VBF HH cross section predictions remain available only at LO. The VBF HH
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Figure 2.7 – Cross section for double Higgs production via vector boson fusion as a function
of the Higgs boson quartic coupling modifier κ2V . The prediction assumes pp collisions at√

s = 13 TeV, the Higgs boson mass equal to 125 GeV, and all other couplings affecting HH
production fixed to the SM expectations, including κV = 1. The SM ggF HH cross section
is also shown as a reference. The uncertainty bands represent the theoretical uncertainty
affecting the prediction (namely, the scale and the PDF+αS components)

cross section reaches a minimum when κ2V is exactly 1, corresponding to the SM ex-
pectation. This occurs due to the cancellation between the two diagrams in Figure 2.4b
and Figure 2.4c, caused by κ2V = κV

2 in the SM, which is a direct consequence of the
weak isospin doublet structure of the Higgs field in the SM Higgs mechanism [69]. As a
result, even small deviations from unity in the κ2V/κV

2 ratio lead to significant enhance-
ments in the VBF HH cross section. In addition, anomalous κ2V/κV

2 couplings violate
perturbative unitarity in the VBF HH processes, inducing a quadratic dependence of
the VBF HH cross section with the center of mass energy of the quarks involved in the
hard scattering process (namely, σVBF(HH) ∝ ŝ) [11]. Consequently, such scenarios fa-
vor VBF HH production with highly energetic and central Higgs bosons, populating the
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invariant mass (mHH) region above 1 TeV, as shown in Figure 2.8. Therefore, studying
VBF HH production, especially in the high-mHH regime, is crucial for testing the nature
of the electroweak symmetry breaking mechanism and constraining κ2V .
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Figure 2.8 – Distribution of the Higgs boson pair invariant mass (mHH) for Higgs boson pairs
produced via VBF for the SM case and various (κ2V , κV) values. The normalisation and the
shape of the mHH distribution are driven by the ratio κ2V/κV

2, rather than the individual
values of the two couplings.

2.1.4 Searches for SM Higgs boson pair production at the LHC

Due to the rich variety of Higgs boson decay modes discussed in Section 1.3.2, a wide
set of signatures can be exploited when searching for Higgs boson pair production. The
branching fractions for all the possible di-Higgs final states are summarized in Figure 2.9.
Higgs boson pair production is an extremely rare process, with a SM cross section that

is a thousand times smaller than that of single Higgs boson production (refer to Sec-
tion 2.1.1 and Section 1.3.1 for the numerical values). Hence, the most sensitive final
states for studying HH production and its properties involve at least one Higgs boson
decaying into two bottom quarks, leveraging its large BR (equal to 58.24% for a SM
125-GeV Higgs boson). Among these, three golden channels have been identified as sig-
nificantly more sensitive than others: HH → bb̄bb̄, HH → bb̄γγ, and HH → bb̄ττ.

- The HH → bb̄bb̄ process has a fully reconstructable final state and benefits from the
largest SM branching fraction among all the HH channels (equal to 34%). How-
ever, it suffers from overwhelming background due to multijet production. This
background is increasingly suppressed in kinematic regions with Lorentz-boosted
Higgs bosons, resulting in highly energetic central b-jets in the final state. Addi-
tionally, targeting the VBF HH production mode, characterized by two extra for-
ward jets, helps further suppress the multijet background. Especially when com-
bining the boosted topology with the VBF HH signature, this channel provides the
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bb WW ττ ZZ γγ

bb 34%

WW 25% 4.6%

ττ 7.3% 2.7% 0.39%

ZZ 3.1% 1.1% 0.33% 0.069%

γγ 0.26% 0.10% 0.028% 0.012% 0.0005%

Figure 2.9 – BRs of different final states for double Higgs decay processes.

strongest sensitivity to non-SM κ2V/κV
2 scenarios, which indeed favor high-energy

central Higgs bosons (as detailed in Section 2.1.3).

- The HH → bb̄γγ final state has the smallest branching ratio among all the golden
channels (just 0.26%). However, it benefits from the excellent trigger and recon-
struction efficiency for photons in both the ATLAS and CMS detectors, as well as the
excellent resolution for the di-photon invariant mass (mγγ). Requiring two isolated
photons in the final state provides a strong trigger strategy, allowing the thresh-
old for the photon transverse energy to be set as low as ET = 25 GeV. Thanks to
this, the HH → bb̄γγ final state is particularly sensitive in kinematic regions with
softer Higgs bosons and lower di-Higgs invariant mass (e.g., mHH < 400 GeV).
This makes it the primary channel for sensitivity to SM and non-SM κλ scenarios,
which favor HH production with softer mHH spectra (see Section 2.1.2). This thesis
focuses on the search for Higgs boson pair production in the bb̄γγ final state.

- Finally, the HH → bb̄ττ channel strikes a balance between branching ratio and
background contamination, offering the best sensitivity to SM HH production. It
has a higher branching ratio (7.3%) compared to the bb̄γγ channel and relatively
low background from other SM processes. However, the reconstruction and iden-
tification of τ leptons, whether through their hadronic or leptonic decays, present
significant challenges compared to photon reconstruction.

Searches for Higgs boson pair production in various final states, including the three
golden channels, were conducted by the ATLAS and CMS Collaborations using up to 140
fb−1 of data collected during the Run 2 of the LHC. These searches primarily targeted the
two leading production modes: ggF HH and VBF HH. No evidence of HH production
was observed by either experiment in Run 2 data. The results are generally presented as
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95% confidence level (CL) upper limits [70] on the di-Higgs signal strength:

µHH =
σ(HH)

σ
SM

(HH)
(2.4)

and constraints on the coupling modifiers influencing HH production, specifically κλ

and κ2V
1.

The best sensitivity to HH production and its properties is achieved by harnessing the
statistical power of all the individual HH searches in different final states, and extracting
the combined results. A combination of HH searches was performed by both the ATLAS
and CMS collaboration, relying on data collected during the Run 2 of the LHC. While
the ATLAS HH combination will be discussed in Chapter 7 of this thesis, I will anticipate
here the results obtained by CMS. The combination of HH analyses with Run 2 data
performed by CMS yields an observed 95% CL upper limit on µHH of 3.4, where the
expected upper limit evaluated under the hypothesis of no HH production is 2.5 [4].
The observed and expected upper limits on µHH from the individual analyses and from
the combination are shown in Figure 2.10. Similarly, the CMS HH combination allows to
set the tightest constraints on the coupling modifiers κλ and κ2V using CMS Run 2 data.
CMS excludes κλ values outside the interval of −1.7 < κλ < 7.0 at 2σ (corresponding
to 95.4% CL), where the expectation in the SM assumption is −2.3 < κλ < 8.0 [71].
Finally, the combined HH searches with Run 2 data exclude non-SM κ2V values outside
the interval 0.67 < κ2V < 1.48 at 95% CL, thereby rejecting the κ2V = 0 hypothesis with
a significance of more than 5σ [4]. Figure 2.11 illustrates the combined constraints on κλ

and κ2V from Higgs boson pair production as determined by CMS using Run 2 data.

2.2 Beyond the Standard Model potential: new physics in Higgs bo-
son pair production

2.2.1 Shortcomings of the Standard Model

The Standard Model is exceptionally successful in describing the fundamental constituents
of matter and their interactions at the subatomic scale. The SM has been extensively
tested through precision measurements [72] and searches for new physics phenomena,
and it has been experimentally verified at an excellent level of accuracy. Despite its re-
markable success, there remain unresolved questions, pointing towards the existence of
a more general underlying theory describing the whole of particle physics phenomenol-
ogy across all energy scales.
Perhaps the most pressing limitation of the SM is the so-called dark matter problem. Sev-
eral astrophysical and cosmological observations, such as galaxy rotation curves [73],
gravitational lensing [74], and measurements of the cosmic microwave background [75],
have provided compelling evidence of a significant excess of non-luminous, non-fermionic
matter over ordinary matter. This form of matter, typically referred to as dark matter, has

1In addition to κ
λ

and κ2V , Higgs boson pair production is driven, at tree level, by the coupling modifiers κt
and κV . These are, however, determined with much higher precision from single Higgs boson measurements
(see Section 1.3.3).
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Figure 2.11 – Negative log-likelihood contours [70] corresponding to 68% and 95% CL in the
(κλ, κ2V) plane.

never been directly measured. According to the Lambda-CDM model of cosmology [76–
78] and measurements of the cosmic microwave background by Planck [75], dark mat-
ter constitutes 27% of the total energy in the Universe, while fermionic ordinary matter,
described by the SM, accounts for less than 5%. The remaining 68% is attributed to dark
energy, a constant energy density that permeates the Universe and is thought to explain
its accelerating expansion. The SM does not include a viable candidate for dark matter
(nor does it account for dark energy), making its nature one of the most significant un-
resolved questions in particle physics and cosmology.
Another clear shortcoming of the Standard Model is its inability to reconcile general
relativity, the current macroscopic theory of gravity, with the principles of gauge quan-
tum field theory. Consequently, it fails to offer a consistent description of gravitational
interactions at the subatomic scale. The inability to incorporate gravity is not critical
at TeV energy scales, because gravity is extremely weak compared to the strong and
electroweak interactions, and its effect can be safely neglected when studying particle
physics phenomenology at colliders. However, at higher energies, particularly at the
Planck scale (around MP ∼ 1019 GeV), gravitational quantum effects become significant.
The several order of magnitude difference between the electroweak scale (MEW ∼ 100
GeV) and the Planck scale, and the corresponding difference between the strengths of
the electroweak interaction and gravitational interaction is considered a hint of the un-
naturnalness of the SM. This unnaturalness effect also manifests when considering the
quantum corrections to the Higgs boson mass, coming from the virtual effects of every
SM massive particle. The resulting physical mass mH can be written as:

m2
H = m2

H,bare −O(λ, g2, y2
)Λ2

+O(ln(Λ2
)) [79] (2.5)
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Here, mH,bare represents the tree-level Higgs boson mass (also known as the bare mass),
while λ, g, and y denote the trilinear Higgs boson self-coupling, electroweak couplings,
and Yukawa couplings, respectively. Λ is the scale at which the SM ceases to be valid,
and new physics is expected to emerge. The bare mass of the Higgs boson can be fine-
tuned to match the observed Higgs boson mass of approximately 125 GeV. However, if
the SM remains valid up to the Planck scale (Λ = MP), the cancellation between mH,bare

and O(λ, g2, y2
)Λ2 must span several orders of magnitude:

(
m2

H

)2

(
M2

P

)2 =

(
102
)2

(
1018

)2 . From a

theoretical standpoint, this extreme fine-tuning seems highly unnatural and is known as
the hierarchy problem [80].
The hierarchy problem hints at the possibility of a more natural theory, where the fine-
tuned cancellation between the bare Higgs boson mass and the quadratic divergences
from quantum corrections stems naturally from a first principle.
Over the past decades, numerous models have been proposed to extend the SM and
address these unresolved points. One of the most popular and theoretically appealing
beyond the SM (BSM) extensions is supersymmetry (SUSY) [81]. SUSY, at a minimum,
doubles the particle content by introducing fermionic and bosonic superpartners for each
SM particle, differing by half a unit of spin and known as sparticles. The presence of
sparticles allows for the exact cancellation of quadratic divergences in the quantum cor-
rections to the Higgs boson mass, thus elegantly solving the hierarchy problem.
A self-consistent SUSY theory that adheres to the gauge principle requires at least two
Higgs doublets. The SUSY theory with exactly two Higgs doublets and the minimum
number of additional sparticles is called the Minimal Supersymmetric Model (MSSM).
The MSSM introduces an additional discrete symmetry, referred to as R-parity conser-
vation, where the R-parity of a particle is defined as:

PR = (−1)3(B−L)+2s (2.6)

In Equation 2.6, B is the baryon number, L is the lepton number, and s is the spin of
the particle. All SM particles have a positive R-parity (PR = +1), while their superpart-
ners have negative R-parity (PR = −1). The conservation of R-parity forbids the decay
of the proton (in agreement with experimental data [82]). Furthermore, this symme-
try prevents sparticles from decaying exclusively into SM particles and vice versa. The
lightest supersymmetric particle (LSP), which should be neutral, cannot decay into other
sparticles (being the lightest) or to SM particles due to R-parity conservation, making it
stable and a strong candidate for dark matter. Therefore, supersymmetric theories, even
in their minimal forms such as the MSSM, offer elegant solutions to several persistent
issues within the SM. These features have made SUSY one of the most extensively stud-
ied extensions of the SM, drawing significant theoretical and experimental interest for
decades. Both the ATLAS and CMS Collaborations at the LHC have conducted compre-
hensive searches for supersymmetric particles throughout Run 1, Run 2, and the ongoing
Run 3 data-taking periods [83]. These searches exploit the rich phenomenology of SUSY,
targeting various potential signals, including the production of gluinos, squarks, and neu-
tralinos, among other sparticles. Despite this monumental experimental effort, no direct
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evidence for supersymmetric particles has been observed so far. As a result, stringent
exclusion limits have been placed on the allowed parameter space of SUSY models, sig-
nificantly constraining the masses and properties of sparticles. For example, Figure 2.12
shows combined exclusion limits derived from Run 1 and Run 2 data, constraining the
masses of two sparticles: the gluino (g̃), the superpartner of the SM gluon, and the light-
est neutralino (χ̃0

1), a fermionic state resulting from the mixing of the superpartners of
the SM weak gauge bosons and the Higgs boson - the winos, bino, and higgsino. These
exclusion limits underscore the increasing challenge of detecting SUSY, as current exper-
imental bounds continue to rule out a growing fraction of the parameter space within
minimal SUSY model assumptions.
In recent years, growing interest has focused on more advanced supersymmetric mod-
els, such as the Next-to-Minimal Supersymmetric Standard Model (NMSSM), as well as
broader extensions of the SM that feature an expanded Higgs sector with multiple scalar
particles. Among these predicted particles, only the 125-GeV Higgs boson has been
observed so far, while others remain undiscovered. The NMSSM, for instance, is a Next-
to-Minimal Two-Higgs Doublet Model (N2HDM), which extends the SM scalar sector
by introducing an additional complex doublet and a real scalar singlet [16]. Simpler
alternatives are offered by the Two Real Scalar Singlet Model (TRSM) [17] or the com-
plex scalar singlet extension of the scalar sector (cxSM) [84], where the SM is enhaced by
adding two real scalar singlets or a complex scalar singlet respectively. A major strength
of these models is their ability to naturally offer viable dark matter candidates [85, 86].

These models are particularly relevant for this thesis, as they allow for the asymmetric
production of multiple Higgs bosons, including the X → SH phenomenology, where
H represents the SM 125-GeV Higgs boson, and X and S are additional scalar particles.
Indeed, Chapter 8 presents a search for a new heavy scalar particle X decaying into the
SM Higgs boson and another lighter scalar particle S in the final state with two photons
and two bottom quarks, using data collected by the ATLAS detector during the Run 2 of
the LHC.
One of the simplest extensions of the SM scalar sector that accommodates the X → SH
phenomenology is the TRSM [17]. This model introduces only two additional real sin-
glets to the SM scalar sector, altering the SM scalar potential VSM

(Φ) by adding new
terms involving the two extra degrees of freedom, ϕ1 and ϕ2:

V(ϕ1, ϕ2, Φ) = VSM
(Φ) + Vsinglets(ϕ1, ϕ2, Φ) (2.7)



44 2.2 Beyond the Standard Model potential: new physics in Higgs boson pair production

1000 1500 2000 2500
) [GeV]g~m(

500

1000

1500

2000

2500

3000

3500

4000

) 
[G

eV
]

0 1χ∼
m

(

)0

1χ∼
)<m(

g~m(

0 lep. [2010.14293]  
0

1
χ∼q q→g~

 3 b-jets [2211.08028]≥  
0

1
χ∼b b→g~

 2 lep. SS [2211.08028, 1706.03731]≥ 3 b-jets +  ≥  
0

1
χ∼t t→g~

0 lep. + 1 lep. [2010.14293, 2101.01629]  
0

1
χ∼Wq q→g~

2 lep. OS SF [2204.13072]  
0

1
χ∼

(*)
Zq q→g~

 2 lep. SS≥ 7-12 jets + 1 lep. +  ≥  
0

1
χ∼WZq q→g~

[2008.06032, 1708.08232, 2307.01094]

 2 lep. SS≥2 lep. OS SF +   ν∼/l
~

 via 
0

1
χ∼)νν(ll/q q→g~

[2204.13072, 2307.01094]

 [1808.06358]τ 1 ≥  ν∼/τ∼ via 
0

1
χ∼)νν/ντ/ττ(q q→g~

 [2206.06012]γ 1 ≥  
0

1
χ∼ via G

~
/Z)γ(q q→g~

ATLAS

-1 = 13 TeV, 36.1 - 140 fbs

Colours indicate different models
Observed limits at 95% CL

Figure 2.12 – Exclusion limits in the (m(g̃), m(χ̃0
1)) plane, based on 13 TeV pp collision data

recorded by the ATLAS detector, are shown for various simplified models where the gluino
decays to the lightest supersymmetric particle (either the lightest neutralino or gravitino).
These decays can occur directly or via a cascade involving other SUSY particles with interme-
diate masses. Each line represents a different gluino decay mode, as indicated in the legend,
with the assumption that the decay occurs with a 100% branching fraction. Some limits are
further influenced by assumptions regarding the masses of intermediate states, as detailed in
the references cited in the plot [83].
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The simplest2 renormalizable, gauge-invariant scalar potential involving the new singlet
fields of the TRSM model is:

Vsinglets(ϕ1, ϕ2, Φ) =µ
2
1ϕ

2
1 + λ1ϕ

4
1

+ µ
2
2ϕ

2
2 + λ2ϕ

4
2

+ λΦ1ϕ
2
1

(
Φ†Φ

)
+ λΦ2ϕ

2
2

(
Φ†Φ

)
+ λ12ϕ

2
1ϕ

2
2

(2.8)

where all the coefficients are real.
Since the new fields are singlets, they do not interact with gauge bosons, and their kinetic
term is straightforward: Lsinglets

kin = ∑
2
i=1 ∂

µ
ϕi∂µϕi. Moreover, it is impossible to construct

gauge-invariant and renormalizable interactions between a scalar singlet and any of the
SM fermions. Consequently, the singlets interact only with the SM complex scalar Φ
through the couplings in the scalar potential described in Equation 2.8. If these singlets
acquire a non-zero vacuum expectation value (v.e.v.), their physical states will mix with
the SM Higgs field, inheriting some of its gauge and Yukawa couplings. Such symmetry-
breaking scenarios are particularly intriguing because they produce three neutral scalar
states, typically labeled H, X, and S, where H indicates the SM 125-GeV Higgs bo-
son. Depending on the mixing parameters connecting the scalar fields with the phys-
ical states, the new particles S and X can inherit Higgs-like couplings to SM particles,
allowing decays to fermion pairs, for instance. However, in TRSM-like scenarios, the
leading interactions of these new scalar particles are with the 125-GeV Higgs boson,
while their couplings with SM fermions or gauge bosons are subdominant. This makes
(asymmetric) Higgs boson pair production (such as X → SH) one of the most interesting
experimental signature to probe when searching for new physics in the scalar sector.
A detailed review of the TRSM model and the resulting phenomenology at the LHC can
be found in [17].
It is important to note that the phenomenology discussed here can also generically occur
in other BSM models that feature three or more Higgs-like physical states. However,
the couplings between the scalar particles and with SM particles may differ from those
in the TRSM. Therefore, it is crucial to design searches that provide model-independent
constraints (or measurements) of the new signal rate.

2.2.2 Asymmetric Higgs boson pair production at the LHC

The ATLAS and CMS experiments at the LHC cover a broad range of experimental
searches for new physics in the scalar sector. However, they have primarily focused
on symmetric Higgs boson pair production. This includes searches for processes such as
X → HH [87, 88], where H is the SM 125 GeV Higgs boson and X is a new heavy scalar
particle, and H → aa [89, 90], where a is a new light (pseudo-)scalar. Asymmetric Higgs
boson pair production (namely, X → SH) has only recently been explored as a viable

2To simplify the extended scalar sector, the TRSM model introduces two additional discrete symmetries,

Z
1
2 and Z

2
2. These symmetries leave the SM unchanged, while Z

1(2)
2 inverts the sign of ϕ1(2) and acts trivially

on ϕ2(1).
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signature, paving the way for more complex high-dimensional search spaces, involving
the mass spectra of the two scalars X and S.
The production of a heavy scalar particle X could occur at hadron colliders via a gluon-
gluon fusion mechanism, as illustrated by the Feynman diagrams in Figure 2.13.

1 Introduction

The discovery of the Higgs boson (𝐻) in 2012 [1, 2] by the ATLAS [3] and CMS [4] collaborations at
the Large Hadron Collider (LHC) has led to a comprehensive programme of measurements and searches
using proton–proton (𝑝𝑝) collision data. All measurements to date are consistent with the prediction of the
Standard Model (SM) [5–8].

Many beyond-the-SM (BSM) theories predict the existence of a heavy scalar boson decaying into two
Higgs bosons or additional scalars in an extended Higgs sector. Searches [9–12] for these scalars have been
published by the ATLAS and CMS collaborations. The BSM scenarios tested include the two-Higgs-doublet
model (2HDM) [13], the Minimal Supersymmetric Standard Model (MSSM) [14], and the extensions of
the 2HDM model with a new singlet scalar (2HDM+𝑆) [15, 16]. In the simplest extension of the MSSM,
the Next-to-Minimal Supersymmetric Standard Model (NMSSM), an additional gauge singlet is introduced
to generate the 𝜇-term coupling to the superpotential dynamically and this leads to an enriched Higgs
sector with two additional neutral Higgs bosons [17, 18]. The BSM models hypothesize the existence of a
new scalar singlet, 𝑆, in the processes 𝑋 → 𝑆𝐻, 𝑆𝑆 where 𝑋 is a heavy CP-even scalar boson produced
predominantly through the gluon–gluon fusion process (ggF) [19]. The decay of the singlet scalar 𝑆 is
assumed to have the same relative couplings as a SM-Higgs boson of the specified mass. It can be produced
via decay mode 𝑋 → 𝑆𝐻 as shown in Figure 1.

Figure 1: Representative diagram that contributes to 𝑋 → 𝑆𝐻 production via the gluon fusion process.

This study focuses on the decay 𝑋 → 𝑆𝐻, assuming 𝑋 masses range from 500 to 1500 GeV, while 𝑆
is assumed to have a mass range from 200 to 500 GeV and decays predominantly into 𝑊±𝑊∓ and 𝑍𝑍
with the SM-Higgs boson-like decay branching ratios [20]. The search is performed by selecting events
containing two hadronically decaying 𝜏-lepton candidates (𝜏had) from 𝐻 → 𝜏+𝜏− decays and one or two
light leptons (ℓ = 𝑒, 𝜇) from 𝑆 → 𝑊𝑊, 𝑍𝑍 decays. This signature-based search is the first of its kind and
is competitive with other searches using the final states 𝑉𝑉𝑏𝑏, 𝑉𝑉𝛾𝛾, 𝑏𝑏𝜏𝜏 [7], and 𝑏𝑏𝑏𝑏 [8] in the high
mass regions. A direct comparison between them is not possible due to the unknown branching fractions for
𝑆 decays, but each provides independent constraints on the BSM models. To improve background rejection,
a multivariate technique based on boosted decision trees (BDTs) is used to discriminate between signal and
background based on their different kinematic distributions. Upper limits are set at the 95% confidence
level (CL) on the model-dependent cross section 𝜎(𝑝𝑝 → 𝑋 → 𝑆𝐻) and on the model-independent
𝜎(𝑝𝑝 → 𝑋 → 𝑆𝐻 → 𝑊𝑊𝜏𝜏) and 𝜎(𝑝𝑝 → 𝑋 → 𝑆𝐻 → 𝑍𝑍𝜏𝜏) cross sections.

3

Figure 2.13 – Feynman diagram for the production of a heavy scalar particle X decaying into
a SM Higgs boson H and a lighter scalar S via gluon-gluon fusion.

Searches for asymmetric Higgs boson pair production at the LHC were conducted by
both the ATLAS and CMS experiments using the Run 2 dataset. These searches consid-
ered various final states resulting from the decays of the SM Higgs boson H and the new
scalar S to SM particles. The considered decay channels include bb̄γγ [91, 92], VVττ [93],
bb̄ττ [94], γγττ [95], and bb̄bb̄ [96]. The decays of the SM Higgs boson (or the new par-
ticle S) to photons or τ leptons provide clear signatures for triggering and isolating the
signal from the SM background, while the SM Higgs boson decay to bottom quarks ex-
ploits the highest BR.
The decays of the particle S, assuming they are SM Higgs-like, depend on its mass: for
mS < 130 GeV, the dominant decay is S → bb̄, while for higher mS, the decay to vector
bosons (either W± or Z) becomes the primary mode.
Figure 2.14 illustrates the parameter space explored by the X → SH searches, defined
by the masses of the two new scalars X and S. The searches complement each other by
enhancing sensitivity across different (mX , mS) regions. Hence, the asymmetric Higgs
boson pairs search program at the LHC covers a wide range of the masses of the new
scalars, spanning up to two orders of magnitude. Specifically, the parameter space in-
cludes mX values from 250 GeV to 4 TeV and mS values from 15 GeV to 2 TeV.
Despite some emerging small excesses, no significant deviation from the SM back-

ground has been observed in any of these searches. Thus, no clear evidence of new
physics in the scalar sector has been detected so far.
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CHAPTER 3

The Large Hadron Collider

The Large Hadron Collider (LHC) [8] is the largest and highest energy particle acceler-
ator in the world. The LHC accelerates and collides protons (pp) or heavy ions, in a 27
km-long tunnel located 100 m below the ground near CERN (Geneva). The LHC was
designed to achieve a center-of-mass energy of

√
s = 14 TeV for pp collisions, with an

instantaneous luminosity of L = 1034 cm−2s−1. This thesis utilizes data from pp col-
lisions delivered by the LHC during its second data-taking period - Run 2 - when the
LHC operated at a center-of-mass energy of

√
s = 13 TeV and provided an integrated

luminosity of L = 140 fb−1 over the course of four years (from 2015 to 2018).

3.1 Proton-proton interactions at hadron colliders

The LHC was conceived as a hadron accelerator and collider, in order to overcome the
main limitation of accelerating electrons in a circular trajectory, namely the large energy
losses via synchrotron radiation emission.
Charged particles emit synchrotron radiation when accelerated along a curved trajectory,
losing energy according to the following relationship:

dE
dt

∝
E4

m2 [97], (3.1)

where E and m represent the energy and mass of the particles, respectively. Because
of the ∝ m−2 dependence, the radiative energy losses for an electron beam are much
higher compared to proton beams with identical properties (i.e., m−2

e /m−2
p ∼ 109). Con-

sequently, achieving high center-of-mass energies for electron-positron (e+e−) collisions
is far more challenging.
However, a hadron collider faces a different set of challenges. Protons are bound states
of quarks and gluons (collectively known as partons), and their collisions can be catego-
rized into two types:

• Soft collisions are long-distance, low momentum-transfer interactions between
two protons within the two colliding proton beams. The particles in the final state
generally have low transverse momentum and scatter at small angles. These events
are referred to as minimum bias.

49
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• Hard collisions involve large momentum-transfer interactions between two par-
tons within the incoming protons. These interactions can produce final state par-
ticles with high transverse momentum and large mass. Such events are rare com-
pared to soft collisions.

The latter are the most interesting from a physics perspective. The composite structure of
protons introduces additional complexities when studying such interactions. In a hard
collision, any two partons within the incoming protons can interact, each carrying only a
fraction of the proton’s momentum. Consequently, the actual center-of-mass energy for
the hard scattering between the two partons (typically referred to as

√
ŝ) is lower than

the nominal center-of-mass energy of the pp collision and, most importantly, it is not
exactly known. This quantity can be expressed as:

√
ŝ =

√
xaxbs, (3.2)

where xa and xb are the momentum fractions of the partons within the two protons, and
s is the center-of-mass energy of the pp collision. Therefore, the cross section for a hard
scattering interaction pp → X is given by:

σpp→X = ∑
a,b

∫
dxadxb fa(xa, Q2

) fb(xb, Q2
) · σ̂ab→X(xa, xb), (3.3)

where σ̂ab→X(xa, xb) is the parton-level cross section, and fa(b)(xa(b), Q2
) represents the

probability of finding a parton carrying a fraction xa(b) of the proton’s momentum at a

given momentum transfer scale Q2. The integral spans all possible momentum fractions
xa(b) ∈ [0, 1], and the sum covers all possible parton pairs a and b within the two pro-
tons. While the parton-level cross section σ̂ab→X can be calculated to any desired accu-
racy using perturbative QCD expansions, the parton distribution functions fa(b)(xa(b), Q2

)

(typically referred to as PDFs) are influenced by the non-perturbative strong interactions
of the partons within the protons. Their dependence on the momentum fractions xa(b)
must be extracted from experimental data. Fortunately, once their behavior at a cer-
tain reference momentum transfer scale Q2 is known, their evolution at all scales can
be determined using the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) evolution
equations [98]. Figure 3.1 shows the PDFs for the quarks and the gluons within a proton,
evaluated for momentum transfer scales µ

2 = 10 GeV2 and µ
2 = 104 GeV2.

In summary, one of the main drawbacks of hadron colliders is the inability to directly
measure the cross section of the underlying partonic interaction, happening at an un-
known center-of-mass energy ŝ. Instead, only the hadronic cross section is experimen-
tally accessible. While the partonic cross section can be calculated using perturbative
QCD, ideally to any desired order of accuracy, computing the hadronic cross section
requires incorporating the PDFs, which introduces additional uncertainties into the the-
oretical predictions.
Additionally, the partons within the colliding protons that are not involved in the hard
scattering undergo hadronization or secondary multi-parton interactions, creating a dense
environment and a substantial QCD background (known as the underlying event), which
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pollute the event, thus making it more challenging to isolate the interesting scattering
process.
Furthermore, hard and soft collisions occur simultaneously within the same proton bunch-
crossing, resulting in background noise from minimum bias events.
The detectors positioned at the collision points along the LHC ring must extract a signal
as clean as possible to distinguish the interesting processes from background events.
Soft collisions do not always constitute a background for hard scattering events; they too
can be recorded and studied to gain a better understanding of QCD processes in hadron
colliders.

Figure 3.1 – Parton distribution functions (PDFs) multiplied by the momentum fraction x,
evaluated at µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right) for quarks and gluons within a
proton. The PDFs are extracted from the NNPDF3.1 NNLO set of PDFs [99].

3.2 Operation of the LHC and the accelerator complex

The pp (or heavy ion) interactions happen in four collision points along the LHC ring,
where the four main experiments are placed: ATLAS, CMS, LHCb, and ALICE. LHCb [100]
and ALICE (A Large Ion Collider Experiments) [101] are optimized for specific purposes:
LHCb focuses on bottom quark physics and performing precision measurements target-
ing CP-violating processes, while ALICE is dedicated to study heavy-ion collisions and
characterizing quark-gluon plasma. ATLAS (A Toroidal LHC Apparatus) [9] and CMS
(Compact Muon Solenoid) [102] are general purpose experiments: they are designed to
detect the broadest possible range of signals, whether they are generated from Standard
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Model processes or are products of new physics.
The two proton beams circulating in the LHC travel in opposite directions within two
adjacent beamlines. They are kept on their circular path by 1232 niobium-titanium su-
perconducting dipole magnets (Figure 3.2a), which produce a magnetic field of up to
8.4 T and operate at a temperature of 1.9 K. Beam focusing in the horizontal and verti-
cal directions is achieved using 392 superconducting quadrupole magnets, whose cross
section is shown in Figure 3.2b. Higher-order magnets (sextupoles, octupoles, and de-
capoles) are employed to maintain beam stability by correcting minor non-uniformities
in the magnetic field geometry.

(a) (b)

Figure 3.2 – Cross section of the LHC ring, with a dipole magnet (left) [103] and a quadrupole
magnet (right) [104]. The two proton beams travel within the two adiacent beampipes that
can be noticed at the center of the ring’s cross sections.

When proton beams enter the detectors along the LHC ring, they are squeezed together
to maximize the probability of collisions between the two incoming beams. This beam
squeezing is achieved by a set of three quadrupole magnets, collectively known as the
inner triplet. There are eight inner triplets positioned around the LHC ring, with two
located at each of the four main experiments (ATLAS, CMS, LHCb, and ALICE).
Each proton beam is accelerated by eight superconducting radio-frequency (RF) cavities.
These cavities provide a combined maximum accelerating voltage of 16 MV for each pro-
ton beam (2 MV per cavity) and oscillate at a frequency of 400 MHz. Depending on their
exact energy, protons receive slightly different accelerating kicks. A proton that reaches
the nominal energy of

√
s/2 at the ideal arrival time will not be accelerated when pass-

ing through the cavities. In contrast, protons with lower or higher energy arrive later or
earlier than the ideal time and are thus accelerated or decelerated, bringing their energy
closer to the nominal value. This mechanism helps to sort the proton beams into well
separated bunches, each containing approximately 1011 protons.
The protons injected into the LHC start with an energy of 450 GeV. The RF cavities then
ramp up the beam energy to

√
s/2 in about 30 minutes. These 450 GeV protons are deliv-

ered by a series of accelerators. The process begins with protons being extracted from a
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hydrogen gas bottle by an electric field, which strips hydrogen atoms off their electrons.
The protons are then accelerated to 50 MeV by a linear accelerator (LINAC 4). Next, the
protons are injected into the Proton Synchrotron Booster (PSB) and subsequently into
the Proton Synchrotron (PS), where their energy is increased to 1.4 GeV and 25 GeV, re-
spectively. The final step in the accelerator chain is the Super Proton Synchrotron (SPS),
which accelerates the proton beam to 450 GeV and delivers it to the LHC. During the
Run 2 data-taking period, the maximum energy reached by the protons circulating in
the LHC was 6.5 TeV, corresponding to a center-of-mass energy of

√
s = 13 TeV for pp

collisions. In Run 3 (ongoing since 2022), this energy increased to 6.8 TeV, yielding a
center-of-mass energy of

√
s = 13.6 TeV.

The entire CERN accelerator complex is illustrated in Figure 3.3.

Figure 3.3 – The CERN accelerator complex [105]. Protons are extracted from a hydrogen gas
bottle and accelerated through a series of accelerators before being injected into the LHC.

3.3 Luminosity and pileup

In a particle collider, the rate of occurrence of a particular process is related to its cross
section σ by the equation

dN
dt

= L · σ (3.4)



54 3.3 Luminosity and pileup

L is the instantaneous luminosity, and can be written as a function of the collider beam
parameters as follows:

L =
nbeamN2

bunch frevγ

4πϵnβ
∗ F (3.5)

In Equation 3.5:

- nbeam is the number of proton bunches in a proton beam;

- Nbunch is the number of protons in a bunch;

- frev is the revolution frequency;

- γ is the relativistic Lorentz factor for the protons;

- ϵn is the normalized transverse beam emittance, representing the spread of the pro-
tons’ positions and momenta in the two directions perpendicular to the beam tra-
jectory.

- β
∗ represents the beta function (connecting the beam emittance with the geometri-

cal size of the beam along its trajectory), evaluated at the collision point;

- F is the geometric luminosity reduction factor, which accounts for the decrease in
luminosity when the two proton bunches do not collide head-on (i.e., when the
crossing angle differs from zero). This factor is always less than 1.

Table 3.1 presents the LHC beam parameters during the four data-taking years in Run 2,
compared with the design values. Figure 3.4 shows the peak instantaneous luminosity

Parameter Design 2015 2016 2017 2018

Energy [TeV] 7.0 6.5 6.5 6.5 6.5
Revolution frequency frev [kHz] 11.2 11.2 11.2 11.2 11.2
Number of bunches nbeam 2808 2244 2220 2556 - 1868 2556
Bunch population, Nbunch [1011 p] 1.15 1.2 1.25 1.25 1.1
β
∗ [cm] 55 80 40 40 → 30 30 → 27 → 25

Normalized emittance ϵn [µm rad] 3.75 2.6 - 3.5 1.8 - 2 1.8 - 2.2 1.8 - 2.2
Crossing angle θc [µrad] 285 370 370 → 280 300 → 240 320 → 260
RMS bunch length σz [cm] 7.55 9 9 8 8
Relativistic γ for the proton 7462 6929 6929 6929 6929
Geometric luminosity loss F [%] 84 84 65 72 61
Peak luminosity [1034 cm−2 s−1] 1.0 < 0.6 1.5 2.0 2.1

Table 3.1 – Summary of beam and machine parameters during the four years of Run 2, com-
pared to the design values [106–108].

delivered by the LHC during stable beams the four data-taking years of Run 2. The peak
value exceeds twice the nominal luminosity of L = 1034 cm−2s−1 in both 2017 and 2018
runs (see Figure 3.4c and Figure 3.4d). During Run 3, the LHC has consistently operated
at more than twice its nominal luminosity, reaching a peak of L = 2.5 × 1034 cm−2s−1 in
2022 [110].
The luminosity integrated over time, known as integrated luminosity (L), measures the
size of the collected dataset and relates the number of events observed for a given pro-
cess to its cross section (N = L · σ). Figure 3.5 displays the integrated luminosity deliv-
ered by the LHC and recorded by ATLAS over time during the four years of data-taking
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(d)

Figure 3.4 – 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) [109].
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in Run 2. The total integrated luminosity recorded by the ATLAS experiment in the full
Run 2, certified to include good quality data, amounts to 140.1 ± 1.2 fb−1 [49].
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Figure 3.5 – Total integrated luminosity delivered by the LHC to the ATLAS experiment as
a function of time [109], during the full Run 2 of the LHC. The recorded dataset (yellow) are
superimposed to the total delivered luminosity (green).

In particle colliders, the instantaneous luminosity is not constant, but, for each fill, it
decreases over time due to the degradation of both beam intensity (i.e. less number
of protons in the bunches) and the emittance (more spread out momenta and positions
of the protons within the bunches). The available time for stable beam data-taking is
optimized by accounting for this luminosity decrease and the duration required for the
accelerator chain to deliver a new beam. The primary factor contributing to the luminos-
ity decay is the pp collisions occurring at the LHC interaction points. The relationship
between luminosity and time in Run 2 is described by the following equation:

L(t) = L0e−t/τ with τ =
Nbunch,0

kσppL0
(3.6)

where L0 is the initial luminosity at the beginning of the fill, Nbunch,0 is the initial num-
ber of protons in a bunch, σpp is the inelastic pp cross section, and k is a normalization
factor that accounts for the number of pp interaction points along the beam (k = 4 for
the LHC).
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 (µ),
known as pileup. The pileup events, which primarily result from soft collisions, overlap
with the hard interactions of interest and are generally treated as background in physics
analyses. Pileup negatively impacts the reconstruction of the event of interest, degrad-
ing the energy resolution of physics objects such as jets, leptons, photons, and missing
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transverse energy (Emiss
T ). Additionally, it complicates the reconstruction of tracks and

vertices by creating a denser environment within the particle detector’s tracker. The
pileup is directly proportional to the instantaneous luminosity:

µ =
L

σpp
· 1

nbeam
· 1

frev
(3.7)

where σpp is the cross section for pp inelastic collisions. As shown in Figure 3.6a, the av-
erage number of interactions per bunch crossing during Run 2 was 33.7, and increased
year by year, consistently with the increase of instantaneous luminosity delivered by the
LHC. Hence, it is important to find a good compromise between pushing for higher (in-
tegrated) luminosities that correspond to higher data statistics, and worsening of pilup
conditions that can degrade the quality of the data. In Run 3, the β

∗ luminosity lev-
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(b)

Figure 3.6 – Luminosity-weighted distribution of the average number of interactions per
bunch crossing (µ) in pp collisions recorded by ATLAS in the four data-taking years of
Run 2 [109] (left) and in the first two data-taking years of Run 3 [110] (right).

elling technique [111] was adopted by the LHC to manage the pileup at the pp inter-
action points for the ATLAS and CMS experiments. This technique involves adjusting
the beam squeezing to regulate the peak instantaneous luminosity, maintaining it at a
constant level for several hours, delaying the onset of exponential decay described by
Equation 3.6. By adjusting the instantaneous luminosity via the β

∗ parameter, as shown
in Figure 3.7, the LHC ensures a stable target pileup level for longer during each fill,
thus optimizing the data-taking conditions for the experiments and maximizing the in-
tegrated luminosity. Figure 3.6b illustrates the average number of interactions per bunch
crossing during Run 3, which is significantly higher than in Run 2, reaching an average
of 47.7.
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Figure 3.7 – Pileup and β∗ evolution at the ATLAS interaction point with β∗ levelling during
an LHC fill in 2022. The target pileup was µ = 54± 2.5. The final β∗ value, marking the onset
of the exponential decay of the instantaneous luminosity, was β∗ = 30 cm and was reached
after 5.2 hours of levelling.



CHAPTER 4

The ATLAS experiment

ATLAS (A Toroidal LHC Apparatus) [9, 112] is one of the two general purpose experi-
ments at the LHC, designed to explore the broadest possible range of physics phenom-
ena arising from pp collisions, taking full advantage of the unprecedented energy levels
achieved at the LHC. ATLAS is the largest particle detector ever built for a collider. It has
a cylindrical structure, with diameter of 25 meters, a length of 46 meters, and a weight
of approximately 7,000 tonnes. It is located in a cavern 100 meters below ground at one
of the four collision points along the LHC ring (Interaction Point 1).

Figure 4.1 – A schematic view of the ATLAS detector.

The ATLAS detector consists of three major components, as illustrated in Figure 4.1:
the Inner Detector, the Calorimetric System, and the Muon Spectrometer. These sub-
detectors are arranged concentrically around the interaction point, forming an onion-like
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structure. As particles produced by pp collisions move outward from the interaction
point, they encounter each of these layers. The three sub-detectors complement one an-
other: the Inner Detector tracks charged particles, the calorimeters measure the energy of
photons, electrons, and hadrons, and the Muon Spectrometer handles tracking and mo-
mentum measurements for highly penetrating muons. Each sub-detector is designed to
detect specific types of particles and measure certain properties, while the complete re-
construction of an event depends on the combined data from all three. Additionally, two
distinct magnet systems generate the magnetic fields required to determine the momen-
tum of charged particles by bending their trajectories: a 2-T solenoid magnet encircles
the Inner Detector, and an 8-coil toroidal magnet system serves a similar purpose for the
Muon Spectrometer.
A particle’s position within the ATLAS detector is described by the coordinates (x, y, z),
where the origin is set at the collision point. The z axis runs along the beamline, while
the (x, y) plane, known as the transverse plane, is perpendicular to the proton beams.
The x axis points toward the center of the LHC ring, and the y axis points upwards.
Several key quantities are defined in the transverse plane, such as pT (transverse mo-
mentum) and Emiss

T (missing transverse energy). The particle’s position in this plane is
often expressed using the modified polar coordinates, termed η and ϕ. Here, ϕ is the
azimuthal angle, measured around the beam direction relative to the x axis, while η,
known as pseudorapidity, is defined by the relation:

η = − ln
(

tan
θ

2

)
, (4.1)

where θ is the polar angle, measured from the z axis. Positive and negative values of η

correspond to the positive and negative directions along the z axis, with η = 0 repre-
senting the transverse plane at the interaction point, as illustrated in Figure 4.2. Particles
with large absolute values of η are referred to as forward, while those with smaller values
are termed central.
The η coordinate can also be expressed in terms of the particle’s momentum, p, and its
component along the beam axis, pz:

η =
1
2

ln
( |p|+ pz
|p| − pz

)
(4.2)

The advantage of using pseudorapidity over the standard polar angle is that the dif-
ference in pseudorapidity between two points remains invariant under Lorentz boosts
along the z axis. This feature is particularly useful when analyzing events from pp col-
lisions, as the hard interactions between partons can be asymmetric and create boosted
final states.
The angular distance ∆R between two points in the transverse plane is given by:

∆R =

√
∆η

2
+ ∆ϕ

2 (4.3)
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(a)
(b)

Figure 4.2 – Polar coordinates used to identify particles’ position within the ATLAS detector
(left), and relation between the pseudorapidity η and the standard polar angle θ (right).

4.1 The Inner Detector

The ATLAS Inner Detector (ID) [113, 114], is the closest sub-detector to the interac-
tion points. It consists of a barrel and two end-cap regions, extending its coverage
up to |η| < 2.5. Its primary functions are providing high-precision tracking and high-
resolution momentum measurements for charged particles, and reconstructing both pri-
mary and secondary vertices. To achieve these goals, the ID is designed with minimal
material to reduce multiple scattering and energy loss, as well as to lower the proba-
bility of photon conversions. Additionally, it must have a strong radiation resistance
to sustain the high radiation levels resulting from its proximity to the interaction point.
The combined performance of the high-granularity pixel and silicon strip detectors (lo-
cated closer to the beamline where track density is highest) and the Transition Radiation
Tracker at larger radii ensures that these requirements are met. The complete layout of
the ID, along with its three main components—the Pixel detector, the Semi-Conductor
Tracker (SCT), and the Transition Radiation Tracker (TRT)—is illustrated in Figure 4.3.

4.1.1 The Pixel detector

The Pixel Detector [116, 117] is the first system encountered by particles emerging from
the pp interaction. In the barrel region, the detector includes 1736 silicon pixel modules
arranged in four concentric layers at radii of 3.2 cm, 5.1 cm, 8.9 cm, and 12.3 cm from
the beamline. The first of these layers, known as the Insertable B-Layer (IBL) [118],
was added for the Run 2 data-taking to improve the tracking performance by reducing
the distance between the interaction point and the first detector layer. As illustrated in
Figure 4.4, the addition of the IBL led to a significant improvement in the resolution of
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Figure 4.3 – Schematic layout of the ATLAS Inner Detector [115].

both the longitudinal and transverse impact parameters of the tracks, with resolutions
improving by up to a factor two from Run 1 to Run 2. Each of the two end-caps con-
tains 288 modules, organized into three disks. The segmentation of the pixel modules
develops both in the R-ϕ plane and along the z axis, with a minimum pixel size of 50
× 250 µm2 in the IBL and 50 × 400 µm2 in the outer layers (with the longer side along
the z coordinate). The detector achieves an intrinsic spatial resolution of 8 µm in the R-ϕ
plane within the IBL, slightly degrading to 10 µm across both the outer barrel and end-
cap regions. Along the z axis, the resolution is 40 µm in the IBL, degrading to 115 µm
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.

4.1.2 The Semiconductor Tracker

Following the Pixel Detector, the Semiconductor Tracker (SCT) [120] provides between
four and nine additional hit measurements for each track at medium radii (ranging from
30 cm to 51 cm) within the ID volume. The SCT is composed of eight concentric barrel
layers of silicon microstrips organized into four cylinders, while the end-cap regions are
composed of nine disks each, covering a pseudorapidity range of |η| < 2.5. In total, the
SCT contains 4088 modules. The barrel modules are rectangular, measuring 64.0 × 63.6
mm with a strip pitch of 80 µm, while the end-cap modules are trapezoidal, with strip
pitches varying from 56.9 µm to 94.2 µm. In the barrel, the strips run parallel to the z axis,
while in the end-caps they run radially. To extract z coordinate information in the barrel
region, a 40 mrad stereo angle is set between the two layers in each cylinder. A similar
strategy is employed in the end-caps to provide measurements along the R direction.
The silicon microstrips in the barrel (end-cap) regions offer single-hit spatial resolutions
of 17 µm in the R-ϕ plane and 580 µm along the z (R) coordinate.
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Figure 4.4 – Resolution of the transverse impact parameter (left) and longitudinal impact
parameter (right) measured with 2015 (Run 2) data using the Inner Detector with the IBL, as
a function of pT for 0.0 < |η| < 0.2. These results are compared to measurements taken with
2012 (Run 1) data [119].

4.1.3 The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [121] provides a large number of hits per track,
typically around 36, although with lower spatial resolution (130 µm in the R-ϕ plane).
The TRT functions both as a drift chamber and as a transition radiation detector, thus al-
lowing it to contribute to particle identification. The barrel region consists of 50,000 drift
tubes, each 144 cm long, aligned parallel to the beamline, while an additional 250,000
shorter straws, each 39 cm long, are arranged radially in the end-caps. When a particle
passes through a straw, the Xenon-Argon gas mixture inside becomes ionized. A fixed
voltage causes the resulting ions and electrons to move towards the straw’s outer wall
and the central anode wire, respectively, producing a detectable signal. The position of
the hit is determined by converting the electron drift time to the wire into a distance
measurement. Finally, in addition to tracking, the TRT provides particle identification
information in order to discriminate between electrons and charged pions. To generate
transition radiation (TR), the straw tubes are interleaved with polymer fibers in the bar-
rel and foils in the end-caps. When a particle crosses the boundary between different
materials, it can emit TR. The intensity of the TR photons is influenced by the particle’s
relativistic Lorentz factor γ = E/m. This allows effective discrimination between elec-
trons and pions of similar energies (within a range between 1 and 200 GeV), exploiting
their mass difference (me ≈ 0.51 MeV while m

π± ≈ 139.57 MeV).

The overall ID momentum resolution (achieved in Run 1 so before the IBL insertion),
was measured to be:

σ(p)
p

= (4.83 ± 0.16) · 10−4 GeV−1 × pT [114] (4.4)
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Figure 4.5 – Track reconstruction efficiency of the as a function of the mother particle’s pT for
charged particles produced in the decay of a ρ meson, τ lepton, or a B0 meson [122].

An idea of the tracking performance achieved by the ID during Run 2 is given in Fig-
ure 4.5, which shows the track reconstruction efficiency for charged particles produced
in the decay of a ρ meson, τ lepton, or a B0 meson, as a function of the mother particle
particle’s pT.

4.2 The calorimeters

The ATLAS calorimeters are designed to measure the energy of all charged and neutral
particles produced in a pp interaction, with the exception of highly-penetrating muons
and weakly-interacting neutrinos.
The ATLAS calorimetric system, depicted in Figure 4.6, consists of three distinct sub-
detectors, each designed with specific purposes and utilizing different technologies. The
Electromagnetic (EM) Calorimeter is optimized for measuring the energy of electrons
and photons. The Hadronic (HAD) Calorimeter is dedicated to detecting and measur-
ing incoming hadrons. Lastly, the Forward Calorimeter (FCal) is designed to measure
both electromagnetic and hadronic showers in the forward regions of the detector.

The energy measurement performed by calorimeters is a destructive process. When a
particle interacts with the detector material via electromagnetic or strong forces, it ini-
tiates a cascade (shower) of secondary particles, each with progressively lower energy.
These secondary particles are fully absorbed, and the energy they deposit is converted
into a measurable quantity, such as e.g. scintillation light, which is then used to deter-
mine the energy of the original particle.
ATLAS calorimeters are sampling calorimeters [123], which are constructed from alternat-
ing absorbing layers and active layers. The absorbing material (typically a high-density ma-
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Figure 4.6 – Schematic layout of the ATLAS calorimetric system. Components highlighted
in gold utilize Liquid Argon as the active medium, while those in gray employ scintillating
tiles.

terial such as lead or copper) reduces the energy of incoming particles, creating showers
of secondary particles, while the active material collects the deposited energy and pro-
duces a measurable signal. In contrast, homogeneous calorimeters consist of a single ma-
terial that both absorbs energy and generates the measurable signal. In homogeneous
calorimeters, the entire energy deposited is collected and measured, while in sampling
calorimeters the energy deposited in the absorber layers is lost. Therefore, homoge-
neous calorimeters typically offer better energy resolution than sampling calorimeters.
An example of a homogeneous calorimeter is the CMS electromagnetic calorimeter [124],
which uses PbWO4 crystals that combine high density with adequate scintillating prop-
erties.
The size and geometry of the calorimeters are designed to contain the showers generated
by incoming particles. The development of these showers depends on the particle’s in-
teractions with the detector material and varies significantly between primary electrons
or photons and primary hadrons.
For example, high-energy electrons and photons produced in a pp collision interact with
the detector material via bremsstrahlung and electron-positron pair production, respec-
tively, generating secondary electrons and photons. These secondary particles, in turn,
produce additional electrons and photons through the same processes, sustaining the
development of the electromagnetic shower. The number of particles in the shower in-
creases as it propagates through the material, until the average energy of the secondary
particles falls below the critical energy ϵc, which corresponds to the threshold where ion-
ization and photoelectric interactions become the dominant energy loss mechanisms for
electrons and photons, respectively. reaching a maximum depth, tmax, which depends
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on the initial energy E of the primary electron or photon, and on the critical energy ϵc. The
critical energy depends on the properties of the absorber material (in particular, from its
atomic number Z), and can be parameterized as:

ϵc =
610 MeV
Z + 1.24

(4.5)

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

tmax = ln
(

E
ϵc

)
+ Cj (4.6)

where Cj equals -0.5 for a primary electron and +0.5 for a primary photon. At this stage,
the showering process stops, and the remaining particles are fully absorbed by the mate-
rial. The longitudinal development of the electromagnetic shower is characterized by the
radiation length, X0, which represents the average distance an electron travels through the
material to reduce its energy by a factor of e−1 (i.e., ⟨E(x)⟩ = E0e−x/X0 ). The radiation
length depends on the absorber material and is given by:

X0 =
716.4 g/cm2 × A

Z(Z + 1) ln(287/
√

Z)
, (4.7)

where Z and A correspond to the atomic number and atomic mass of the absorber ma-
terial, respectively. The depth required to contain 95% of the shower, in units of X0, can
be expressed as:

t95% = tmax + 0.08Z + 9.6 [X0] (4.8)

For example, for Liquid Argon and copper (used in the ATLAS electromagnetic calori-
meter as the active medium and absorber material, respectively), the critical threshold
and radiation length are:

ϵ
LAr
c = 32.84 MeV, XLAr

0 = 14.00 cm

ϵ
Cu
c = 19.42 MeV, XCu

0 = 1.436 cm
(4.9)

Hence, for a primary electron with an initial energy of E = 100 GeV, the 95% longitudi-
nal containment of the electromagnetic shower is achieved using approximately 260 cm
of Liquid Argon or 20 cm of copper.
The characteristic transverse size of the electromagnetic shower is described by the Molière
radius, ρM, which represents the dispersion of the deflection of an electron from the
shower axis after traveling a distance equal to X0. Approximately 95% of the shower
energy is contained within a distance of twice the Molière radius. The Molière radius
depends only on the properties of the detector material and is independent of the initial
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particle energy. It is given by:

ρM =
21 MeV

ϵc
× X0 (4.10)

For Liquid Argon and copper, the Molière radii are:

ρ
LAr
M = 8.95 cm, ρ

Cu
M = 1.55 cm (4.11)

Electromagnetic showers, initiated by incoming electrons or photons, consist exclusively
of secondary electrons and photons. In contrast, hadronic showers - triggered by incom-
ing hadrons - produce many different species of particles (e.g., protons, pions, neutrons)
through nuclear interactions with the absorber nuclei. A key process within hadronic
showers is the decay of neutral hadrons (π0, η, etc.), primarily through the γγ channel,
where the resulting secondary photons generate additional electromagnetic showers in
the detector. The energy deposited by this electromagnetic component is known as the
electromagnetic fraction ( fem), which depends from the initial hadron energy and typi-
cally accounts for 30% to 60% of the total energy of the hadronic shower. The remaining
energy is associated with the hadronic component ( fhad), which includes processes such
as slow neutron production and spallation of protons. Unlike the electromagnetic com-
ponent, some of the hadronic energy does not contribute to the detector signals due to
the loss of the invisible energy, which comes primarily from the binding energy of nucle-
ons released during nuclear reactions. This invisible energy can represent 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 pho-
ton of the same energy. This difference in response to electromagnetic and hadronic
showers is referred to as non-compensation.
The longitudinal development of a hadronic shower is governed by the interaction length,
λint, which represents the average distance a particle travels within the absorber mate-
rial before initiating a nuclear interaction. This interaction length can be approximately
parameterized as:

λint ≈ 35 · A1/3g cm−2 (4.12)

For a given material, λint is typically much larger than the radiation length X0. For
example, in copper, the interaction length is 15.32 cm, over ten times larger than XCu

0 ,
while in Liquid Argon, λ

LAr
int = 85.77 cm, which is approximately six times XLAr

0 . The
95% longitudinal containment of a hadronic shower, which depends on the initial energy
E of the primary hadron, is described in units of λint:

t95% = tmax + 2λintE
0.13

[λint], (4.13)

where tmax, the maximum shower depth, is given by:

tmax = 0.2 ln
(

E
1 GeV

)
+ 0.7 [λint] (4.14)
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For instance, the 95% longitudinal containment of a hadronic shower initiated by 100-
GeV pions requires approximately 450 cm of Liquid Argon and 90 cm of copper. Con-
sequently, hadronic calorimeters - typically sized at 7 to 10 times λint - are substantially
larger than electromagnetic calorimeters. In collider experiments, hadronic calorimeters
are always sampling calorimeters using high atomic number materials as absorbers to
allow for a more compact detector volume.
Event-by-event fluctuations in the calorimeter response influence the resolution of en-
ergy measurements. The energy resolution of a calorimeter depends on the initial energy
of the incoming particle and can be expressed as follows:

σ(E)
E

≈ a√
E
⊕ b

E
⊕ c (4.15)

The first term, a, is called stochastic term and describes the contributions to the resolution
given by the statistical fluctuations in the shower development. In a homogeneous calo-
rimeter, this term is primarily influenced by fluctuations in the number of signal quanta
contributing to the calorimeter response. For example, in a calorimeter where the active
medium generates an ionization signal, this corresponds to the number of ionization
tracks created by secondary electrons in the shower. Since this number is typically very
large, the resulting statistical fluctuations have a minimal impact on energy resolution.
However, in calorimeters that rely on a Cherenkov signal, where the light yield is around
30 photoelectrons per GeV of deposited energy, these fluctuations can significantly affect
the resolution. For a homogeneous calorimeter using ionization signals, the stochastic
term is usually around few %/

√
E. 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 propor-
tion of active material with respect to the absorber layers) and the sampling frequency,
which refers to the number of active layers traversed by the shower along its longitudi-
nal development. For these 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 component and invis-
ible energy induced by hadronic showers introduce further contributions to the energy
resolution. These fluctuations exhibit a non-Gaussian distribution, causing their impact
on energy resolution to be less dependent on the initial hadron energy than the standard
∝ 1/

√
E behavior. In non-compensating hadronic calorimeters, the stochastic term can

range from 50% to 100%/
√

E.
The second term in Equation 4.15, b, is known as the noise term. It accounts for contri-
butions from electronic noise induced by readout circuits, which is generally negligible
within the energy range studied by the ATLAS detector. The final term, c, is the con-
stant term, which arises from factors such as detector non-uniformity, alignment, and
uncertainties in electronic calibration. The constant term becomes the limiting factor for
resolution at very high energies.
For a complete review of calorimetry for high energy physics see [125].
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4.2.1 The Electromagnetic Calorimeter

After exiting the Inner Detector, particles produced in a pp collision pass through the
ATLAS Electromagnetic (EM) Calorimeter [126–128]. The EM Calorimeter is a cylindri-
cal detector, with an outer radius of 2.25 m and an overall length of 6.8 m. It is divided
into a central barrel section (EMB), covering the |η| < 1.475 region, and two end-cap
sections (EMEC), extending the coverage to |η| < 3.2. The transition areas between the
barrel and end-caps are known as crack regions (1.37 < |η| < 1.52). The EM Calorimeter
is a sampling calorimeter that uses 4-mm thick layers of Liquid Argon (LAr) as its active
medium. Ionization charges produced by the cascade of secondary particles induced by
the primary electron or photon are collected by copper electrodes immersed in the LAr
layers. The absorber is made up of lead plates with varying thicknesses, ranging from
1.1 mm to 1.5 mm in the barrel, and from 1.7 mm to 2.2 mm in the end-caps. To avoid
gaps along the ϕ coordinate due to the readout system, the copper electrodes and lead
plates are arranged in an accordion geometry, as shown in Figure 4.7.

(a)
(b)

Figure 4.7 – Layout of the three accordion layers of the EM barrel calorimeter (left), and
close detail of the LAr gap in the accordion calorimeter (right), showing also the electrods
composition [126]. The size of the cells in the η = 0 plane for each longitudinal layer in the
accordion is reported in 4.7a.

This design provides an effective length of 22 X0 in the barrel and 24 X0 in the end-caps.
Each section of the EM Calorimeter is housed in its own cryostat to maintain the LAr at
its operational temperature of 89 K.
The Electromagnetic Calorimeter is divided into 182,468 cells along the η and ϕ coordi-
nates and consists of four longitudinal layers designed to precisely capture the longitu-
dinal development of electromagnetic showers. The first layer is a presampler placed in
front of the solenoid magnet, while the remaining three layers are arranged in the accor-
dion geometry and constitute the so-called accordion calorimeter. The granularity of the
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cells in both η and ϕ directions varies across the different layers and detector regions, as
detailed below. The four layers are:

- Presampler (PS). A very thin module with a thickness of 1.1 cm, covering the |η| <
1.8 region. It is used to correct for energy losses in the material upstream of the
calorimeter (1.7 X0 at |η| = 0 and 2.2 X0 at |η| = 1.4 [129]). The PS is segmented
into cells of size 0.025 × 0.1 in ∆η × ∆ϕ.

- Layer 1 (L1) or strips. This layer accounts for up to 6 X0 (including material in front)
and has the finest segmentation in η, with ∆η = 0.0031, to distinguish between
prompt photons and π

0 mesons decaying into two nearly collinear photons. The
cell size in the azimuthal direction is ∆ϕ = 0.1, while the granularity in the η direc-
tion becomes coarser, moving from the central to the forward regions: ∆η = 0.0031
for |η| < 1.8, ∆η = 0.004 for 1.8 < |η| < 2.0, ∆η = 0.006 for 2.0 < |η| < 2.5, and
∆η = 0.1 for 2.5 < |η| < 3.2.

- Layer 2 (L2) or middle. This layer is 16 X0 thick and is segmented into cells of
size ∆η × ∆ϕ = 0.025 × 0.025. It contains the majority of the energy from showers
generated by photons and electrons.

- Layer 3 (L3) or back. This layer is designed to estimate the energy that leaks into
the hadronic calorimeter. It has a thickness of 2 X0 and is segmented into cells with
a size of 0.050 × 0.025 in ∆η × ∆ϕ.

The nominal energy resolution of the EM Calorimeter is

σ(E)
E

≈ 10%√
E [GeV]

⊕ 0.7% [126], (4.16)

which is consistent with the typical performance of sampling electromagnetic calorime-
ters. The sampling term varies with |η|, while the noise term is negligible and is not
expected to contribute for energies above 0.5 GeV.

4.2.2 The Hadronic Calorimeter

The ATLAS Hadronic Calorimeter is an 11.5 m-long cylinder with an outer radius of 4.25
m, covering a pseudorapidity range of |η| < 4.9. It is placed after the EM Calorimeter
and is designed to fully contain and measure showers initiated by hadrons. The central
barrel region, which covers |η| < 1.7, contains the Tile Calorimeter [130, 131], a sampling
calorimeter that uses scintillating plates (tiles) as the active medium and steel as the
absorber. It is segmented longitudinally into three concentric layers, providing a total
thickness of 11λint, with a granularity of ∆η × ∆ϕ = 0.1 × 0.1.
The Hadronic End-Cap Calorimeter (HEC) [132, 133] is also a sampling calorimeter, but
it uses copper or tungsten plates as absorbers, interleaved with radiation-hard LAr gaps
as the active material. The HEC consists of two separate disks (one for each end-cap)
located directly behind the EM End-Cap Calorimeter and shares the same cryostat. It
covers the pseudorapidity range 1.5 < |η| < 3.2, overlapping with the Tile Calorimeter
in the central region and the FCal in the forward region.
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The combined performance of the EM and HAD Calorimeters results in a global energy
resolution of

σ(E)
E

≈ 50%√
E [GeV]

⊕ 3% [126] (4.17)

for jet energy measurements.

4.2.3 The Forward Calorimeter

The ATLAS Forward Calorimeter (FCal) [134] 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 < |η| < 4.9. Tolerance to
radiation is fundamental in the forward region: therefore, LAr is used as an active mate-
rial, with copper or tungsten rods acting as absorbers.
The typical energy resolution achieved by the FCal for incoming pions is given by:

σ(E)
E

≈ (94.2 ± 1.6)%√
E

⊕ (7.5 ± 0.4)% [135], (4.18)

while for electrons is

σ(E)
E

≈ (28.5 ± 1.0)%√
E

⊕ (3.5 ± 0.1)% [135], (4.19)

4.3 The Muon Spectrometer

Muons are, along with the weakly-interacting neutrinos, the only particles able to escape
the ATLAS calorimetric system without being absorbed.
Due to their significantly higher mass compared to electrons, muons experience a drasti-
cally reduced energy loss through bremsstrahlung - by a factor of approximately
m−2

µ /m−2
e ≈ 10−6 - which greatly lowers the likelihood of initiating electromagnetic

showers in the ATLAS calorimeters. In addition, muons do not interact strongly with
the detector material. For these reasons, muons can escape the ID and the calorimeters
with minimal energy loss. Hence, the Muon Spectrometer (MS) [136], the outermost
component of the ATLAS detector, is responsible for tracking their trajectories and mea-
suring their momenta.
The design of the MS is determined by the structure of the toroid magnet (see Sec-
tion 4.4), which divides the sub-detector into octants. The toroid magnetic fields curve
the trajectories of incoming muons in the (R, z) plane, thus allowing the measurement
of their momenta.
Muons’ trajectories, projected onto the bending plane, are reconstructed using Moni-
tored Drift Tubes (MDTs) across most of the detector’s pseudorapidity range (|η| < 2.7).
The MDTs are aided by the Cathode Strip Chambers (CSCs) in the forward region
(2 < |η| < 2.7). Each MDT consists of 3 to 8 layers of aluminum drift tubes filled with a
high-pressure Ar/CO2 gas mixture with a central 50 µm wire, achieving a spatial resolu-
tion of 35 µm per chamber in the bending plane. CSCs are multiwire proportional cham-
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bers, whose anodes lie along the radial direction, while the cathode strips run parallel or
perpendicular to the wires. This configuration provides a three dimensional measure-
ment of the muons’ positions, offering a resolution of 40 µm in the bending plane and 5
mm in the azimuthal direction.
The MS also incorporates two additional types of muon chambers: Resistive Plate Cham-
bers (RPCs) and Thin Gap Chambers (TGCs), which provide fast triggering (15-25 ns)
for muon tracking in the barrel (|η| < 1.05) and end-cap regions (1.05 < |η| < 2.4), re-
spectively.
The ATLAS muon system, particularly the MDTs, offers a momentum resolution ranging
from 2-3% at 10 GeV to approximately 10% at 1 TeV.

4.4 The magnet system

A charged particle moving through a magnetic field follows a curved trajectory, whose
curvature radius depends on the particle’s momentum and the intensity of the magnetic
field. For a uniform magnetic field of strength B, the component of the particle’s mo-
mentum perpendicular to the direction of the magnetic field is given by:

pT [GeV] ≈ 0.3 · |q| · B [T] · R [cm], (4.20)

where q is the particle’s charge and R is the curvature radius. The ATLAS detector ex-
ploits this relationship to measure the momenta of charged particles, by reconstructing
the curvature of their tracks. This is achieved by immersing the Inner Detector and
the Muon Spectrometer in powerful magnetic fields generated by the ATLAS magnet
system, which covers a volume of approximately 12,000 m3 by combining a supercon-
ducting solenoid magnet with a toroidal magnet system.
The solenoid magnet [137] is a superconducting coil that produces a 2 T magnetic field
aligned with the beam axis for the ID. It operates with an 8 kA electric current and is
maintained at a temperature of 4.5 K. The cooling is achieved by situating the coil di-
rectly within the cryostat, which also contains the ATLAS calorimeter (see Section 4.2).
The solenoid is 5.8 m in length, with an inner radius of 1.23 m and an outer radius of
1.28 m, corresponding to just 0.66 radiation lengths.
The ATLAS toroid magnet system [138, 139] is located outside the calorimetric system
and consists of a barrel toroid, which generates a magnetic field ranging from 0.2 to 2.5 T,
and two endcap toroids, each providing a field strength of up to 3.5 T. The barrel toroid,
shown in Figure 4.8, is composed of eight superconducting coils arranged radially and
symmetrically around the beam axis, with a current of 20.5 kA running through them.
Each coil is housed in an independent cryostat. The barrel toroid has an inner diameter
of 9.4 m, an outer diameter of 20.1 m and it is 25.3 m long. Two endcap toroids gener-
ate the magnetic field in the forward regions, ensuring nearly complete coverage up to
|η| < 2.7. Each endcap toroid consists of eight superconducting coils (all enclosed in a
single cryostat), measuring 5 meters in length and spanning a radial width from 1.65 to
10.7 meters.
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Figure 4.8 – Photo of the ATLAS detector taken during construction: all eight coils of the
toroid barrel magnet system are visible.

4.5 The trigger and data acquisition systems

The LHC beams collide at the interaction point at the center of the ATLAS detector with
a frequency of 40 MHz, meaning a bunch crossing occurs every 25 ns. Each bunch cross-
ing results in 30 to 60 simultaneous proton-proton (pp) collisions, collectively referred to
as an event. The average size of each event is around 1.5 MB [140]. At a collision rate of
40 MHz, this would generate an overwhelming data rate of approximately 60 TB/s. Pro-
cessing and storing this volume of data is infeasible, so a rapid decision must be made
for each event to determine whether it should be kept for further analysis. Therefore,
one of the key components of the ATLAS experiment is the trigger and data acquisi-
tion system, which handles online event selection and the readout of data for the chosen
events.
The trigger system is responsible for reducing the data rate from 40 MHz to 1 kHz,
achieved through the coordination of two subsystems: the Level 1 (L1) trigger and the
High-Level Trigger (HLT) [141, 142].
The L1 trigger [143] uses low granularity information from the calorimeters and muon
subsystems to select events based on event-level quantities (such as total energy de-
posited in the calorimeter or missing transverse momentum), or number of physics ob-
jects exceeding a certain pT threshold, or, finally, selection on topological quantities such
as invariant masses and angular distances. These computations are performed in real
time, by custom hardware located on the ATLAS detector. The L1 trigger reduces the
event rate from 40 MHz to 100 kHz, making its selection decision within 2.5 µs.
Upon receiving an L1 trigger accept signal, full-granularity data from various sub-detectors
is sent to the ReadOut Drivers (RODs) for initial processing and formatting, and then to
the ReadOut Systems (ROSes) for buffering. The L1 trigger also provides the (η, ϕ) co-
ordinates of Regions of Interest (RoIs) in the detector, where interesting activity was
detected, to guide further analysis by the next-level trigger.
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The HLT [140] uses the full-granularity data associated with the RoIs identified by the
L1 trigger to perform partial event reconstruction using more complex algorithms, ex-
ploiting also the information from the ID which in Run 2 consisted of 40000 processing
units (increased to 60000 in Run 3), making a decision with a 40 ms latency. The HLT
further reduces the event rate from 100 kHz to around 1 kHz, and makes the final deci-
sion on whether to store the event data for offline reconstruction. Upon a trigger accept,
the full event data is transferred from the ROSes to CERN’s Tier-0 data processing center
at a rate of 1.2 Gb/s for initial reconstruction, and later distributed to computing centers
worldwide for offline analysis.
The L1 and HLT decisions are guided by trigger menus [144], which describe the types
of events deemed valuable for offline analysis and assigns a predefined rate for each of
these types. Figure 4.9 illustrates the total L1 trigger rate for a typical LHC fill in Run 2,
along with the contributions from key physics signatures, which include preliminary
information on object identification and isolation (e.g., EM22VHI represents isolated elec-
tromagnetic activity in the calorimeter system, associated with a transverse momentum
of at least 22 GeV). Figure 4.10 displays the total HLT rate, with a breakdown of the rates
by reconstructed object groups, such as electrons and photons.
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Figure 4.9 – Example of L1 trigger rates as a function of time, for a fill of the LHC taken in
September 2018, when the peak instantaneous luminosity was registered to be L = 2.0 · 1034

cm−2s−1, and the mean peak number of pp interaction per bunch crossing was 56. Differ-
ent colors represent ROIs based on different objects, such as electromagnetic clusters (EM),
muon candidates (MU), jet candidates (J), missing transverse energy (XE) and tau candidates
(TAU) [145].
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CHAPTER 5

Photon reconstruction

Each event recorded by the ATLAS detector undergoes offline reconstruction to extract
the physics objects (such as photons, electrons, hadronic jets, muons, τ leptons, and
missing transverse momentum) from the measured signals in the ATLAS sub-detectors.
For instance, hits in the different layers of the Inner Detector or the Muon Spectrometer
(induced by charged particles passing through their active layers), are combined to form
tracks. On the other hand, energy deposits in the calorimeters from electromagnetic and
hadronic showers generated by incoming electrons or photons and hadrons are used to
create calorimetric clusters. These low-level objects are then combined to reconstruct the
final physics objects corresponding to the activity observed in the ATLAS sub-detectors.
This information is then used in physics analyses. A simple sketch of how information
from different sub-detectors is combined to identify particles emerging from the pp col-
lisions is reported in Figure 5.1.
The searches for Higgs boson pair production in the final state with two photons and
two bottom quarks discussed in this thesis depend heavily on the robust and efficient
reconstruction and identification of photons and of hadronic jets originating from bot-
tom quark fragmentation (b-jets). This Chapter provides a description of the reconstruc-
tion algorithms and identification techniques employed for photons during the Run 2
data-taking period, along with a discussion of their performance. The reconstruction
and identification of other physics objects (such as electrons and muons) is also briefly
adressed.
The searches for Higgs boson pair production where one of the two Higgs bosons de-
cays to two photons (and, more generally, all the H → γγ analyses) critically rely on the
ability to include good-quality photon pairs in the signal region. These photons appear
as compact and isolated energy deposits in the EM Calorimeter. The dominant back-
ground arises from hadronic jets with a large electromagnetic component (originated by
neutral hadrons decays to photon pairs). These jets can be incorrectly reconstructed and
classified as photons, in which case they are referred to as fake photons. The need to min-
imize the contribution from fake photons while maintaining high efficiency in retaining
genuine photons drives the optimization of reconstruction, identification and isolation
algorithms, which are outlined in the following sections.

77
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Figure 5.1 – Sketch of an ATLAS wedge, with sub-detectors and different physics objects
highlighted [146]. Dashed tracks are invisible to ATLAS, and their presence is inferred only
via a transverse momentum imbalance (see Section 6.3).

5.1 Electron and photon reconstruction

Photon reconstruction in the ATLAS detector runs parallel to electron reconstruction:
both are based on collections of energy deposits almost fully contained within the EM
Calorimeter and on tracks and secondary vertices reconstructed in the Inner Detector.
The reconstruction begins by defining clusters from energy deposits in topologically
connected calorimeter cells (termed topoclusters). Subsequent steps in the algorithm then
differentiate between electrons and photons, which may or may not have converted into
an electron-positron pair due to interactions with the ID material. Photons are classified
as converted or unconverted based on whether or not a conversion is reconstructed. A dia-
gram representing the full algorithm for photon and electron reconstruction is shown in
Figure 5.2.
In the reconstruction process, tracks and candidate conversion vertices identified in the

ID are matched with energy topoclusters in the EM Calorimeter. If a topocluster has
no associated tracks or conversion vertices, it is reconstructed as an unconverted pho-
ton. Conversely, if the topocluster is matched with one or more conversion vertices, a
converted photon candidate is created. Finally, a topocluster matched with a track (or
tracks) is identified as an electron candidate. The reconstruction of candidate electrons
or photons then involves building superclusters using the matched topoclusters as in-
puts. Superclusters are dynamic, variable-size energy clusters designed to incorporate
additional clusters from bremsstrahlung photons into the original electron cluster or to
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Figure 5.2 – Diagram of the algorithm for photon and electron reconstruction [147]. The three
conceptual phases of the algorithm (preparation of topoclusters in the EM Calorimeter and
tracks in the Inner Detector, growth of the electron and photon superclusters, and building of
the final analysis objects) are highlighted with different colors.
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merge electron and positron clusters from photon conversions. Once the superclusters
are formed, tracks are matched to electron superclusters, and conversion vertices are
matched to photon superclusters. Supercluster reconstruction runs parallely for both
electrons and photons: therefore, a single topocluster can seed both an electron and a
photon supercluster. In such cases, both an electron and a photon are reconstructed, and
these objects are flagged as ambiguous. The final physics objects used in the analysis are
then constructed: the ambiguous objects are classified, the electrons and photon energies
are calibrated, and, finally, all the necessary information for identification and isolation
is computed. For a comprehensive overview of the electron and photon reconstruction
algorithms, refer to [147].

5.1.1 EM Calorimeter clusters formation

The reconstruction algorithm for both electrons and photons is built upon selecting en-
ergy deposits measured in variable-size clusters, known as topoclusters, which are con-
structed from topologically connected cells in the EM Calorimeter [148].
The key quantity that governs the development of topoclusters is the significance of a
calorimeter cell, defined as:

ζ
EM
cell =

|EEM
cell |

|σEM
noise|

(5.1)

where EEM
cell represents the energy deposited in the cell, and σ

EM
noise is its expected noise,

calculated considering both the read-out electronics and an estimate of the pileup noise
corresponding to the average instantaneous luminosity. The clustering algorithm scans
the calorimeter map, selects seed cells, and grows clusters around them following the
“4-2-0” scheme:

1. Seed cells with ζ
EM
cell ≥ 4 are identified, excluding those in the Presampler and L1

layer of the EM Calorimeter.

2. Neighbouring cells with ζ
EM
cell ≥ 2 are then collected around the seeds. If a cell with

ζ
EM
cell ≥ 2 is shared between two clusters, those are merged together forming a single

one.

3. A surrounding crown, made up of all nearest-neighbor cells with ζ
EM
cell ≥ 0 is in-

cluded in the topocluster.

4. Finally, topoclusters with two or more local maxima (i.e. cells with EEM
cell > 500

MeV with at least four neighbours on the condition that none of them have a larger
signal) are split into different topoclusters.

The same clustering algorithm is used by ATLAS for the reconstruction of many physics
objects (τ leptons, jets, etc.), therefore topoclusters may include cells from both the EM
and the hadronic calorimeters. To specifically identify electromagnetic showers initiated
by incoming photons or electrons, the EM component of the topocluster, defined as

fEM =
EL1 + EL2 + EL3

Ecluster
, (5.2)
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where ELi is the cluster energy in the ith layer of the EM Calorimeter and Ecluster is the
total cluster energy, must be greater than 0.5. Clusters with fEM > 0.5 are considered to
originate from an electromagnetic shower, and cells from the hadronic calorimeter are
removed. After excluding the hadronic cells, only topoclusters with EM energy larger
than 400 MeV are retained. Figure 5.3a illustrates the distribution of fEM for topoclusters
in the EM Calorimeter generated from simulated electrons without pileup, compared to
those originating from pileup activity. Similarly, Figure 5.3b shows the efficiency of the
fEM selection as a function of the fEM threshold for simulated electrons without pileup
and for pileup clusters. The chosen cut, fEM > 0.5, is able to reject approximately 60% of
pileup clusters while maintaining 100% efficiency in selecting true electron topoclusters.
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Figure 5.3 – Distribution of fEM (left) and reconstruction efficiency as a function of the fEM
selection threshold (right) for simulated true electron clusters (black) and pileup clusters (red)
clusters.

5.1.2 Track reconstruction and track-cluster matching

The next step in the reconstruction process is selecting reconstructed tracks and recon-
structing photon conversion vertices in the Inner Detector and matching them with
topoclusters in the EM Calorimeter. This track-cluster matching allows the initial dif-
ferentiation between electrons, unconverted photons, and converted photons.
Track-pattern reconstruction is carried out throughout the entire Inner Detector as part
of the full event reconstruction process [122, 149]. Charged particles passing through the
ID deposit a small fraction of their energy in the ID layers through ionization, producing
small electrical signals known as hits. These hits are used to reconstruct the trajectories
of charged particles, which follow helicoidal paths with radii inversely proportional to
their momentum, due to the magnetic field permeating the ID (see Equation 4.20).
The track reconstruction algorithm begins by identifying primary tracks produced by
charged particles with lifetimes larger than 3 × 10−11 s, originating from the hard scat-
tering vertex, using an inside-out approach [149]. The process starts with identifying
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groups of three hits in the Pixel detector and the SCT, known as track seeds. Primary
track candidates are then constructed by adding hits from other ID layers that are com-
patible with the track seed, using a Kalman filter algorithm [150]. A dedicated ambiguity
solution procedure is applied to resolve overlaps between track candidates and reject un-
related combinations of hits, that are not fired by a single particle (namely, fake tracks).
The set of tracks resulting from the ambiguity resolution procedure are then refitted us-
ing a global χ

2 algorithm to determine the final impact parameters. Next, an attempt to
extending the tracks to the TRT is performed: TRT hits compatible with the extrapolated
trajectory are added, without modifying the original silicon track.
In the second step of the track reconstruction algorithm, an outside-in approach is used:
it begins by identifying regions of interest in the EM Calorimeter and attempts to match
them with segments of hits in the TRT. These TRT segments are then paired with short
silicon track seeds (composed of two hits), creating track candidates through a process
similar to the primary track reconstruction described earlier. Finally, a dedicated ambi-
guity resolution procedure is applied to the outside-in tracks, and a global χ

2 re-fit yields
the final track candidates.
Track segments reconstructed in the TRT that do not match any track candidates are used
to reconstruct secondary vertices, including those from photon conversions, by extrapo-
lating the tracks from the TRT to the silicon detectors. Finally, an ambiguity resolution
procedure is applied to tracks that share hits. The reconstructed tracks are the basis for
the vertex-finding algorithm [151], which identifies candidate primary and secondary
vertices. This algorithm determines the vertex position and refits the tracks, applying
the constraint that they originate from the reconstructed vertex. Among the primary
vertices, the one with the highest sum of the squared transverse momenta of its associ-
ated tracks is selected as the hard-scattering vertex.
Within the electron and photon reconstruction process, the standard tracking procedure
is further refined to take into account large energy loss via bremstrahlung for electrons
and to improve the identification of photon conversions. Fixed-size clusters in the EM
Calorimeter compatible with electromagnetic showers are used to define regions of in-
terest. If track seeds without a matched primary track are found within these regions, a
modified pattern recognition algorithm is applied. This modified algorithm, still based
on the Kalman filter, allows for up to 30% energy loss at each material intersection to
account for large bremsstrahlung effects. Following this, all tracks are refitted using a
global χ

2 algorithm, allowing for additional energy loss where the standard track fit
fails.

Track-cluster matching

The following steps involve matching the selected tracks with the topoclusters in the EM
Calorimeter.
A preliminary loose match between fixed-size EM clusters and reconstructed tracks with
silicon hits is performed, based on spatial constraints on the η and ϕ coordinates of
the cluster’s barycentre and the track extrapolated to the L2 layer of the EM Calori-



Photon reconstruction 83

meter. For a cluster to loosely match a track with reconstructed charge q, the follow-
ing conditions must be met: |∆η| < 0.05 and −0.20 < q ·

(
ϕ

track − ϕ
cluster

)
< 0.05

when the track energy is used for extrapolation from the last Inner Detector hit, or
−0.10 < q ·

(
ϕ

track − ϕ
cluster

)
< 0.05 when the cluster energy is used for extrapola-

tion from the track perigee. The asymmetric requirement on ∆ϕ accounts for the energy
of radiated photons included in the calorimetric cluster but missed by the track recon-
struction. Only the silicon tracks that satisfy this loose match are then refitted using
the Gaussian Sum Filter (GSF) algorithm [152], which further improves track parameter
estimation. This is particularly beneficial for low-pT electrons or electrons undergoing
significant energy losses via bremsstrahlung.
The refitted tracks are then used to perform the final matching with the topoclusters. A
track with reconstructed charge q is considered matched to a topocluster if, when ex-
trapolated from its perigee to the EM L2 layer, it satisfies |∆η| < 0.05 and −0.10 < q ·
(ϕ

track − ϕ
cluster

) < 0.05.
If multiple tracks are matched to the same topocluster, the preferred track is selected
based on the presence of pixel hits and the smallest ∆R between the topocluster barycen-
tre and the extrapolated track position in the L2 layer. The properties of the candidate
electron are then determined from the highest-ranking track.

Reconstruction of photon conversions

Tracks that are loosely matched with fixed-size EM clusters are used as input for re-
constructing 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 the same point. Geometric criteria, such as the angle between the
tracks, their separation at the point of closest approach, and their distance at the re-
constructed vertex, ensure that the tracks are consistent with the decay of a massless
particle. Based on the presence of hits in the silicon layers of the ID, double-track
conversion vertices are classified as double silicon, silicon-TRT, or TRT-TRT, depend-
ing on whether both, one, or neither of the associated tracks has silicon hits.

• Single-track conversion vertices account for asymmetric photon conversions, where
one electron carries most of the initial photon energy, or for conversions of highly
energetic photons, where the electron tracks are highly collimated. Single-track
vertices are particularly relevant for photon conversions occurring at larger radii,
where the TRT has lower spatial resolution compared to the silicon layers, making
it easier to miss tracks or fail to resolve closely spaced tracks. Therefore, single-track
conversion vertices are reconstructed only when there are no hits in the innermost
ID layer, thus reducing the likelihood of prompt electrons being misidentified as
single-track photon conversions. In such cases, the innermost track hit is assigned
as the conversion vertex.

Conversion vertices are then matched to topoclusters by extrapolating the tracks to the
EM L2 layer and comparing their distance to the topocluster barycentre in the η and ϕ
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coordinates. For conversion vertices with tracks that have silicon hits, a match is consid-
ered valid if the distance between the tracks and the topocluster is within ∆η < 0.05 and
∆ϕ < 0.05 after extrapolation. For conversion vertices composed solely of TRT tracks,
the matching criteria depend on whether the first track is in the TRT barrel or endcaps.
In the barrel, a match requires that the distance to the topocluster barycentre is within
∆η < 0.35 and ∆ϕ < 0.02. In the endcap, stricter criteria are applied, requiring ∆η < 0.2
and ∆ϕ < 0.02.
If multiple conversion vertices are matched to a single topocluster, preference is given to
double-track conversions with silicon hits, followed by other double-track conversions
and then single-track conversions. Within each category, the vertex with the smallest
conversion radius is selected as the most likely candidate.

5.1.3 Supercluster growth

The loosely matched topoclusters and tracks serve as inputs to the superclustering algo-
rithm [153], which operates in two distinct stages, described below.

Figure 5.4 – Pictorial representation of the superclustering algorithm for electrons and pho-
tons. Seed clusters are shown in red, satellite clusters in blue [147].

Supercluster seeding

The first stage involves scanning the reconstructed topoclusters to identify those suitable
for seeding the growth of superclusters. The criteria for selecting seed clusters differ for
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candidate electron and photon superclusters: the superclustering algorithm proceeds
independently for electrons and photons. For electrons, seed topoclusters with ET > 1
GeV that are matched to a track with at least four silicon hits in the ID are selected.
In contrast, seed topoclusters with no matched track and ET > 1.5 GeV are chosen for
reconstructing photon superclusters.

Adding satellite topoclusters

In the second stage, the algorithm searches for satellite topoclusters within a window of
∆η × ∆ϕ = 0.075 × 0.125 centered on the seed topocluster’s barycentre. Only topoclus-
ters with ET lower than the seed are considered as potential satellite clusters. For elec-
trons, additional satellite clusters are accepted within a larger window of ∆η × ∆ϕ =

0.125 × 0.3 around the seed barycentre, provided they have at least one matched track
with silicon hits in the ID and share the same best-matched track as the seed. For con-
verted photons, satellite clusters are selected if they are matched to the same conversion
vertex as the seed or to one of the tracks associated with that vertex.
Figure 5.4 illustrates the requirements for satellite clusters applied to candidate electron
and photon superclusters.

Supercluster formation

Finally, the candidate electron and photon superclusters are formed by merging all the
calorimeter cells from the seed topoclusters and their associated satellites. The size of
each constituent topocluster is constrained to a maximum width of 0.075 in the η direc-
tion around its barycentre in the barrel (0.125 in the endcaps) of the EM Calorimeter. This
constraint improves the estimation of systematic uncertainties 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 topoclus-
ters.
Since electron and photon superclusters are constructed independently, a single topoclus-
ter might serve as the seed for both an electron and a photon supercluster. To address
this, an ambiguity resolution algorithm is applied to finalize the classification of the
candidates, ensuring that each particle is correctly identified as an electron, a photon,
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. Sim-
ilarly, 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 summarized in Figure 5.5) 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.
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- 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 hit1 and the matched conversion vertex is not a double silicon
vertex 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
pT is smaller than 2 GeV or if Ecluster/ptrack

> 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
and the calculation of the discriminating variables for particle identification and isolation
criteria. These steps are summarized in the following Sections.
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Figure 5.5 – 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, Rconv is the distance of the conversion
vertex from the interaction point, and RfirstHit is the smallest radial position of a hit in the
track or tracks that constitute the conversion vertex.

5.2 Electron and photon energy calibration

The accurate reconstruction and calibration of electron and photon energy are essential
for physics analyses that involve these particles. This is true also for the analyses involv-
ing the H → γγ decay (including the HH → bb̄γγ and the X → SH → bb̄γγ searches,
described in this thesis), which depend on the precise measurement of the invariant mass

1An innermost hit is a hit in the functioning pixel nearest to the beamline along the track trajectory.
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of the two photons in the final state, mγγ. The mγγ variable is a powerful discriminator
between the H → γγ signal and the background. In fact, the signal exhibits a narrow
peak in the mγγ spectrum centered around mH ≈ 125 GeV, whose width is typically
1-2 GeV and is determined entirely by detector resolution effects, given that the natural
width of the Higgs boson is approximately 4 MeV according to the SM (see Section 1.3.3).
On the other hand, the dominant background processes produce a smoothly decreasing
mγγ distribution with no peaking structures. Accurate photon energy reconstruction
and calibration lead to a sharper mγγ peak for H → γγ resonant processes, a more
precise determination of the peak position, and a reduction in systematic uncertainties,
affecting both the mγγ peak and width. Improving the photon energy reconstruction and
calibration enhances the signal-to-background ratio in H → γγ analyses and increases
the precision of measurements related to the Higgs mass and properties in the H → γγ

channel. Finally, the electron calibration is also a fundamental ingredient for measuring
the Higgs mass and properties in the H → ZZ∗ → 4ℓ channel and for precision elec-
troweak measurements involving the W and Z bosons.
The energy reconstruction process begins by converting the electronic signal read out
from each EM Calorimeter cell within the electron or photon supercluster into a raw en-
ergy value deposited by the incident particle in that cell [154, 155].
An overview of the full calibration procedure is presented in Figure 5.6, and the steps
are described in more detail below and in the following Sections [19].

• Step 1: LAr layers calibration. Since the EM Calorimeter is longitudinally seg-
mented, the response of each layer is calibrated separately. The raw energy of re-
constructed electrons and photons in data is calibrated, to ensure that the response
of each EM layer to incoming electrons or photons matches that in the simulation.
This involves determining an energy scale for the Presampler, αPS, and the relative
responses of the first and second accordion layers (L1 and L2), α12. A global scale,
αacc, is applied as an overall correction to the energy measured in all three accor-
dion layers (L1, L2, and L3). After applying these corrections on data, the overall
raw energy, Eraw, is obtained by summing the cell energies within the electron or
photon supercluster.

• Step 2: Simulation-based calibration. The next stage of the energy calibration pro-
cedure is to apply a simulation-based calibration to the raw energy values in both
data and Monte Carlo (MC) simulations. The simulation-based calibration corrects
the raw energy, Eraw, which does not account for the electromagnetic shower en-
ergy deposited outside the cluster or for energy lost in inactive material upstream
or within the calorimeter, to reflect as accurately as possible the true energy of the
incoming particle. A Boosted Decision Tree (BDT)-based regression algorithm is
trained separately for electrons, unconverted photons, and converted photons, in
intervals of |η| and transverse energy, using, as inputs, various quantities describ-
ing the longitudinal and lateral development of the EM shower, such as the ratio
of raw energies across different layers, the η coordinate of cell edges, the period-
icity of the lead absorber in each region, and the radius of photon conversions.
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The BDT model is trained on simulated single-particle samples to predict the ratio
Etrue/Eraw for incoming particles, where Etrue denotes the true energy. This trained
BDT model is then applied at the reconstruction level to both data and MC simula-
tions. By evaluating the BDT on reconstructed electrons and photons, a predicted
correction factor Etrue/Eraw is obtained, which is then multiplied by Eraw to yield
the calibrated energy, E.

• Step 3: Uniformity and ADC non-linearity corrections. Following the simulation-
based calibration, additional corrections are applied to data to account for geomet-
ric inhomogeneities and any residual non-linearity in the EM Calorimeter’s elec-
tronic readout.

• Steps 4 and 5: In-situ calibration for scale and resolution. A final calibration step
(the in-situ calibration) relies on Z → ee events. Global scale factors α are extracted
and applied to data, in order to align the Z resonance peak position observed in
data with that in the simulation. In the same measurement, smearing factors, which
account for differences in the resolution of the Z → ee peak between data and simu-
lation, are extracted. These smearing factors are applied to the simulation to match
the slightly worse resolution observed in data. The presence of passive material
upstream of and within the calorimeter, as well as the EM layer calibration proce-
dure, introduces systematic uncertainties affecting the final calibrated energy E for
electrons and photons. These uncertainties vary with the η coordinate and ET of the
candidate particle. To address this, Z → ee events are used to measure any residual
dependence of the overall electron energy scale on the particle’s ET (linearity fit),
allowing further calibration adjustments and providing additional constraints on
associated uncertainties.

• Step 6: Photon-specific corrections. The calibration factors derived from Z → ee
events are assumed to reflect the intrinsic response of the calorimeter and are ap-
plied identically to both electrons and photons. However, photon-specific correc-
tions are necessary to account for differences in the lateral development of electron
and photon showers.

• Step 7: Validation. Finally, the entire calibration chain is validated using low-ET
electron candidates from J/ψ → ee decays and photon candidates from radiative
Z → ℓℓγ decays.

My contribution to the electron and photon calibration is the extraction of the sensitivity
of the total calibrated electron energy (E) to the energy measured in the accordion calori-
meter (Eacc) from simulation, which is a key ingredient in the evaluation of the accordion
scale αacc. In addition, I evaluated, from simulation, the sensitivity of the total electron
and photon energy to the raw energies in different layers and to the sum of the raw cell
energies in the EM L1 or L2 layers read out either with the High, Medium, or Low gains
of the EM Calorimeter electronics. These quantities are crucial for modelling the sys-
tematic uncertainties affecting the electron and photon energy across the ET spectrum of
the particle. Finally, I evaluated the systematic uncertainty on the photon energy scale
related to the mismodelling of the photon conversions reconstruction between data and
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simulations. This work is integral to the final electron and photon energy calibration of
the ATLAS Collaboration for LHC Run 2 data.

5.2.1 Energy reconstruction in the EM Calorimeter

As electrons and photons pass through the EM Calorimeter, they interact with the ab-
sorber material, generating electromagnetic showers. These showers ionize the Liquid
Argon in the active layers, creating an ionization current that is proportional to the de-
posited energy. The electrons and ions are then driven by a constant electric field toward
the copper electrodes immersed in the Liquid Argon and placed between the active lay-
ers and the absorber layers. The ionization current forms a triangular pulse, read by the
Front End Boards (FEBs) of the LAr calorimeter, which are responsible for amplifying
and shaping the signal, using a CR-RC2 filter. The shaper is equipped with three over-
lapping amplification gains (Low, Medium, and High), to accomodate the huge energy
range of incoming electrons and photons. Upon a L1 trigger accept, the signal is digized
using the most suitable gain, and transmitted off-detector to the high-level trigger and
data-acquisition systems.
The samplings of the shaped signal are converted to the energy deposited in the cell
(Ecell

raw) using a linear combination of the first four digitized samples in the chosen gain,
after subtracting the pedestal contribution (calculated from calibration runs). The lin-
ear coefficients for this combination are determined using an optimal filtering algo-
rithm [156, 157], which maximizes energy and timing resolution. This value is then cor-
rected using various calibration constants, derived from calibration runs, simulations,
and test beam data, including cell gain, conversion factors from the digital signal counts
to energy, and corrections for the different cell responses to ionization and calibration
pulses.

5.2.2 LAr layer calibration

The Presampler energy scale, denoted as αPS, is determined using W → µν and Z → µµ

events in a dedicated low-pileup data sample. Muon final states are ideal for this mea-
surement because they allow αPS to be independent from the influence of material in
front of the calorimeter, which has minimal impact on muon energy deposits. The value
of αPS, shown in Figure 5.7a, is determined as the ratio of the muon energy peak position
in data with that in simulation.
The intercalibration of the EM L1 and L2 layers, represented by the scale factor α12, is
determined using Z boson decays in both the di-muon and di-electron channels. For
the Z → ee channel, α12 is derived by analyzing the mean values of the E/p and mee
distributions across bins of the electrons’ |η| and E1/E2 in both data and simulation.
Ideally, the ratio of the E/p and mee estimators between data and simulation should be
constant as a function of E1/E2, indicating perfect intercalibration between the L1 and
L2 layers. Any observed slope in this ratio indicates a miscalibration, and α12 is adjusted
to minimize the discrepancy of the data-to-MC ratio with respect to a constant. The final
value of α12 is obtained by combining the results from both the di-muon and di-electron
channels, shown in Figure 5.7b.
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Figure 5.7 – (a) Measured presampler energy scale αPS as a function of |η|, together with their
total uncertainties (yellow bands) and their statistical contributions (error bars). (b) Relative
calibration scale factor α12 of the first and second EM Calorimeter layers as a function of |η|.
The results from the Z → µµ and Z → ee analyses are shown in blue and red, respectively.
The final combination combining electron and muon results, are shown as the black solid
lines.

Accordion scale calibration

While α12 adjusts the relative response between the first two EM layers (L1 and L2), an
additional scale factor is required to calibrate their combined response. Given that the
third accordion layer (L3) contributes negligibly to the energy measurement for electrons
from Z boson decays, the only remaining parameter to be calibrated is the overall energy
scale of the accordion calorimeter, denoted as αacc. αacc adjusts the total energy measured
in the three accordion layers (L1, L2, L3) in data, by applying the correction Eacc

corr =

Eacc
raw/(1 + αacc). This calibration is performed in bins of the electron’s η coordinate. The

determination of αacc is based on evaluating global energy scale factors α from Z → ee
events, as detailed in Section 5.2.3.
Once the global scale factors α are obtained, the accordion scales are given by:

αacc =
α

∂∆Ebias(x)
∂x

, (5.3)

where ∂∆Ebias(x)/∂x is determined from simulation, and represents the sensitivity of the
calibrated energy E to variations x in the raw accordion energy value. The calculation of
∂∆Ebias(x)/∂x involves introducing a known shift x into the raw accordion energy, Eacc

raw,
and reapplying the entire calibration process. This produces a new calibrated energy,
Ebias(x), biased by the factor x. The relative difference between the original calibrated
energy E and Ebias(x), given by ∆Ebias(x) = Ebias(x)/E− 1, changes linearly with x. The
slope of the line (x, ∆Ebias(x)) corresponds to ∂∆Ebias(x)/∂x, and represents the impact
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of varying Eacc
raw on the calibrated energy.

Assuming a simple scenario where the total calibrated energy is approximately the sum
of the raw energies from all calorimeter layers, E = Eraw = Eacc

raw + EPS
raw

2, the biased
calibrated energy for a variation x in Eacc

raw is:

Ebias(x) = Eacc
raw(1 + x) + EPS

raw (5.4)

This yields:
∂∆Ebias(x)

∂x
=

Eacc
raw

Eraw
= f acc, (5.5)

where f acc is the fraction of the total raw energy deposited in the accordion layers. This
first-order approximation of the accordion sensitivity ∂∆Ebias(x)/∂x as f acc explains its
behavior as a function of the electron’s |η|, as shown in Figure 5.8. The sensitivity is
less than one because a fraction of the total energy is deposited in the Presampler (for
|η| < 1.8), and it can drop to around 0.5 in the transition region between the barrel and
endcap calorimeters (1.4 < |η| < 1.6).
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Figure 5.8 – Sensitivity of the calibrated electron energy to the energy measured in the accor-
dion calorimeter, as a function of |η| for electrons from Z boson decays.

As already mentioned, the accordion scales αacc are applied to correct data. After ap-
plying the simulation-based calibration to both data and MC simulations, the Z → ee
measurement is repeated, to extract residual global scales αresidual, which should be close

2Assuming that the total calibrated energy corresponds simply to the sum of the raw energies in the Pre-
sampler and in the three accordion layers corresponds to ignoring out-of-cluster effects and energy losses
upstream, within, and after the EM Calorimeter, which are typically corrected by the simulation-based calibra-
tion.
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to unity, confirming the convergence of the calibration procedure. The values of αacc for
the four data-taking years in Run 2, together with the residual scales αresidual, are shown
in Figure 5.9.
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from Z boson decays. The αacc factors are shown separately for each data-taking year in
Run 2, while the αclosure factors are integrated over the full Run 2 data. The bottom panel
shows the difference between αacc measured in a given data-taking period and the measure-
ments using 2018 data [19].

5.2.3 In-situ measurement of the global energy scale and resolution from Z → ee
events

After applying the layer calibration scale factors αPS and α12, along with the simulation-
based calibration, a potential mismatch between the energy scales in data and simulation
may still exist. This discrepancy is corrected using the accordion scale αacc, as described
in Section 5.2.2.
The calculation of the accordion scales is based on an in-situ measurement of global energy
scale and resolution factors, referred to as αi and ci, using Z → ee events as a candle.
The energy scale factors αi are used to align the energy response in data with the MC
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simulation, and are defined as:

Edata
i = EMC

i /(1 + αi), (5.6)

where the i index represents the bin of the electron’s η coordinate. Similarly, the energy
in MC simulations is smeared using a constant term ci, such that the electron energy
resolution is corrected as: (

σ(E)
E

)data

i
=

(
σ(E)

E

)MC

i
⊕ ci, (5.7)

where ⊕ denotes a quadrature sum, and ci is also η-dependent.
For a pair of electrons from Z boson decays falling into the η bins i and j, the miscalibra-
tion of the di-electron invariant mass can be written in terms of the global scales αi and
the global smearing factors ci as:(

mdata
ee

)
ij
=
(

mMC
ee

)
ij

/(1 + αij), αij ≈
αi + αj

2(
σ(mee)

mee

)data

ij
=

(
σ(mee)

mee

)MC

ij
⊕ cij, cij ≈

ci ⊕ cj

2

(5.8)

The factors αij and cij are determined to best match the di-electron invariant mass distri-
butions in data and simulation, separately for all (i, j) bins in the η coordinate of the two
electron candidates. A fit across these bins is then used to extract the global scale factors
αi and smearing factors ci. The global scale factors αi are subsequently converted into
accordion scales αacc,i (see Section 5.2.2) and applied to correct the accordion energy.
The final step of the calibration procedure consists in repeating the Z-based calibration
fit, to test the convergence of the calibration chain. The resulting residual energy scale
factors, αresidual,i, also shown in Figure 5.9, are always below 10−4, except in the transi-
tion regions (1.37 < |η| < 1.52), where Tile scintillators contribute to the electron energy
measurement but are not considered in this calibration procedure. This residual non-
closure is applied as a final correction to the reconstructed energy in data.
The resolution terms ci (shown in Figure 5.10) are typically less than 1% in the barrel and
between 1% and 2% in the endcaps. This term corrects the energy resolution in simula-
tion to match the slightly worse resolution observed in data.
Figure 5.11 presents the invariant mass distribution of Z → ee candidates in data and
simulation, after applying the energy scale correction to the data and the resolution cor-
rection to the simulation. The uncertainty band reflects the propagation of uncertainties
from the αresidual,i and ci factors. At the end of the calibration chain, a fair agreement
between data and simulation is observed.

5.2.4 Energy scale uncertainties

Several sources of systematic uncertainty affect the energy scale and resolution for elec-
trons and photons.
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- In-situ Z → ee calibration. The Z-based calibration fit used to extract the energy
scale and resolution carries systematic uncertainties related to the measurement
itself (for instance, from the event selection and from the choice of the fitting range
in the mee spectrum). The impact is generally below 0.05% across most η regions
but can reach 0.5% in the transition region.

- LAr layer calibration. The measurements of αPS and α12 involve systematic uncer-
tainties, such as those related to the selection of candidate electrons or muons, ma-
terial uncertainties, and the choice of the estimators for ⟨Ei⟩, ⟨mee⟩, and ⟨E/p⟩. The
uncertainty from α12 can impact the energy scale by up to 0.2%, while the effect of
the presampler scale αPS is generally below 0.1%.

- Non-linearity of LAr readout electronics. Energy reconstruction in the EM Calorime-
ter cells involves a linear conversion from ADC counts using a calibration factor
derived from calibration runs. The conversion from ADC counts and injected cur-
rent is not perfectly linear: the residual non-linearity is evaluated cell by cell, and is
used to correct raw energies. The impact of the ADC non-linearity on the electron
or photon energy is estimated by re-evaluating the non-linearity corrections for all
the cells within the cluster, and computing the relative difference with the original
cluster energy. This difference is reparametrized to be zero for electrons at ET = 40
GeV, and affects the energy scale by up to 0.4% for low ET electrons and photons
and below 0.2% at higher ET.

- Intercalibration of High to Medium Gain. The global scale is calibrated using electrons
from Z → ee decays, with an average ET of around 40 GeV, that are typically read
out with the High gain. The transition to the Medium gain readout occurs around
60 GeV. The intercalibration between High and Medium gains is assumed perfect
in simulation, and is measured in data using special data-taking runs where the
Medium gain threshold in the L1 or L2 layers was lowered, such that the high-
est energy cells within electron clusters from Z → ee decays are read out with the
Medium gain. Comparing Z → ee events in this special dataset with those recon-
structed with nominal gain settings allowed to evaluate an uncertainty on the High
to Medium gain intercalibration in the EM L1 or L2 layers: their impact is up to
0.1% in the barrel and 0.4% in the endcaps. A corresponding, independent, uncer-
tainty is defined for the transition between the Medium and Low gain readouts,
whose impact is non-negligible only at very high energies (ET > 400 GeV). By iso-
lating the High to Medium gain intercalibration uncertainty from the Medium to
Low gain intercalibration uncertainty, the calibration fit described in the following
Section constrains the former 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 is affected by passive material
in front of the EM Calorimeter. This is taken into account by the simulation-based
calibration, which is applied to both data and MC simulations. However, differ-
ences between the simulation of the detector model and the actual detector lead to
discrepancies in energy response between data and MC. For electrons with ET ≈ 40
GeV, such discrepancies are absorbed through Z-based calibration, but biases re-
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main depending on particle type and energy. The impact of passive material uncer-
tainties, parameterized as a function of particle type, ET, and |η|, typically affects
low ET electrons and unconverted photons, reaching an impact of 0.1%-0.2%.

- Photon conversions mismodelling. The simulation-based calibration is optimized sep-
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 η

range. However, the magnitude of the uncertainty varies between converted and
unconverted photons and with their |η| and ET. 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 ET, 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%.

Propagation of systematic uncertainties to the energy scale as a function of ET

The Z-based calibration fit described in Section 5.2.3 is used to provide global calibra-
tion scale factors αacc,i and αresidual,i as a function of the electrons’ η coordinate, and fixes
the energy scale and its uncertainty for electrons with ET near the average produced
in Z decays (ET ≈ 40 GeV). The impact of systematic uncertainties as a function of ET
for electrons and photons is propagated by evaluating the sensitivity of the total cali-
brated energy E to variations in the corresponding sources of uncertainty (for instance,
the energy deposited in each EM layer ELi

raw) as a function of ET and particle type. The
procedure for evaluating these sensitivities is similar to that used for the accordion sen-
sitivity described in Section 5.2.2.
Consider, for instance, the systematic uncertainty affecting the energy scale of the Pre-
sampler. These uncertainties influence the modeling of EPS

raw, the raw energy deposited in
the presampler. Using simulated single-electron and single-photon events, EPS

raw is artifi-
cially shifted by a known factor x, thus modifying it to EPS

raw · (1+ x). The total calibrated
energy is then recalculated by reapplying the full calibration procedure, producing a bi-
ased result due to the introduced variation x, referred to as Ebias(x). The relative differ-
ence between the original calibrated energy E and Ebias(x) is expressed as ∆Ebias(x) =

Ebias(x)/E − 1, and changes linearly with x. The slope of the line (x, ∆Ebias(x)), denoted
as ∂∆Ebias(x)/∂x, quantifies the impact of varying EPS

raw on the calibrated energy. This
slope is called presampler sensitivity and is evaluated as a function of the particle’s ET and
|η|. As an example, the presampler sensitivity curve for electrons and photons with two
pseudorapidity values as a function of ET is illustrated in Figure 5.12.
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Figure 5.12 – Presampler sensitivity for electrons, converted photons, and converted photons
as a function of the particle ET for two pseudorapidity bins: (a) 0 < |η| < 0.1 and (b) 1 <
|η| < 1.1.

The systematic uncertainty on the residual energy scale derived from the uncertainty in
αPS is determined using the in-situ Z-based measurement for electrons with ET corre-
sponding to the average for electrons from Z → ee decays. For electrons with lower or
higher ET, as well as for converted and unconverted photons, the impact is propagated
using the presampler sensitivity curves as a function of ET.
The same procedure is applied to evaluate the sensitivity of the total calibrated energy
to variations in all the other ingredients of the calibration chain (such as the energy de-
posited in the EM layers L1 and L2 or in the full accordion, or the energy in the EM layers
L1 or L2 readout with different gains).
This procedure allows to estimate the impact of the systematic uncertainty on the elec-
tron and photon energy scale across the full ET range. The effects of the most significant
uncertainties, already discussed in Section 5.2.4, are shown as a function of electron or
photon ET for two different pseudorapidity values in Figure 5.13.
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Figure 5.13 – Relative energy scale calibration uncertainty for electrons, unconverted pho-
tons, and converted photons, as a function of ET for |η| = 0.3 (left) and |η| = 2.1 (right) [19].

Constraining the energy scale as a function of ET

As a first-order approximation, the energy scales derived from the in situ Z → ee cali-
bration, as detailed in Section 5.2.2, are assumed to be valid across the full ET spectrum.
However, the ET dependence of the energy scale corrections αi is tested, by repeating the
Z-based fit in bins of |η| and ET of the electron candidates. The calibrated energy can be
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expressed as:

Edata
i =

EMC
i[

(1 + αi)
(

1 + α
′
j

)] , (5.9)

where αi represents the energy scale factors determined from the initial Z-based calibra-
tion fit in bins of the electron’s η (labeled by i), while α

′
j describes a residual dependence

of the energy scale on the electron’s ET. The index j categorises the electron’s kinemat-
ics in a two-dimensional (|η|, ET) space, with bin boundaries defined as 0, 0.6, 1.0, 1.37,
1.55, 1.82, and 2.47 in |η| and 27, 33, 38, 44, 50, 62, 100, and

√
s/2 in ET (in GeV). For this

analysis, Z → ee events are classified into the jth category if either of the two final-state
electrons falls into the jth (|η|, ET) bin. A fit to the di-electron invariant mass distribu-
tions is performed to determine the values of α

′
j that best align data and MC events. The

resulting α
′
j values are shown in Figure 5.14. These results indicate a significant residual

ET dependence of the energy scales, measurable with a precision better than 0.03% (ris-
ing to 0.3% in the transition region). The precision in measuring the α

′
j factors surpasses

that of the η-dependent scales αi described earlier. Hence, this linearity fit, which quan-
tifies the energy dependence of the energy scales, can provide an additional constraint
on the systematic uncertainties affecting the energy scales across the entire ET spectrum.
While the behaviour of the systematic uncertainties as a function of ET can be estimated
from simulation (by evaluating the sensitivity of the reconstructed energy to each source
of uncertainty), the linearity fit offers actual data points across various ET regions (not
just at ET ≈ 40 GeV, typical from electrons from Z decay) that can be used to constrain
these uncertainties.
The impact of the linearity fit on the systematic uncertainties affecting the energy scales
is illustrated in Figure 5.14, where the outer uncertainty band (pre-fit) is compared with
the inner band (post-fit). The linearity fit reduces the systematic uncertainty on the en-
ergy scale by up to a factor of two for ET < 50 GeV and up to a factor of three for
ET ≈ 150 GeV.
The impact of the linearity fit on the electron energy scale uncertainties is further detailed
in Figure 5.15a as a function of ET and |η|. For electrons with ET ≈ 40 GeV, the preci-
sion remains largely unchanged, as these particles, typical of on-shell Z boson decays,
are calibrated through the energy scale analysis that determines the accordion scales and
the η-dependent residual scales. However, energy scale uncertainties for electrons with
ET = 10 GeV or ET = 1 TeV are typically reduced by 30%-50%, varying from 0.2%-0.3%
for |η| < 1 and |η| > 1.8, to between 0.5% and 1% for 1 < |η| < 1.8. The impact of
this analysis on photon calibration uncertainties is shown in Figure 5.15b for converted
and unconverted photons at ET = 60 GeV, which is the average for photons from Higgs
boson decays. Uncertainties for converted photons, which are experimentally similar to
electrons, are only marginally reduced by the linearity fit. However, for unconverted
photons, the overall energy calibration uncertainty is typically reduced by 30% in the
barrel and by up to a factor of two in the endcaps.
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Figure 5.14 – Comparison of the measured values of α′ j from Z → ee events (black dots) with
the results extracted from the linearity fit, including their corresponding uncertainty band.
The pre-fit value of α′ (namely, α′ = 0 before the linearity constraint) and its associated un-
certainty are also displayed. Additionally, the measured values of α′ from J/ψ → ee events,
used as a cross-check for the linearity model in the low ET region, are shown (open dots) [19].
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Figure 5.15 – Total relative systematic uncertainty in the energy scale as a function of |η| for
electrons with ET = 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 [19].

5.3 Photon identification

The photon identification criteria are optimized to efficiently select prompt and isolated
photons while suppressing background from hadronic jets which are incorrectly classi-
fied as photons.
Three working points for photon identification - Tight, Medium, and Loose [158] - are
defined by applying independent selection criteria on discriminating calorimetric vari-
ables, termed shower shapes, described in Table 5.1. Photons are expected to produce
compact electromagnetic showers in the EM Calorimeter, giving rise to energy deposits
characterized by a distinct maximum in its core, whereas showers initiated by jets tend
to be deeper, wider, and the energy deposits are typically more spread out. Therefore,
variables sensitive to the width of the shower in the η and ϕ directions, as well as those
describing the energy leakage into the hadronic calorimeter, provide significant discrim-
inative power between photon-induced and jet-induced energy deposits. In addition,
some shower shape variables are specifically designed to take advantage of the fine seg-
mentation EM L1 layer. These variables can distinguish cases where a neutral meson,
such as a π

0, carries most of the jet’s pT and decays into two photons, resulting in an
electromagnetic shower with two distinct maxima that can be resolved within the L1
layer. The distributions of some of these variables for unconverted photons radiated
from leptons in Z → ℓℓγ decays are shown in Figure 5.16, for both data and MC sam-
ples. The simulation does not perfectly describe the shower shapes observed in data,
particularly those related to the lateral development of the shower. To address this,
dedicated corrections derived from data-to-MC comparisons are used to correct the MC
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distributions, aligning them with the distributions observed in data [159].
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Figure 5.16 – Examples of two shower shape variables, Rη (left) and ws,3 (right), for uncon-
verted photons from radiative Z decays. The black dots represent the data, which are com-
pared to simulated events both before and after applying corrections to the shower shapes.
The uncorrected MC distributions are shown in red, while the corrected distributions, ad-
justed by shifts to better align with the data, are displayed in blue [159].

The Loose identification requirement exploits variables such as Rhad, Rhad1
, Rη , and wη2

and was used as for triggering events with photons during the 2015 and 2016 data-
taking periods of Run 2. The Medium working point adds a loose cut on Eratio and
became the main photon trigger selection in early 2017 to maintain an acceptable trigger
rate. The Tight working point is applied to a subset of candidate photons passing the
Medium selection, introducing additional requirements on Rη and Rϕ (describing the
shower spread in the η and ϕ directions in the L2 layer), on ws,3 and wtotS1

(describing
the lateral shower width in the L1 layer), on fside (the fraction of energy in the shower’s
crown relative to its core), on ∆E (sensitive to the presence of double maxima within a
single shower), and on f1 (corresponding to the fraction of the photon energy deposited
in the L1 layer).
The selection criteria for the three working points are optimized separately in differ-
ent pseudorapidity bins to account for changes in calorimeter geometry and upstream
materials with |η|, which affect the shower shape variables. Moreover, the selection op-
timization for the Tight working point is ET-dependent. Compared to the previous ET-
independent optimization, this strategy enhances the Tight selection efficiency by up to
20% for photons with ET < 30 GeV and simultaneously improves background rejection
at high ET [158]. Additionally, the 2-T solenoidal magnetic field imparts a deviation from
a straight trajectory to the electron-positron pair created during a photon conversion in
the ID, resulting in wider electromagnetic showers along the ϕ direction compared to
showers from unconverted photons. The Tight identification criteria exploit this feature
by distinguishing between unconverted and converted photons.
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Category Description Name Loose Medium Tight

Hadronic leakage

Ratio of ET in the first sam-
pling of the hadronic ca-
lorimeter to ET of the EM
cluster (used over the range
|η| < 0.8 or |η| > 1.37)

Rhad1
✓ ✓ ✓

Ratio of ET in all the
hadronic calorimeter sam-
plings to ET of the EM
cluster (used over the range
0.8 < |η| < 1.37)

Rhad ✓ ✓ ✓

EM L1 layer

Ratio in η of cell energies in
3 × 7 cells over 7 × 7

Rη ✓ ✓ ✓

Lateral width of the shower
along η

wη2
✓ ✓ ✓

Ratio in ϕ of cell energies in
3 × 3 cells over 3 × 7

Rϕ ✓

EM L2 layer

Shower width calculated
from three strips around the
strip with maximum energy
deposit

ws,3 ✓

Total lateral shower width wtotS1
✓

Energy outside the core of
the three central strips but
within seven strips divided
by energy within the three
central strips

fside ✓

Difference between the en-
ergy associated with the
second maximum in the
strip layer and the energy
reconstructed in the strip
with the minimum value
found between the first and
second maxima

∆E ✓

Ratio of the energy dif-
ference associated with the
largest and second largest
energy deposits to the sum
of these energies

Eratio ✓ ✓

Table 5.1 – Photon shower shape variables and identification criteria definitions [160].
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The Loose photon identification is optimized to achieve a 99% efficiency for photons
with ET > 40 GeV, with a corresponding background rejection factor of about 1000 [161,
162]. The Tight selection, in contrast, achieves 85% efficiency for photons with ET > 40
GeV, increasing to around 92% for unconverted photons and 95% for converted photons
when ET > 100 GeV, as shown in Figures 5.17 and 5.18. The background rejection factor
for the Tight selection is approximately 5000 [161, 162].
Photon identification efficiency is measured in data using three different methods: the
first involves selecting events with single isolated photons from data collected using
single photon triggers with large prescale factors, and estimating the background con-
tamination from jets using control regions (matrix method); the second utilizes photons
radiated from leptons in Z → ℓℓγ decays (radiative Z method); and the third employs
electrons from Z → ee decays, applying a technique to transform electron shower shapes
to resemble those of photons (electron extrapolation method). Figures 5.17 and 5.18 present
the efficiency measurements for the Tight identification requirement, performed with
these three methods using Run 2 data [163]. These methods are complementary, cov-
ering different ranges of photon ET : up to 100 GeV for the radiative Z method, from
25 to 200 GeV for the electron extrapolation method (corresponding to the ET spectrum
of electrons from Z boson decay), and up to very high energies (up to 1 TeV) for the
matrix method. Data-to-MC scale factors are derived from these methods, with their un-
certainties considered as a systematic uncertainty in photon identification. The photon
identification scale factors, visible in the bottom panels in Figure 5.17 and Figure 5.18,
differ from unity by up to 3%-4% at ET = 10 GeV and by at most 1%-2% at ET > 40 GeV,
with uncertainty decreasing from approximately 10% at ET = 10 GeV to less than 1%-2%
at higher ET . To correct the photon identification efficiency in simulation to match data,
the scale factors from the three methods are combined using a weighted average in each
|η| and ET bin of the photon.
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(d)

Figure 5.17 – Tight photon identification efficiency for unconverted photons, along with the
data-to-MC efficiency ratio, as a function of ET in four distinct |η| regions. Efficiencies are
derived using three different measurement methods. The bottoom 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).
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Figure 5.18 – Tight photon identification efficiency for converted photons, along with the
data-to-MC efficiency ratio, as a function of ET in four distinct |η| regions. Efficiencies are
derived using three different measurement methods. The bottoom 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).
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Working point Calorimeter isolation Track isolation

Loose Econe20
T < 0.065 × ET pcone20

T /ET < 0.05
Tight Econe40

T < 0.022 × ET + 2.45 GeV pcone20
T /ET < 0.05

TightCaloOnly Econe40
T < 0.022 × ET + 2.45 GeV -

Table 5.2 – Definition of the photon isolation working points [147].

5.4 Photon isolation

A typical photon from a H → γγ decay is expected to be surrounded by a region of min-
imal hadronic activity: isolation requirements on candidate photons are used to further
reduce the background from fake photons.
The hadronic activity surrounding the photon candidate is quantified from nearby en-
ergy deposits in the calorimeters or from close-by tracks reconstructed in the ID. The
idea is to measure the signals detected within a fixed distance from the photon candi-
date and require that all the surrounding activity is limited to a fraction of the energy
deposited by the candidate photon itself. Two classes of variables are used to evaluate
the photon isolation:

- Calorimetric isolation. Econe0.2
T is defined as the scalar sum of the transverse en-

ergy for all the topo-clusters whose barycentre falls within a cone of radius ∆R =√
(∆η)

2
+ (∆ϕ)

2
= 0.2 centered around the candidate photon supercluster barycen-

tre. The contribution of the photon energy itself is removed by subtracting the en-
ergy deposited in a core rectangular region of size ∆η × ∆ϕ = 0.125 × 0.175. The
isolation energy is also corrected to account for photon energy leakage outside the
core window and contributions from pile-up and underlying events are removed.
Other calorimetric isolation variables are similarly defined using cones of different
radii, such as Econe0.4

T .

- Track isolation. Similarly, the track-based isolation variable pcone0.2
T is computed

as the scalar sum of the transverse momentum for all the selected tracks falling
within a cone of radius ∆R = 0.2 centered around the photon cluster direction.
Tracks matched to the photon conversion are excluded, in case of a converted pho-
ton candidate. Selected tracks included in the sum are required to have pT > 1 GeV,
|η| < 2.5, and to be compatible with originating from the primary vertex.

Three photon isolation operating points are defined based on specific requirements for
calorimeter and track isolation variables, as outlined in Table 5.2. The photon isola-
tion efficiency is evaluated using two methods: radiative Z boson decays and inclusive-
photon production data, similar to the approach used for photon identification. The
results from these methods are combined to produce a single set of scale factors for each
working point, data-taking year, and photon conversion status. Figure 5.19 shows the
evolution of isolation efficiency from the Z → ℓℓγ measurement as a function of ET , η,
and conversion status, along with the data-to-MC efficiency ratio.
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Figure 5.19 – Efficiency of the photon isolation working points, evaluated using photons from
Z → ℓℓγ decays, for unconverted (left) and converted (right) photons as a function of photon
η (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
components [147].
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5.5 Electrons

As explained in Section 5.1, electron reconstruction is performed by matching a super-
cluster in the EM calorimeter to a track in the Inner Detector compatible with originating
from the primary vertex. The four-momentum of the electron candidate is determined
by combining information from the EM calorimeter and the tracker: the energy is calcu-
lated from the electron supercluster, while the η and ϕ coordinates are obtained from the
matched track. In cases where the track has hits only in the TRT, both the energy and
angular coordinates are derived exclusively from the calorimeter.
To distinguish prompt, isolated electrons from those originating from hadron decays,
identification criteria are optimized using a multivariate likelihood function. Three iden-
tification operating points - Tight, Medium, and Loose - are defined based on whether the
likelihood assigns a more electron-like or background-like probability to the candidate.
Electron identification relies on both calorimetric shower shape variables and track prop-
erties [163, 164].
To further distinguish signal electrons from background, electrons are required to be
well isolated from surrounding hadronic activity. Electron isolation is quantified us-
ing both calorimetric and track-based variables, for instance, Econe0.2

T and pvarcone0.2
T . The

calorimetric isolation, Econe0.2
T , is calculated as the scalar sum of the energy from all topo-

clusters within a cone of radius ∆R = 0.2 around the electron supercluster barycentre,
corrected for the electron’s own energy and pile-up contributions. The track isolation,
pvarcone0.2

T , sums the transverse momenta of all nearby tracks originating from the pri-
mary vertex, excluding the electron’s track. A variable-sized cone, dependent on the
electron’s transverse momentum, is used to calculate pvarcone0.2

T : this allows to take into
account decays of heavy particles (such as the top quark), where high-pT electrons are
produced in close proximity to other decay products.
Further details on electron identification and isolation algorithms can be found in [147,
163, 164].

5.6 Muons

Muons are reconstructed independently in the Inner Detector, Muon Spectrometer, and
calorimeters. The information from each sub-detector is combined to form a complete
muon track. Depending on which subsystem contributes most to the reconstruction,
four types of muon candidates are defined:

• A combined muon is created when high-quality matching tracks are reconstructed in
both the ID and MS, with hits from both sub-detectors refitted into a single muon
track.

• An inside-out combined muon is formed when a high-quality track from the ID is
extrapolated to the MS and matched to at least three loosely aligned MS hits. The
ID track, the energy loss in the calorimeter, and the MS hits are then refitted into a
single unified muon track.
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• A segmented muon is formed when a track in the ID extrapolates to a local track
segment in the MS.

• A calorimeter-tagged muon is recovered from energy deposits in the calorimeters that
are consistent with a minimum ionizing particle. This extends muon reconstruction
acceptance to the |η| < 0.1 region, where the MS is only partially instrumented to
accommodate cabling and services for the calorimeters and ID.

• An extrapolated Muon is reconstructed only in the MS, with a loose association to the
primary vertex.

To minimize contamination from muons originating in hadron decays, identification cri-
teria are applied to select only prompt muons. This identification is based on variables
that assess the quality of the track fit, as secondary muons from charged meson decays
typically exhibit poorer track quality compared to prompt muons. Three standard iden-
tification working points are defined—Tight, Medium, and Loose—which offer increasing
efficiency but decreasing purity with respect to background contamination. Addition-
ally, two specialized working points, Low-pT and High-pT, are introduced to recover ef-
ficiency for low-pT muons (typically 3 < pT < 5 GeV) and high-pT muons (above 1
TeV) with improved momentum resolution that meet the Medium selection criteria. The
reconstruction and identification of muons in the ATLAS detector is further discussed
in [165].



CHAPTER 6

b-jets reconstruction

As discussed in Chapter 5, one of the key physics objects in the Higgs boson pair pro-
duction searches presented in this thesis is the jets arising from the hadronization of
bottom quarks (b-jets). This chapter details the reconstruction algorithms and identi-
fication techniques used for b-jets during the Run 2 data-taking period, along with an
overview of their performance. A summary of the measurement of b-jet identification
efficiency for a new algorithm based on Graph Neural Networks [20], to which I made
personal contributions, is also presented. The reconstruction and identification of the
missing transverse momentum is also briefly adressed.

6.1 Jets

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, due to
color confinement, these particles cannot be detected individually in the final state. In-
stead, the fragmentation and hadronization of a colored parton lead to the formation of
a collimated spray of hadrons traveling in the direction of the initial parton, referred to
as a jet [166].
Jets originating from the fragmentation and hadronization of bottom quarks are referred
to as b-jets. An efficient identification of b-jets againts background from jets originating
from other quark flavors or gluons, as well as precise calibration of the b-jets’ energy, is
critical for Higgs boson pair production searches. Indeed, the most sensitive channels to
HH production (including the bb̄γγ final state explored in this thesis), involve at least
one Higgs boson decaying into two bottom quarks (see Section 2.1.4).
This section covers the reconstruction of hadronic jets and their standard energy calibra-
tion, followed by a discussion on the b-jet identification and on the specific corrections
applied to b-jet energy measurements.

6.1.1 Particle flow jets

The collimated spray of hadrons forming a jet consists of both charged and neutral parti-
cles. Charged hadrons leave tracks in the Inner Detector, while both charged and neutral

113
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hadrons interact with the ATLAS calorimeters, inducing hadronic showers and deposit-
ing their energy in the calorimetric system. Jet reconstruction in the ATLAS detector
follows the particle flow strategy [167, 168]: the main idea is to surpass the single physics
object reconstruction involving the specifically-designed sub-detector (i.e. jet reconstruc-
tion using energy deposits in the calorimeters, without attempting to resolve the indi-
vidual particles) and to pursue an holistic approach instead. Information from both the
calorimeters and the ID is combined, and energy clusters and tracks are used to recon-
struct all individual stable particles in the event (e.g., electrons, photons, pions). The
reconstructed particle flow objects, which ideally originated from the hadronization of the
same parton, form the basis for jet clustering and reconstruction.
The main advantage of the particle flow approach consists in the ability to fully lever-
age the strengths of both the calorimeters and the ID and to use the two sub-systems to
compensate each other’s short-comings:

• For low-energy charged particles, the momentum resolution provided by the tracker
is significantly better than the energy resolution provided by the calorimeters. Con-
versely, the calorimeters offer a superior energy resolution at higher energies, have
a larger pseudorapidity acceptance with respect to the tracker, and are able to detect
neutral particles.

• The ID provides a better angular resolution for measuring the charged particles’
direction, catches low-energy tracks which may be swept out of the jet cone by the
solenoidal magnetic field before reaching the calorimeters, and allows to match a
track with the primary interaction vertex. The latter feature is crucial for pileup
rejection when clustering the hadronic jet.

The main downside of the particle flow strategy is the need to subtract calorimeter
signals for particles already reconstructed using tracker information (e.g., low-energy
charged hadrons) to prevent double-counting their energy. The ability to correctly iden-
tify and subtract all of the energy from a single particle without affecting the energy
deposits of any other particle is the key challenge of the particle flow algorithm.

Particle flow algorithm

Topoclusters, built from energy deposits in the ATLAS calorimeters using the “4-2-0”
scheme described in Section 5.1, along with tracks reconstructed in the ID, serve as in-
puts for the particle flow algorithm.
The first step of the particle flow algorithm is to select tracks for reconstructing (charged)
particle flow objects. Reconstructed tracks must meet several criteria: they are required
to have pT > 0.5 GeV, |η| < 2.5, at least nine hits in the silicon layers of the ID and
no missed hits in the Pixel Detector. No requirement on the association with the hard-
scattering vertex is placed. In addition, since energetic particles are typically found close
to the jet core, their tracks in the ID are often surrounded by nearby activity, making it
challenging to subtract the corresponding calorimeter energy to avoid double-counting
their contribution. To address this, tracks with pT > 100 GeV are excluded from the se-
lection, and calorimetric information is used instead for reconstructing high-pT particles.
Furthermore, tracks associated with medium-quality electrons or muons are masked, as
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the particle flow algorithm is optimized to reconstruct hadronic showers.
Selected tracks are matched to reconstructed topoclusters by requiring the ratio between
the topocluster energy and the track momentum to be Ecluster/ptrack

> 0.1. All matched
tracks are then ranked based on the angular distance ∆R′ between the topocluster’s
barycentre and the track’s extrapolation to the EM L2 layer. This quantity is defined
as:

∆R′
=

√√√√(∆η

ση

)2

+

(
∆ϕ

σϕ

)2

, (6.1)

where ση and σϕ represent the lateral widths of the topocluster along the η and ϕ direc-
tions, computed as the standard deviation of the cells’ positions relative to the topoclus-
ter barycentre. The best-matched track is the one with the lowest ∆R′.
Once a track with momentum ptrack is matched to a topocluster, the expected energy
⟨Edep⟩ deposited in the calorimeters by the particle associated with the track is calcu-
lated as:

⟨Edep⟩ = ptrack · ⟨Ecluster
ref /ptrack

ref ⟩ (6.2)

where ⟨Ecluster
ref /ptrack

ref ⟩ is the average energy-to-momentum ratio for topoclusters within
a cone of radius ∆R = 0.4 around a track, derived from simulated single-pion samples
without pileup. The spread of the expected energy deposit, σ(Edep), is determined from

the standard deviation of the Ecluster
ref /ptrack

ref distribution in these single pion samples.
The expected deposited energy ⟨Edep⟩ is then compared with the measured energy in

the matched topocluster, Ecluster. If ⟨Edep⟩− Ecluster is positive and larger than the spread
σ(Edep), it is assumed that the particle that created the track deposited its energy in more
than one topoclusters: additional nearby topoclusters (within a cone of radius ∆R = 0.2
from the extrapolation of the track to the EM L2 layer) are therefore considered to be
matched to the track.
Once a set of topoclusters corresponding to the track has been selected, the expected
energy deposited by the particle that created the track is subtracted, in order to avoid
double-counting the energy left in the tracker and in the calorimeter by the same particle.
This subtraction is only performed for tracks and matched topoclusters with

Ecluster − ⟨Edep⟩
σ(Edep)

< 33.2 × log10

(
40 GeV/ptrack

T

)
(6.3)

This requirement ensures that calorimetric energy subtraction is applied for tracks with
pT below 40 GeV, except in cases where the calorimeter activity (indicated by Ecluster) is
particularly high, such as in dense environments where subtraction accuracy decreases.

Jet clustering and reconstruction

Particle flow objects, defined using the topoclusters that survive the subtraction process
and tracks associated with the hard-scattering vertex, are used as input for jet recon-
struction. ATLAS employs the anti-kt algorithm [169] for jet clustering, which ensures
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that the resulting jets are infra-red and collinear safe, namely, the number of jets remains
stable despite the emission of soft or collinear particles. This property allows to have
finite predictions of cross sections for processes involving jets across all perturbative or-
ders.
The clustering of particle flow objects into jets is governed by two distance parameters,
di and dij, defined as:

di =
1

p2
Ti

, dij = min

 1

p2
Ti

,
1

p2
Tj

 ∆2
ij

R2 (6.4)

where i and j are indices of particle flow objects, ∆ij =
√
(ηi − ηj)

2
+ (ϕi − ϕj)

2 repre-
sents their angular separation, and R is a fixed distance parameter used in jet reconstruc-
tion (for the HH → bb̄γγ and X → SH → bb̄γγ analyses discussed in this thesis, the
selected jets are reconstructed using R = 0.4). The algorithm starts by calculating the
distances between all pairs of particles. If dij < di, objects i and j are merged into a
new object, which replaces them in the input set. If dij > di, object i is identified as a jet
and removed from the input pool. This process is repeated, with the distances dij and di
being recalculated after each step, until no further combinations are possible.

6.1.2 Energy calibration

Jets are initially calibrated at the electromagnetic scale, which is measured to ensure
that the deposited energy of electrons and photons matches their true energy. However,
the response of the calorimeter to incoming jets is different to the one for electrons and
photons: therefore, a recalibration is needed to adjust the jet energy scale to that of truth-
level jets, namely, jets reconstructed at the particle level using stable final-state particles
from MC simulations, without incorporating detector effects.
The complete jet energy scale (JES) calibration procedure [168], illustrated in Figure 6.1,
involves several correction stages that adjust the four-momentum of the jets, scaling the
jet pT, energy, and mass.

The process begins with pileup corrections, to remove the excess energy from pileup
activity, due to additional pp interactions occurring within the same (in-time) or nearby
(out-of-time) bunch crossings. These corrections include:

1. A first correction based on the jet area (which measures the sensitivity of the jet
to pileup activity) and on the median transverse momentum density (termed ρ)
evaluated as a function of the (η, ϕ) region in the detector, which estimates the
pileup activity;

2. A residual correction, parametrized using MC simulations, which adjusts for the
residual dependence of the jet’s pT on the average number of pp collisions per
bunch crossing (µ) and the number of primary vertices in the event (NPV).

Next, the absolute JES calibration, or MCJES, aligns the reconstructed jet energy and
direction with truth jets from di-jet MC events. This step addresses factors such as non-
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Figure 6.1 – Flowchart of the jet energy scale calibration procedure [168].

compensating calorimeter response, energy losses in passive material, energy deposited
outside of the cone of radius R used for jet clustering (out-of-cone effects), and biases in jet
η reconstruction, which arise due to transitions between different calorimeter technolo-
gies and changes in calorimeter granularity.
Despite the MCJES calibration, variations in the energy response within the same kine-
matic region (defined by the jet’s η and pT) may still occur. These variations result from
differences in flavor composition, energy distribution of constituent particles, their trans-
verse spread, and fluctuations in the hadronic shower development in the calorimeter.
The global sequential calibration (GSC) applies a series of multiplicative corrections to
minimize these fluctuations and enhance jet resolution without changing the average jet
energy response. Corrections are sequentially applied to the jet’s four-momentum to re-
move dependencies on tracking, calorimeter, and muon spectrometer observables.
Finally, the η-intercalibration and in-situ calibration address the residual discrepancies
between data and MC simulations, due to imperfect detector modeling or inaccuracies in
the simulation of the physics processes. These discrepancies are quantified by comparing
jets against well-measured reference objects [168]. For each in-situ estimate, corrections
are derived by numerically inverting the ratio Rin-situ

data /Rin-situ
MC , where Rin-situ represents

the jet energy response, defined as the average ratio of jet pT (or η, for the η intercali-
bration) to reference object pT (or η), binned according to the reference object’s pT (or
η). The data-to-MC ratio and associated systematic uncertainties from the Z+jet, γ+jet,
and multi-jet calibrations are combined across overlapping pT regions, and the resulting
correction is applied to data, to match the jet energy scale to the one observed in simula-
tions.
The full JES calibration introduces 125 systematic uncertainty terms from the various
calibration stages. These uncertainties arise from event selection choices during in-situ
analyses, event topology, MC mismodeling, and statistical limitations. Figure 6.2 pro-
vides an overview of these uncertainties as a function of pT and η. The largest contri-
butions are from pileup subtraction for low-pT jets (reaching up to 4%) and jet flavor
response (averaging 1.5% in the medium-pT range), while in-situ calibration uncertain-
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Figure 6.2 – The relative impact of systematic uncertainties on the jet energy scale for anti-kt
R = 0.4 jets is illustrated as a function of η for jets with a fixed pT of 60 GeV (left) and as
a function of pT for jets at η = 0 (right). The total uncertainty, depicted as the shaded re-
gion topped by a solid black line, is determined by summing all uncertainty components in
quadrature. The primary contributions to the overall systematic uncertainty are represented
by the colored lines. The “in-situ JES” contributions correspond to the final in-situ calibration,
while uncertainties related to flavor composition, response, and “punch-through” are asso-
ciated with the global sequential calibration. Flavor-dependent components account for the
fact that the di-jet samples used in several calibration steps predominantly consist of gluon
jets, although these corrections are applied to all jet flavors [168].

Similarly, discrepancies in jet energy resolution (JER) between data and MC simulation
can arise from the mismodelling of detector effects and physics processes in the simula-
tion. To understand and correct these differences, the JER is measured directly in data
using di-jet events, where the momenta of the two jets in the final state are expected to be
well balanced. Additionally, data collected from random unbiased triggers are used to
quantify fluctuations in calorimeter energy deposits caused by pileup activity, providing
an independent estimate of the noise term in the energy resolution (see Equation 4.15).
These measurements are then combined to produce the final JER results, shown in Fig-
ure 6.3. A correction factor is derived and applied to the simulation to match the slightly
degraded resolution observed in the data.

6.2 b-jets

As already mentioned, all the most sensitive channels for searching for Higgs boson pair
production (namely, bb̄γγ, bb̄ττ, and bb̄bb̄) involve at least one H → bb̄ decay. Similarly,
many searches for new physics in the scalar sector (among which the X → SH → bb̄γγ

search) consider bottom quarks in the final state, exploiting the enhanced coupling of
the scalar particles to bottom quarks (assuming that they have SM Higgs-like couplings,
and their mass is lower than 130 GeV). The hadronization of the bottom quark pair pro-
duces two b-jets, and their accurate identification is critical to suppress the overwhelm-
ing background from jets originating from the hadronization of lighter quarks (u, d, s),
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Figure 6.3 – Jet energy resolution measured in data for fully calibrated jets (left), and relative
impact of the associated systematic uncertainty (right). The main contributions to the total
uncertainty (represented as a shaded area topped with a black solid line), propagated from
the two in-situ measurements using di-jet events or random unbiased data, are shown using
colored lines.

charm quarks, or gluons. Additionally, the invariant mass of the b-jet pair, mbb̄, is a key
discriminating variable between resonant H → bb̄ or S → bb̄ decays and background
processes, where the emission of bottom quarks is non-resonant. To enhance the invari-
ant mass resolution, specific corrections to the energy calibration of b-jets are applied
in most searches for Higgs boson pair production, including the HH → bb̄γγ and the
X → SH → bb̄γγ analyses.

6.2.1 Jet flavour tagging

The hadronization of bottom quarks results in the production of b-flavored hadrons,
with over 90% of these hadrons being B mesons, as illustrated in Figure 6.4a. These B
mesons decay via weak interactions, generating a collimated bunch of particles (mainly
c- or light-flavored hadrons and leptons), which form the reconstructed b-jet.
A key feature that distinguishes b-jets is the relatively long lifetime of B mesons, approx-
imately 1.6 ps (corresponding to cτ ≈ 500 µm [6]). For a B meson inside a jet with a
transverse momentum of 50 GeV, the average distance traveled before decaying is:

l = βγcτ ≈ 3 mm (6.5)

As a result, the charged particles produced by B meson decay create tracks whose point
of origin is not compatible with the primary vertex, where the B meson was produced.
The presence of a displaced secondary vertex within the jet, corresponding to the B me-
son decay point, is thus a key signature of b-jets. In many cases, B meson decay products
include charm hadrons, which decay with shorter lifetimes, creating a tertiary vertex
displaced from both the primary and secondary vertices. Moreover, the particles orig-
inating from B meson decays are typically much lighter than the B mesons themselves
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Figure 6.4 – (a) Production fractions of weakly decaying B hadrons and (b) multiplicity of
charged stable particles produced in the decay of a B0 mesons, estimated using simulated tt̄
events produced in

√
s = 8 TeV pp collisions according to different MC generators [170].

(which have masses of around 5 GeV), meaning they tend to have only a few GeV of
momentum in the B meson rest frame, often with a large transverse component relative
to the jet axis. This causes b-jets to be broader and less collimated compared to jets of
different flavour.
To identify b-jets, ATLAS uses advanced b-tagging algorithms [171], which exploit typi-
cal features of a B meson decay, such as:

• Secondary vertices: a secondary vertex displaced by several millimeters from the
primary interaction point is a strong indicator of a B meson decay;

• Large impact parameters: tracks from the B meson decay tend to have a large dis-
tance of closest approach (impact parameter) relative to the primary vertex, as shown
in Figure 6.5;

• Soft leptons: approximately 35% of B mesons decay semileptonically, meaning that
a low-energy, non-isolated lepton (typically a muon) can often be found within the
jet cone, providing another identifying feature;

• High jet constituent multiplicity: B meson decay chains typically produce more
stable hadrons than those from charm or light hadrons, contributing to the higher
particle multiplicity within b-jets.

These features are exploited by advanced multivariate techniques, which generate a final
discriminant variable to differentiate b-jets from jets produced by charm quarks (c-jets),
light quarks, or gluons (collectively referred to as light jets). First, low-level algorithms
analyze individual charged particle tracks within the jet cone or reconstruct secondary
vertices and B meson decay chains, which help to isolate b-jets from background jets.
These low-level outputs are then passed to high-level multivariate classifiers, to maxi-
mize b-tagging performance.
As shown in Figure 6.5, tracks from b-hadron decays are displaced from the primary
vertex. The IP2D and IP3D algorithms exploit histograms of transverse and longitudi-
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Figure 6.5 – Illustration of a b-jet, with tracks originating from the fragmentation of the orig-
inal bottom quark created at the primary vertex and the tracks from the b- and c-flavored
hadron decay at the secondary and tertiary vertex, respectively. The large impact parameter
of the tracks originated by the b-flavored hadron decay is also evident, when extrapolating
the tracks to the primary vertex position.

nal impact parameter significances for each track in the jet, creating likelihood-based
discriminants for b-tagging. However, these algorithms treat each track independently,
limiting their ability to capture correlations between different tracks. To address this,
a recurrent neural network (RNN)-based classifier, RNNIP, was developed. The RNN
is able to exploit the correlations between track parameters across all tracks in the jet,
and provides three output nodes, interpreted as probabilities that the jet is a b-jet, c-jet,
or light jet. These probabilities are then combined into a final discriminant. The SV1

algorithm reconstructs a single secondary vertex within the jet by iteratively combining
two-track vertex candidates and excluding tracks from photon conversions or long-lived
light hadrons. Similarly, the JetFitter algorithm reconstructs the full b- and c-hadron
decay chain using a Kalman filter, identifying a common line along which the primary
and b-hadron decay vertices lie, effectively approximating the b-hadron flight path and
vertex positions.
The outputs of these low-level algorithms are combined using high-level multivariate
classifiers. The b-tagging algorithm used in ATLAS analyses for the full Run 2 dataset
is based on a fully connected deep feed-forward neural network called DL1r, which is
trained on information provided by IP2D, IP3D, RNNIP, SV1, and JetFitter. This net-
work produces multiple output nodes that assign probabilities for a jet to be a b-jet, c-jet,
or light-flavor jet, which are then combined into a single b-tagging discriminant variable:

DDL1r = ln

(
pb

fc · pc + (1 − fc) · plight

)
, (6.6)

where pb, pc, and plight represent the output probabilities of the network, and fc is a tun-
able parameter, that can be optimized to prioritize the rejection of c-jets with respect to
light jets or vice-versa. The value of fc = 0.018 was chosen as a compromise between
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having good rejection capabilities for both c- and light jets over a broad range of b-jet effi-
ciencies, and has been optimized taking into account several ATLAS analyses, including
those studying H → bb̄ decays. Figure 6.6 shows the distribution of DDL1r for b-, c-, and
light-flavor jets from simulated tt̄ events. The performance of DL1r is compared to pre-
vious high-level b-tagging algorithms in ATLAS in Figure 6.7: the DL1 tagger is similar
to DL1r but does not use the RNNIP discriminant as input for the training, while MV2 is a
BDT-based version of DL1.
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Figure 6.6 – Distributions of the DDL1r discriminant for b-jets, c-jets and light jets in simulated
tt̄ events.

Selection criteria for the discriminant DDL1r can be adjusted to establish optimal work-
ing points for balancing b-jet efficiency and background rejection. For Run 2 analyses,
these working points are chosen using simulated tt̄ samples to achieve fixed inclusive
b-jet efficiencies of 60%, 70%, 77%, or 85%. Additionally, a pseudo-continuous b-tagging
option is available, where each jet is assigned an integer score corresponding to the most
stringent efficiency threshold it meets. For instance, jets passing the tightest operating
point (corresponding to an inclusive b-jet efficiency of 60%) have a b-tagging probability
between 60% and 0% and are given a score of 5. Jets that do not meet this threshold but
pass the next highest (with a b-tagging probability between 70% and 60%) receive a score
of 4. This pattern continues across the efficiency bins, with jets failing even the loosest
working point (within the 100% to 85% efficiency range) being assigned a score of 1. The
operating point used in the HH → bb̄γγ and X → SH → bb̄γγ searches corresponds to
the 77% inclusive b-jet efficiency, which offers a rejection factor of 1/130 for light jets and
1/4.9 for c-jets [172]. The HH → bb̄γγ analysis also leverages the pseudo-continuous
b-tagging to further distinguish the HH signal, which ideally contains well-identified
true b-jets, from background processes which include a large fraction of c- or light jets,
incorrectly identified as b-jets.
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Figure 6.7 – Light jet and c-jet rejection factors as a function of the b-jet efficiency for the high-
level b-taggers DL1r, DL1, and MV2, evaluated using jets from simulated tt̄ events. The two
bottom panels, show the ratio of the light jet rejection and the c-jet rejection of the algorithms
to MV2. For the same b-jet efficiency, the DL1r tagger enhances the light and c-jet rejection
power of up to a factor two.

6.2.2 b-jet identification efficiency measurement

The b-jet efficiency of the b-tagging working points described in the previous section,
along with the corresponding rejection factors for c- and light-flavor jets, is initially cal-
culated using jets from simulated tt̄ events. However, imperfect modeling of the detector
response and of physical processes introduce potential biases in the b-tagging efficiency
in MC simulations with respect to data. To account for these discrepancies, the b-tagging
working points must be calibrated by measuring the corresponding b-jet efficiency di-
rectly from data [172]. The c- and light jet rejection factors offered by the b-tagging work-
ing points are also calibrated, using dedicated analyses [173, 174].
Measuring the b-jet efficiency requires to extract a pure sample of b-jets from data. This is
achieved by selecting tt̄ events, which contain two b-jets in the final state via the t → Wb
decay (whose branching fraction approaches 100%). A clean sample of tt̄ events is ob-
tained by selecting the dileptonic decay channel, where both W bosons from the top
quark pair decay leptonically (W → ℓνℓ). The topology of this process, referred to as
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dileptonic tt̄, is shown in Figure 6.8. This decay mode results in a final state characterized
by two well-identified and isolated leptons (electrons and muons), along with two jets.

Figure 6.8 – Feynman diagram for a dileptonic tt̄ event in the transverse plane. The central
dot marks the interaction point from which the two top quarks emerge and subsequently
decay. The decay chain of the two top quarks results in two leptons and two b-jets.

Event selection

The two leptons in the final state provide a reliable trigger strategy. A combination of
single-lepton triggers is employed, whose pT thresholds ensure to maintain a flat, near
100% efficiency for offline leptons with pT > 27 GeV. The primary background arises
from semileptonic tt̄ events, where only one W boson decays leptonically while the other
decays hadronically. Fake lepton contributions can originate from several sources, such
as non-prompt leptons from decays of b- or c-hadrons, photon conversions (in the case
of electrons), or jets misidentified as electrons. Other subdominant backgrounds fall into
two categories: those with two real leptons in the final state and those where one lepton
candidate is fake. In the first category, the main contributions are single top production
in association with a W boson (tW), where the leptons are produced from the top decay
and the W decay; diboson production (WW, WZ, ZZ), with leptons from the decays of Z
or W bosons; and Z boson production with additional jets, where the Z decays leptoni-
cally. Backgrounds involving fake leptons, including, for instance, single top production
and W boson production with additional jets, are heavily suppressed.
The following selection criteria are applied on top of the trigger requirements, to se-
lect a clean sample of dileptonic tt̄ events with minimal background contamination. To
eliminate backgrounds from fake or non-prompt leptons, exactly two well reconstructed
and identified leptons with opposite charges are required1. To suppress contributions

1To be included in this analysis, electron candidates must meet the following criteria: ET > 28 GeV, |η| <
2.47, be isolated, and pass the Tight identification working point. Similarly, candidate muons must have pT >
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Figure 6.9 – Distribution of the pT (left) and η (right) of the leading jet for events passing the
selection in data and simulation. Simulated events are split into physics process contributing
to the analysis region. The bottom panels show the data-to-simulation ratio and the fraction
of tt̄ events among the simulated events.

from the Z+jets background where the Z boson decays leptonically, the two leptons are
required to have different flavors: one must be an electron and the other a muon. Oppo-
sitely charged, opposite-flavor leptons can also arise from Z+jets events in which the Z
boson decays to τ leptons, which subsequently decay leptonically. Such events typically
populate the low dilepton invariant mass region. Therefore, this background is miti-
gated by requiring meµ ≥ 50 GeV. Additionally, contributions from tt̄ events that involve
high-pT light jets (alongside the two b-jets from the top quark decay chain), arising from
initial or final state radiation or W boson decays, are suppressed by requiring exactly
two jets in the event with pT > 20 GeV. After applying the selection criteria, the purity
of tt̄ events reaches 85%, as visible in Figure 6.9.

Event categorization

The goal of the measurement described in this Section is to extract the b-tagging effi-
ciency for true b-jets. To achieve this, events entering the signal region are categorised as
bb, bl, lb, or ll based on the true flavor of the leading and subleading selected jets. Specif-
ically, bb (ll) events are those where both (or neither) of the selected jets are true b-jets. In
contrast, bl (lb) events have only the leading (or subleading) jet as a true b-jet, with the

28 GeV, |η| < 2.5, be isolated, and meet the Tight identification working point requirements.
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other being a c- or light-flavor jet. According to simulation, almost 60% of the selected
events contain two true b-jets. The majority of bb events arise from tt̄ production, with a
smaller contribution from Wt events.
Events are further categorised to define a signal region enriched in bb events, which is
used to extract the b-jet efficiency, and three control regions enriched in lb, bl, and ll
events. These control regions help estimate the background contamination from events
where one or both jets are not true b-jets. The estimated fractions of lb, bl, and ll events
from the control regions are propagated to the signal region via a simultaneous log-
likelihood fit (described below). The categorisation is based on the jet-lepton invariant
masses, mj1ℓ and mj2ℓ, where j1 (j2) refers to the leading (subleading) selected jet, and ℓ

represents one of the two selected leptons. These variables are constructed by pairing
the two jets and two leptons using the configuration that minimizes

(
m2

j1ℓ + m2
j2ℓ

)
. This

condition is imposed to avoid highly asymmetric scenarios, where the two invariant
masses differ significantly or are both very large. If the paired lepton and jet originate
from the same top quark decay, mjℓ is a proxy for the top quark mass, as it captures all
its decay products except the missing transverse momentum from the neutrino. Thus,
mjℓ ≤ mtop ≈ 172.5 GeV. After pairing, both jet-lepton invariant masses are required to
be above 20 GeV, eliminating events with very soft leptons or where the leptons and jets
are very close, which are poorly modeled by simulation. Figure 6.10 shows the distri-
bution of mj1ℓ and mj2ℓ after selection criteria are applied, with contributions from bb,
bl, lb, and ll events highlighted. As mentioned, for events with true b-jets, a correctly
paired mjℓ should have an upper limit near mtop but can be significantly smaller due
to the undetected neutrino. In contrast, for events with c- or light jets, mjℓ has a much
harder spectrum.

The event categorisation process, outlined in Figure 6.11, follows these steps:

1. Jet pT binning. Selected events are first binned based on the pT of the leading and
subleading jets into a two-dimensional grid (pT1

, pT2
), with bin boundaries at 20,

30, 40, 60, 85, 110, 175, 250, and 400 GeV.

2. Separation into signal and control regions. For each (pT1
, pT2

) bin, events are fur-
ther divided into a bb-enriched signal region (SR) and three control regions: CRLL,
CRBL, and CRLB, enriched in ll, bl, and lb events, respectively. This separation is
achieved by applying selections on the variables mj1ℓ and mj2ℓ. The specific selec-
tions defining the SR and control regions are detailed in Table 6.1.

3. Binning into pseudo-continuous b-tagging working points. Events in the SR are
further classified based on the pseudo-continuous b-tagging scores of the leading
and subleading jets, denoted as w1 and w2. As explained above, these values repre-
sent the tightest b-tagging operating point met by each jet or indicate if the jets are
not b-tagged. There are five possible b-tagging categories for each jet, amounting to
a total of 25 possible (w1, w2) pairs.

This categorisation results in a total of 1260 orthogonal categories.
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Figure 6.10 – Distribution of the jet-lepton invariant masses for the leading (left) and sub-
leading (right) selected jets for events passing the selection criteria, shown both in data and
simulation. Simulated events are classified in terms of the flavour composition of the two jets.
The bottom panels show the data-to-simulation ratio and the fraction of bb events among the
simulated events.
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Figure 6.11 – Schematic illustration of the event categorisation.

Analysis region Description Selection

SR bb-enriched mj1ℓ < 175 GeV and mj2ℓ < 175
CRLL ll-enriched mj1ℓ > 175 GeV and mj2ℓ > 175
CRBL bl-enriched mj1ℓ < 175 GeV and mj2ℓ > 175
CRLB lb-enriched mj1ℓ < 175 GeV and mj2ℓ < 175

Table 6.1 – Definition of signal and control regions for the simultaneous estimation of the
b-tagging probabilities and the true flavor fractions bb, ll, bl, lb.
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Maximum likelihood fit

The b-jet efficiency for each pseudo-continuous b-tagging operating point is determined
through a simultaneous fit to data across signal and control regions, spanning all jet pT
bins. This approach allows for a simultaneous estimation of the b-tagging probabilities
for true b-jets and of the jet flavor composition in the selected data. The fit relies on a
binned log-likelihood function, expressed as:

logL(νtot, Θ) =
N

∑
i=1

ni log νi(νtot, Θ), (6.7)

where νtot is the total expected number of events (based on simulation), and
Θ = (θ1, θ2, . . . , θm) represents the set of free parameters in the fit, including both the
parameters of interest (POIs) and nuisance parameters (NPs). The sum in Equation 6.7
runs over the N = 1260 categories, indexed by i, where ni and νi represent the observed
and expected number of events in the ith category, respectively.
The POIs are the b-tagging probabilities, termed Pb(Ok|Tm

), which represent the condi-
tional probability that a b-jet with pT in the bin labeled by

(
Tm)m = 1, .., 9 satisfies the

pseudo-continuous operating point Ok
k=1,. . . ,5. They are directly related to the inclusive

b-jet efficiency for a specific working point with efficiency X%, which is defined as the
sum of all b-tagging probabilities of pseudo-continuous bins above the threshold X%:

ϵb(X%|Tm
) = ∑

Ok>X

Pb(O
k|Tm

) (6.8)

In the control regions, the expected number of events depends on the pT bins of the
leading jet (Tm) and the subleading jet (Tn), and it incorporates contributions from all
flavor fractions: bb, bl, lb, and ll. The equation is given by:

νCR(T
m, Tn

) = cm,n
bb ν

m,n
CR,bb + cm,n

bl ν
m,n
CR,bl + cm,n

lb ν
m,n
CR,lb + cm,n

ll ν
m,n
CR,ll (6.9)

Here, ν
m,n
CR,ij represents the expected number of events where the leading and subleading

jets are of flavor i and j, respectively, as estimated from simulation. The factors cm,n
ij are

unconstrained NPs in the fit and represent (pT1
, pT2

)-dependent correction factors for
the bb, bl, lb, and ll fractions relative to the simulation.
In the signal region, which is used to extract the b-tagging probabilities, the expected
number of events depends on the pT bins of the leading and subleading jets (Tm and
Tn), as well as the pseudo-continuous b-tagging probabilities for these jets, termed Ok

and Op. Therefore, the expected number of events in the SR can be written as follows:

νSR(T
m, Tn, Ok, Op

) = cm,n
bb ν

m,n
SR,bb · Pb(O

k|Tm
) · Pb(O

p|Tn
)

+ cm,n
bl ν

m,n
SR,bl · Pb(O

k|Tm
) · Pl(O

p|Tn
)

+ cm,n
lb ν

m,n
SR,lb · Pl(O

k|Tm
) · Pb(O

p|Tn
)

+ cm,n
ll ν

m,n
SR,ll · Pl(O

k|Tm
) · Pl(O

p|Tn
)

(6.10)
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In Equation 6.10, ν
m,n
SR,ij is defined similarly as ν

m,n
CR,ij but it refers to the SR rather than the

CRs. The cm,n
ij factors are shared between the control and signal regions. The probabil-

ity Pl(O
k|Tm

) represents the conditional likelihood that a c- or light jet is b-tagged and
satisfies the pseudo-continuous b-tagging bin Ok. These light jet probabilities are fixed
parameters in the fit and are derived from the calibration of light jet mistagging efficien-
cies [174].
This measurement is subject to various sources of systematic uncertainties, related to
both detector effects and physics modeling. These uncertainties include the jet energy
scale and resolution, the modeling of signal tt̄ events and background processes (with
a specific uncertainty assigned to the background from fake leptons), and the uncer-
tainty related light jet mis-tagging probabilities, which propagated from the correspond-
ing measurement. To assess the impact of each source of uncertainty on the b-tagging
probability, the corresponding parameter in the simulation or fit input is varied by one
standard deviation. The analysis is then repeated with this modified parameter, and the
difference between the biased b-tagging probability and the nominal results is used to
determine the contribution of each uncertainty source.

Results for the DL1r tagger

This measurement was performed for the first time using data from the first three years
of Run 2 (2015, 2016, and 2017) to determine the b-jet efficiency for the operating points
optimized for the MV2 and DL1 taggers [172]. The analysis was then extended to include
the full Run 2 dataset to evaluate the b-jet efficiency for the operating point of the DL1r

tagger, which is presented here. Both the b-tagging probabilities and b-jet efficiencies
obtained from the maximum likelihood fit to data are compared to those derived from
MC samples. The resulting scale factors are then used to adjust the simulation so that it
aligns with the observed data. Figure 6.12a displays the scale factors for the b-tagging
probabilities for each pseudo-continuous operating point of the DL1r tagger, for jets with
pT in the range 85 < pT < 110 GeV. The b-jet efficiencies are then calculated from the
b-tagging probabilities using Equation 6.8. Figure 6.12b shows the b-jet efficiency scale
factors for the 70% operating point as a function of the jet’s pT.

Results for the GN2 tagger

The ATLAS Collaboration has recently developed a new generation of flavor tagging
algorithms based on Graph Neural Networks (GNN) [20]. These advanced algorithms
utilize information from a variable number of charged particle tracks within a jet to di-
rectly predict the jet flavor, bypassing the need for intermediate low-level algorithms.
The state-of-the-art GNN-based algorithm currently employed by ATLAS is the GN2 tag-
ger. This algorithm significantly improves upon the performance of previous-generation
taggers, offering up to a fourfold increase in c-jet rejection and double the light jet rejec-
tion, while maintaining the same b-jet efficiency. This enhanced performance is illus-
trated in Figures 6.13 and 6.14.
The adoption of the GN2-based b-tagging algorithm is expected to significantly enhance
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Figure 6.12 – (a) Data-to-MC scale factors (SFs) for the b-tagging probabilities in each pseudo-
continuous bin of the DL1r tagger, for jet pT in the range 85 < pT < 110 GeV, and (b) b-jet
efficiency SFs for the 70% operating point of DL1r as a function of the jet’s pT.

the sensitivity of new searches for Higgs boson pair production, as the most sensitive
channels involve at least two b-jets in the final state.
Five fixed-efficiency working points were established by setting thresholds on the GN2-
based discriminant, corresponding to inclusive b-jet selection efficiencies of 65%, 70%,
77%, 85%, and 90%. These fixed-efficiency working points, along with the associated
pseudo-continuous b-tagging probabilities, were calibrated using the same tt̄-based in-
situ measurement outlined in Section 6.2.2. I have contributed to the in-situ calibration
of the GN2 tagger using Run 2 and Run 3 data (collected in 2022 and 2023). The results
obtained with the Run 2 dataset are summarised below2.
Figure 6.15a displays the scale factors for the b-tagging probabilities for each pseudo-
continuous operating point of the GN2 tagger, for jets with pT in the range 85 < pT < 110
GeV. The corresponding b-jet efficiencies are calculated from the b-tagging probabilities
using Equation 6.8. Figure 6.15b shows the b-jet efficiency scale factors for the 70% oper-
ating point as a function of the jet’s pT.

6.2.3 b-jet energy corrections

As illustrated in Figure 6.3a, the typical jet energy resolution for jets reconstructed in the
ATLAS detector varies between 25% for pT ≈ 20 GeV to almost 5% at extremely high
pT values (above 1 TeV). This directly impacts the resolution of the dijet invariant mass

2The two searches for Higgs boson pairs described in this thesis, in Chapter 7 and Chapter 8, select b-jets
in their signal region using the DL1r tagger. However, the new analyses, which use both the complete Run 2
and partial Run 3 datasets, are replacing DL1r with the GN2 tagger to take advantage of its enhanced b-tagging
performance. Consequently, the b-jet calibration results presented here are a critical ingredient of the ongoing
HH → bb̄γγ and X → SH → bb̄γγ searches baed on Run 2 and Run 3 data.
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Figure 6.13 – The light jet and c-jet rejection factors as a function of b-jet efficiency are shown
for the b-taggers GN2, GN1, and DL1d, evaluated using jets from simulated tt̄ events. The bottom
two panels display the ratio of the light jet and c-jet rejection rates of the algorithms relative
to DL1d. Here, GN1 represents a GNN-based algorithm, while DL1d is a traditional high-level
b-tagging algorithm, similar to DL1r.
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Figure 6.15 – (a) Data-to-MC scale factors (SFs) for the b-tagging probabilities in each pseudo-
continuous bin of the GN2 tagger, for jet pT in the range 85 < pT < 110 GeV, and (b) b-jet
efficiency SFs for the 70% operating point of GN2 as a function of the jet’s pT.



b-jets reconstruction 133

from H → bb̄ decays, leading to a resolution of mbb̄ between 10% and 20%. As a re-
sult, resolving the H → bb̄ mass peak is significantly more challenging compared to the
H → γγ peak, where the diphoton invariant mass resolution can be as precise as 1% to
2%. Beyond the instrinsically poorer energy resolution of jets with respect, for instance,
to photons, measuring the energy of b-jets presents additional challenges compared to
light jets. B meson decays frequently produce muons and neutrinos, whose energy es-
capes the ATLAS calorimeters, complicating the energy calibration. Furthermore, b-jets
have broader cones and contain softer particles than light jets, which means that the
standard jet energy calibration procedure, derived for light jets, is less effective for b-jets.
To improve the resolution of the b-jet pair invariant mass, mbb̄, which is crucial for distin-
guishing the H → bb̄ (or S → bb̄) peak in double Higgs boson events from backgrounds,
dedicated corrections are applied to the four-momentum reconstruction of b-jets [11].
These corrections include two components:

• µ-in-jet. When a non-isolated muon with pT > 5 GeV is found within ∆R = 0.4
of the jet axis, its four-momentum is added to the jet’s, and the small amount of
energy deposited by the muon in the calorimeters is subtracted. If more than one
muon is matched to the b-jet, the closest muon to the jet axis is used.

• PtReco. MC simulations are employed to determine the expected response of recon-
structed b-jets compared to truth jets, which are clustered using all stable hadrons,
while also including non-isolated muons and neutrinos. A correction is then ap-
plied to account for residual differences in response, caused by energy leakage out-
side the b-jet cone (out-of-cone leakage) and energy carried away by undetected neu-
trinos. Separate corrections are derived for b-jets containing B mesons that decay
semileptonically or fully hadronically.

A more detailed discussion of these b-jet energy corrections can be found in [175]. Imple-
menting the µ-in-jet and PtReco corrections improves the mbb̄ resolution in HH → bb̄γγ

events by approximately 20% compared to the standard jet energy calibration, as illus-
trated in Figure 6.16.

6.3 Missing transverse momentum

The presence of neutrinos or potential new beyond-the-SM particles that interact weakly
with detector material can only be inferred through momentum imbalance in the trans-
verse plane. Since the total transverse momentum in a pp collision is expected to be zero,
any undetectable particles produced would result in a missing transverse momentum,
Emiss

T , measured within the ATLAS detector.
The Emiss

T is an event-level quantity, calculated as the negative vector sum of the trans-
verse momenta of all reconstructed objects in an event [176]. The Emiss

T components
along the x and y axes are defined as:

Emiss
x(y) = − ∑

electrons
Ee

x(y) − ∑
photons

Eγ
x(y) − ∑

taus
Eτ

x(y) − ∑
jets

Ejet
x(y) − ∑

muons
Eµ

x(y) − Esoft
x(y), (6.11)
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where Ei
x(y) represents the calibrated energy of the corresponding physics object pro-

jected along the x (y) axis, and Esoft
x(y) refers to contributions from tracks with pT > 0.5

GeV and |η| < 2.5, originating from the primary vertex but not associated with any re-
constructed object.
The magnitude of the missing transverse momentum and its azimuthal angle are given
by:

Emiss
T =

√
(Emiss

x )
2
+ (Emiss

y )
2, ϕ

miss
= arctan

Emiss
y

Emiss
x

 (6.12)



CHAPTER 7

Search for Higgs boson pair production in the
HH → bb̄γγ channel

Double Higgs boson production is regulated by the trilinear Higgs boson self-coupling
modifier κλ = λHHH/λ

SM
HHH . The search for Higgs boson pairs in the bb̄γγ final state

provides a powerful handle to κλ, which, in turn, would give crucial insights into the
exact shape of the scalar potential close to its minima, which is currently unknown.
This Chapter presents a search for Higgs boson pair production in the bb̄γγ final state
using 140 fb−1of 13 TeV pp collision data recorded by the ATLAS detector during the
Run 2 data-taking period [10].
As discussed in Section 2.1.1, SM double Higgs boson production is an extremely rare
process, with the cross section for the dominant production mode (gluon fusion, ggF HH)
suppressed by three orders of magnitude compared to single Higgs boson production
rates. Additionally, the branching fraction for the bb̄γγ channel is the lowest among the
golden channels for di-Higgs searches, at just 0.26%. Therefore, to enhance the signal-to-
background ratio, which is critical for this analysis, it is essential to thoroughly under-
stand and model all competing SM processes that could mimic the bb̄γγ signature.
In this analysis, HH production via ggF and VBF in the bb̄γγ final state is considered the
signal, while the primary irreducible background arises from diphoton production ac-
companied by the emission of two bottom quarks. In diphoton production, the invariant
mass of the photon pair, mγγ

1, is expected to follow a continuous smoothly falling dis-
tribution, which does not exhibit any peaking structures: hence, the γγ+bb̄ background
source corresponds to the dominant contribution of the so-called continuum background.
Another sizable contribution to the continuum background is represented by diphoton
production plus additional c- or light jets, that are incorrectly classified as b-jets by the
b-tagging requirements. This component represents more than 30% of the continuum
background in the phase space of the HH → bb̄γγ analysis, as will be exlained in more
detail in this Chapter. A smaller, reducible contribution to the continuum background
arises from γj and jj production, where one or two jets are misidentified as photons.
This fake photon background is suppressed thanks to placing stringent requirements on
the quality of the photons selected in the signal region. Despite the cross section for dijet

1Since photons are massless, their invariant mass can be expressed in terms of their energies Eγ1 and Eγ2 ,

and the angle α between their directions: m
γγ

=
√

2Eγ1 Eγ2 (1 − cos α).
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production being three orders of magnitude larger than the one for diphoton produc-
tion [177–179], the reducible γj and jj components accounts for only 20% of the overall
continuum background in the HH → bb̄γγ phase space.
Production of a single Higgs boson decaying to two photons represents another sub-
dominant background for the HH → bb̄γγ search. The single Higgs production modes
providing the largest contributions are ggF, Z boson-associated production and tt̄H. In
fact, the ggF process is the most abundant single Higgs production mode, and can be
accompanied by the emission of two or more (b−)jets in the final state, thus mimicking
the bb̄γγ signature. ZH production can also result in a bb̄γγ signature, when the Z boson
decays to two bottom quarks. Finally, the decay chain of the top quarks always results in
the emission of two b-jets, thus making the tt̄H(→ γγ) process one of the dominant sin-
gle Higgs backgrounds for the HH → bb̄γγ analysis. The two photons from the decay of
the Higgs boson will appear as a resonant narrow peak centered around mH ≈ 125 GeV2

in the mγγ spectrum: single Higgs boson production forms the resonant background.
Figure 7.1 illustrates the composition of the background in the mγγ spectrum within the
phase space of the HH → bb̄γγ analysis. The di-Higgs signal is visible as a small addi-
tional contribution to the narrow peak from the H → γγ resonance, which sits on top of
the smoothly decaying mγγ shape generated by the continuum background.
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Figure 7.1 – Distributions of the diphoton invariant mass for events in data (dots with error
bars) compared with the sum of the expected signal and backgrounds (histograms) in one
of the signal regions of the HH → bb̄γγ analysis, referred to as “High Mass 1”. In the plot,
the relative fractions of the γγ+bb̄ and the γγ + other jets samples are highlighted. The
reducible γj and jj components of the continuum background (estimated using a data-driven
technique) are also shown.

Section 7.1 and 7.2 provide a description of the dataset and all simulated samples for the
2This statement is true for both signal events (i.e. double Higgs production in the bb̄γγ channel) and single

Higgs background events, where H → γγ.
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signal and background processes used in the HH → bb̄γγ analysis. The definition of
physics objects and the signal region, which includes events with a pair of good-quality
photons and two b-jets, is detailed in Section 7.3.1. Section 7.3.2 outlines the event cat-
egorisation, while Section 7.4 illustrates the modeling of the diphoton invariant mass
spectrum for both signal and background processes. Section 7.5 addresses the system-
atic uncertainties affecting the analysis results. Finally, all these elements are combined
to construct the statistical model, as described in Section 7.6, leading to the final results
outlined in Section 7.7.
Additionally, Section 7.8 presents the combination between the HH → bb̄γγ analysis
and the other di-Higgs searches conducted using Run 2 data in various final states, in-
cluding the other two golden channels, namely bb̄bb̄ and bb̄ττ, plus two additional less
sensitive channels (involving multi-leptons and bb̄ℓℓ+ Emiss

T final states). The goal of the
HH combination is to set the most stringent constraints on Higgs boson pair production
and on the trilinear Higgs boson self-coupling modifier κλ using the full Run 2 dataset.

7.1 Data

This analysis is based on pp collision data collected by the ATLAS detector throughout
the entire Run 2 of the LHC, spanning from 2015 to 2018, with proton beams colliding
at a center-of-mass energy of 13 TeV. After applying data quality requirements [180], the
final dataset corresponds to an integrated luminosity of 140 ± 1.2 fb−1 [49].
The two photons in the final state provide a robust handle for the trigger strategy, shared
between all the H → γγ analyses. The data used in this analysis are collected using a
set of photon triggers [181] to ensure an efficient selection of high-quality photon pairs
in the signal region. Specifically, the diphoton triggers HLT g35 loose g25 loose and
HLT g35 medium g25 medium L12EM20VH are applied to data collected in 2015-2016 and
2017-2018, respectively. Both triggers require events with two photons, where the lead-
ing (subleading) photon has transverse energy ET > 35(25) GeV. The former trigger
applies a Loose photon identification, while the latter enforces stricter Medium identi-
fication criteria and calorimetric isolation requirements. This is needed to keep trigger
rates at manageable levels, given the higher instantaneous luminosities in 2017 and 2018,
compared with early Run 2 conditions, as explained in Section 3.3. To address poten-
tial inefficiencies in selecting H → γγ candidates, single-photon triggers are employed
alongside diphoton triggers. These are relevant in scenarios where the two photons
from the Higgs decay display a large asymmetry in transverse energy, with the leading
photon being significantly more energetic than the subleading one. They are also im-
portant for recovering events where the Higgs boson is highly boosted, causing the two
photons from its decay to become so collimated that they are reconstructed as a single
photon. Two sets of single-photon triggers are used: HLT g120 loose for data from 2015
and HLT g140 loose for data from 2016 to 2018. Both triggers select events with a Loose
photon and ET > 120 GeV or 140 GeV, respectively. The inclusion of these single-photon
triggers has a negligible effect on the expected number of SM HH signal events entering
the signal region, with a relative impact of less than 0.1%. However, for non-SM HH
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signals characterised by anomalous κ2V values, where boosted Higgs boson production
is enhanced, the inclusion of single-photon triggers becomes more relevant, with a rel-
ative impact of up to 1% on the expected yields of events entering the signal region of
the analysis. The online trigger ET thresholds are reflected in the offline diphoton selec-
tion. At the analysis level, events with leading (subleading) photon transverse energy
ET > 0.35(0.25) · mγγ (where mγγ is the invariant mass of the photon pair) are selected.
An additional cut on the diphoton invariant mass is applied, requiring 105 < mγγ < 160
GeV. Combining the cuts on the relative transverse energies of the photons and the lower
bound of the mγγ window, the final selection criteria for the leading (subleading) photon
transverse energy is ET > 36.75(26.25) GeV.

7.2 Simulated samples

Simulated events are crucial for accurately modeling both signal and background pro-
cesses, including the response of the ATLAS detector. Monte Carlo (MC) samples are
sets of simulated events widely used in ATLAS physics analyses. They play a crucial
role in estimating selection efficiencies, constructing distributions for key discriminat-
ing variables, and building the statistical models under background-only or signal-plus-
background assumptions, in order to test real data against either of these hypotheses.
The production of MC samples begins with the generation of physics events, using am-
plitudes calculated to a specific order in perturbation theory. This process is handled by
an event generator. The subsequent emission of quarks and gluons from the partons in-
volved in the primary interaction (known as parton showering [182]) and their hadroniza-
tion [183, 184] are also simulated by an event generator. The latter may not necessarily be
the same that takes care of the hard scattering event, and typically it is also involved in
the simulation of the decays of unstable particles created in the hard-scattering interac-
tion. MC samples also simulate the behaviour of the partons that are not involved in the
hard scattering (i.e. the underlying event, see Section 3.1), and pileup events. The next step
involves simulating the interactions of stable particles in the final state with the ATLAS
detector and modeling the detector’s response. This is achieved either through an accu-
rate and detailed simulation of the ATLAS detector using GEANT4 [185], or through a
faster method, known as ATLAS Fast Simulation, which reduces CPU demands by em-
ploying a simplified detector geometry and parametrisations of the interactions between
particles and the detector material [186–188]. Finally, identical reconstruction algorithms
are applied to both simulated events and real data.
MC samples are generated for both signal and background processes in the HH → bb̄γγ

analysis.

7.2.1 HH samples

Events from ggF HH production with coupling modifiers κλ = 1 and 10 (with κt set to
unity) are generated using the POWHEG-BOX event generator [189–193] at NLO accuracy
in QCD, incorporating parton distribution functions (PDFs) from PDF4LHC15 [194]
and accounting for finite top-quark mass effects [195]. Parton showering, hadroniza-
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tion, and the underlying event are simulated with PYTHIA 8.244 [196], while theoretical
uncertainties related to parton showering are assessed using the alternative generator
HERWIG 7.1.6 [197, 198]. The cross section used to normalize the SM ggF HH sample is
calculated at NNLO accuracy in QCD, including finite top quark mass effects, as detailed
in Section 2.1.1. On the other hand, the cross section for the κλ = 10 sample combines
NNLO accuracy in QCD in the mtop → ∞ limit and the full top quark mass dependence
within the NLO calculation (see Section 2.1.2). The two predictions are shown in Ta-
ble 7.1.

Table 7.1 – Combinations of coupling modifiers (κλ, κt) used to generate ggF HH samples
for the HH → bb̄γγ analysis. The corresponding cross sections, evaluated with the highest
available accuracy, are also shown.

κλ κt Cross section [fb]

1 1 31.05
10 1 672.2

VBF HH events are generated at leading order (LO) using MADGRAPH5 AMC@NLO
2.6.0 [68, 69]. The PDF set from NNPDF3.0 [199, 200] is employed, while the parton
showering is handled by PYTHIA 8.224. SM VBF HH events (with coupling modifiers
(κλ, κ2V , κV) all set to unity) are generated. Additionally, twelve non-SM samples are
produced with various combinations of (κλ, κ2V , κV), as detailed in Table 7.2. The SM
VBF HH sample is normalized using the cross section calculated at N3LO in QCD, in-
cluding NLO electroweak corrections, while non-SM VBF HH samples adopt LO cross
sections, rescaled with the N3LO to LO scale factor extracted from the SM cross section,
as explained in Section 2.1.3.

κλ and κ2V parametrisation

As discussed in Sections 2.1.2 and 2.1.3, Higgs boson pair production via ggF and VBF
is influenced by four coupling modifiers: κλ, κt, κ2V , and κV . This analysis aims to
measure κλ and κ2V , which remain largely experimentally unconstrained (single Higgs
boson production already provides precise measurements for κt and κV , as detailed in
Section 1.3.3). To achieve this, the presence of a HH signal needs to be tested over a two-
dimensional search space, spanned by the parameters κλ and κ2V . However, simulating
HH samples across a fine grid in the (κλ, κ2V) plane would be prohibitively resource-
intensive. Hence, only a handful of HH signal samples are simulated using carefully
selected coupling values, and ggF HH and VBF HH production is then parametrised as
a function of κλ and κ2V by performing a linear combination of the available samples.
At LO, the ggF HH process involves contributions from two amplitudes, represented by
the Feynman diagrams in Figures 2.2a and 2.2b. These amplitudes, Abox and Atriangle,
scale with the coupling modifiers κt and κλ · κt, respectively. The differential ggF HH
cross section in an arbitrarily small region of the phase space dΦ is proportional to the
square of the total amplitude, which can be expressed as a second-degree polynomial of
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Table 7.2 – Combinations of coupling modifiers (κλ, κ2V , κV) used to generate VBF HH sam-
ples for the HH → bb̄γγ analysis. The corresponding cross sections, evaluated with the
highest available accuracy, are also shown.

κλ κ2V κV Cross section [fb]

1 1 1 1.726
0 1 1 4.608
2 1 1 1.559

10 1 1 98.059
1 0 1 27.069
1 0.5 1 9.634
1 1.5 1 3.356
1 2 1 14.515
1 3 1 65.431
0 0 1 36.965
1 1 0.5 10.958
1 1 1.5 66.071
-5 1 0.5 6.472

κλ and κt:

dσggF(κλ, κt)

dΦ
∝ |Abox +Atriangle|2

= a1 · κλ
2
κt

2
+ a2 · κt

2
+ a3 · κλκt

2

= κt
2 ·
(

a1 · κλ
2
+ a2 + a3 · κλ

)
,

(7.1)

where a1, a2, and a3 are independent of κλ and κt. Higher-order QCD corrections do not
introduce additional tt̄H or trilinear Higgs boson vertices (which scale with κt and κλ

respectively) into the diagrams shown in Figure 2.2. As a result, the parametrisation of
the ggF HH cross section presented in Equation 7.1 remains valid at any order in QCD,
even when the amplitudes Abox and Atriangle are modified to account for higher-order
QCD corrections. Equation 7.1 is valid for any point in the (κλ, κt) parameter space. For
example, in the SM case, the differential ggF HH cross section can be expressed in terms
of the coefficients a1, a2, and a3 as follows:

dσggF(1, 1)

dΦ
= a1 + a2 + a3 (7.2)

This opens the possibility of solving a system of linear equations, where the unknowns
are the terms a1, a2, and a3, while the differential ggF HH cross sections, derived from
available ggF HH MC samples simulated with specific (κλ, κt) values, are known. Since
there are three unknowns ai (with i = 1, 2, 3), three ggF HH reference samples - referred
to as basis samples - are required, each generated with different values of the κλ coupling
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modifier3. By inverting the 3 × 3 coefficient matrix of this linear systems system, the ai

quantities can be expressed in terms of the known
dσggF(κλ ,κt)

dΦ distributions obtained from
the three basis samples. Substituting the solutions for the ai terms back into Equation 7.1
yields the distribution of any variable Φ for ggF HH events as a function of (κλ, κt), in
the form of a linear combination of the three reference samples. The linear coefficients
of this combination depend on the values of κλ and κt. This approach provides a natural
parametrisation of ggF HH events across the (κλ, κt) plane, once the basis is chosen. The
solution to Equation 7.1 requires three ggF HH reference samples, but only two fully
simulated ggF HH MC samples are available, as summarized in Table 7.1. To overcome
this limitation, three additional ggF HH samples were generated at truth level with κλ =

1, 0, and 20 (and κt set to unity)4. Solving the system of linear equations using these three
truth-level samples as the basis, and substituting the solutions back into Equation 7.1,
yields the following expression for the differential ggF HH cross section:

dσggF(κλ, κt)

dΦ
= κt

2 ·
[(

κt
2
+

κλ
2

20
− 399

380
κλκt

)
·

dσggF(0, 1)

dΦ

+

(
40
38

κλκt −
2

38
κλ

2
)
·

dσggF(1, 1)

dΦ

+

(
κλ

2 − κλκt
380

)
·

dσggF(20, 1)

dΦ

] (7.3)

The linear combination of the basis samples in Equation 7.3 was then employed to gen-
erate truth-level histograms of the invariant mass of the HH system, mHH , for different
κλ values in the range −30 ≤ κλ ≤ 30. Figure 7.2 shows the distributions of mHH for
ggF HH events simulated at truth-level with κλ = 1, 0, and 20. The distribution of any
other observable at the reconstruction level - after considering parton showering, detec-
tor simulation, and event reconstruction - for any targeted κλ value within the range
−30 ≤ κλ ≤ 30 are obtained by reweighting the fully simulated SM or κλ = 10 sam-
ples [201]. This reweighting involves applying an event-by-event weight, computed as
the ratio of the binned mHH distribution for the target κλ value to the binned mHH dis-
tribution of the SM (or κλ = 10) sample. This reweighting procedure assumes that the
complete kinematics of the ggF HH process are driven solely by mHH , meaning that the
differential ggF HH cross sections for other observables are expected to vary consistently
with changes in the mHH distributions. The validity of this reweighting approach was
checked by comparing the fully simulated ggF HH signal with κλ = 10 to the corre-
sponding sample obtained by reweighting the SM sample, and vice versa. Figures 7.3a
and 7.3b display the distributions of the diphoton invariant mass, mγγ, and the invari-
ant mass of the four final-state objects (two photons and two b-jets), mbb̄γγ, using both

3There is no need to vary κt when choosing the basis samples, as κt only serves as an overall normalization
factor in Equation 7.1

4These truth-level simulations are incomplete and not suitable for extracting reliable predictions for the
ggF HH process to compare with real data: they do not include parton showering or pass the events through
detector simulation.
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events simulated at truth-level with κλ = 1, 0, and 20. The histograms are normalised to
unity.

the fully simulated and reweighted samples. The agreement on the expected yields is
typically within a factor of 10%.

115.0 117.5 120.0 122.5 125.0 127.5 130.0 132.5 135.0
m  [GeV]

1

2

3

4

5

Ex
pe

ct
ed

 y
ie

ld √
s = 13 TeV, 140 fb 1

ggF HH bb
= 10, t = 1

Full simulation
Parametrisation

(a)

200 300 400 500 600 700 800
mbb  [GeV]

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

Ex
pe

ct
ed

 y
ie

ld √
s = 13 TeV, 140 fb 1

ggF HH bb
= 10, t = 1

Full simulation
Parametrisation

(b)

Figure 7.3 – mγγ (left) and mbb̄γγ (right) distributions obtained using simulated ggF HH
events, with κλ = 10. The distributions extracted from the eexisting fully simulated sam-
ple (black) are compared to the corresponding results from the reweighted sample (pink).

To summarize, to parametrise the ggF HH process as a function of κλ and κt, a system
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of three linear equations based on Equation 7.1 was solved using three ggF HH samples
with κλ = 1, 0, and 20 as the basis, thus yielding Equation 7.3. The basis is built using the
available fully simulated SM sample, while the two ggF HH samples with κλ = 0 and
20 are obtained by applying the mHH-based reweighing described above to the existing
simulated ggF HH samples with κλ = 1 and 10 respectively.
The parametrisation of the VBF HH process as a function of κλ, κ2V , and κV follows a
similar approach to that used for ggF HH. As illustrated in Figure 2.4, the total ampli-
tude for Higgs boson pair production via VBF at LO is the sum of three diagrams, scaling
with κλκV , κ2V , and κV

2 respectively:

AVBF(κλ, κ2V , κV) = A1 · κλκV + A2 · κ2V + A3 · κV
2 (7.4)

where A1, A2, and A3 are normalization factors for each diagram. Therefore, the dif-
ferential VBF HH cross section, dσVBF(κλ ,κ2V ,κV)

dΦ (with dΦ representing the infinitesimal
phase space element), can be expressed as a polynomial in the three coupling modifiers:

dσVBF(κλ, κ2V , κV)

dΦ
∝ |AVBF(κλ, κ2V , κV)|2

= b1 · κλ
2
κV

2
+ b2 · κ2V

2
+ b3 · κV

4
+ b4 · κλκVκ2V

+ b5 · κλκV
3
+ b6 · κ2VκV

2

(7.5)

where b1, b2, ..., b6 are constants. As with ggF HH, Equation 7.5 can be used to build a
system of six linear equations with six unknown parameters, bi, with i = 1, ..., 6. The
known terms are the differential VBF HH cross sections derived from MC samples sim-
ulated with different (κλ, κ2V , κV) values. To solve this system, six independent MC
samples are required as the basis for the VBF HH parametrisation. Among the thirteen
available VBF HH MC samples (summarized in Table 7.2), six are chosen as the basis for
the parametrisation. These correspond to the following combinations of the coupling
modifiers (κλ, κ2V , κV): (1, 1, 1), (0, 1, 1), (10, 1, 1), (1, 1.5, 1), (1, 3, 1), and (−5, 1, 0.5).
This choice of basis was shown to be able to model VBF HH kinematics over a broad
parameter space, extending to κλ, κ2V , and κV values far beyond the SM. The differential
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VBF HH cross section can then be expressed as:
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The VBF HH parametrisation method was validated by comparing distributions of ob-
servables from existing fully simulated MC samples (not already used to construct the
basis) with those from the corresponding parametrised samples. As illustrated in Fig-
ure 7.4, which shows the mγγ and mbb̄γγ distributions for both the existing and parametrised
VBF HH samples, the parametrisation successfully reproduces the fully simulated sam-
ples with an agreement on the expected yields better than 10%.

7.2.2 Background samples

The background samples include simulated events of both single Higgs boson produc-
tion, where the Higgs decays to two photons, and continuum diphoton production.
The single Higgs samples, shared across all H → γγ analyses, are simulated as outlined
in Table 7.3 [202]. All main single Higgs production modes are considered, including
ggF, VBF, WH, ZH (split into the two qq → ZH and gg → ZH components), tt̄H,
bb̄H, and tH, with the latter separated into s- and t-channel contributions (tHq) and W-
associated production (tHW). For both single Higgs and HH production, a Higgs boson
mass of mH = 125 GeV was assumed. The inclusive cross sections for these single Higgs
processes are normalised to the most precise available theoretical predictions, as detailed
in Section 1.3.1.
The continuum background samples include diphoton production in association with
jets of any flavor (γγ+jets), two additional b-jets (γγ+bb̄), and top quark pairs (tt̄γγ).
The γγ+jets process was simulated using the SHERPA 2.2.4 generator [203] at NLO accu-
racy in QCD for diphoton production with up to one additional parton, while up to three
additional partons are simulated at LO accuracy. This event generation follows the five-



Search for Higgs boson pair production in the HH → bb̄γγ channel 145

120 122 124 126 128 130
m  [GeV]

0.05

0.10

0.15

0.20

0.25

Ex
pe

ct
ed

 y
ie

ld √
s = 13 TeV, 140 fb 1

VBF HH bb
= 0, 2V = 0, V = 1

Full simulation
Parametrisation

(a) κ
λ
= 0, κ2V = 0, κV = 1

200 400 600 800 1000 1200 1400 1600 1800
mbb  [GeV]

0.05

0.10

0.15

0.20

0.25

Ex
pe

ct
ed

 y
ie

ld √
s = 13 TeV, 140 fb 1

VBF HH bb
= 0, 2V = 0, V = 1

Full simulation
Parametrisation

(b) κ
λ
= 0, κ2V = 0, κV = 1

120 122 124 126 128 130
m  [GeV]

0.02

0.04

0.06

0.08

0.10

0.12

0.14

Ex
pe

ct
ed

 y
ie

ld √
s = 13 TeV, 140 fb 1

VBF HH bb
= 1, 2V = 2, V = 1

Full simulation
Parametrisation

(c) κ
λ
= 1, κ2V = 2, κV = 1

200 400 600 800 1000 1200 1400 1600 1800
mbb  [GeV]

1

2

3

4

5

6

7

8

Ex
pe

ct
ed

 y
ie

ld

×10 2

√
s = 13 TeV, 140 fb 1

VBF HH bb
= 1, 2V = 2, V = 1

Full simulation
Parametrisation

(d) κ
λ
= 1, κ2V = 2, κV = 1

Figure 7.4 – mγγ (left) and mbb̄γγ (right) distributions obtained using simulated VBF HH
events, with κλ = 0, κ2V = 0, κV = 1 (top) and κλ = 1, κ2V = 2, κV = 1 (bottom). The
distributions obtained using the fully simulated samples (black) are compared to the corre-
sponding parametrised samples (pink).
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flavor scheme, treating b-quarks as massless 5. To improve the modeling of the γγ+bb̄
process, which is the dominant background in the HH → bb̄γγ analysis, a dedicated
sample was generated using SHERPA 2.2.12 [203] at NLO accuracy for the production of
the two photons and the two b-quarks, employing the four-flavor scheme, where the b-
quark is treated as massive. In both the γγ+jets and γγ+bb̄ samples, additional jets are
produced via parton showering, which is also managed by the SHERPA event generator.
While the γγ+jets sample includes the γγ+bb̄ component (although simulated with
lower precision), the dedicated sample significantly reduces the statistical uncertainty
on the simulation of the γγ+bb̄ background, compared to the inclusive γγ+jets sample,
despite having 60 times fewer events, thanks to requirements placed on the b-quarks
at generator level. Since the normalisation of the continuum background is derived di-
rectly from data, the γγ+jets, γγ+bb̄, and tt̄γγ samples are normalised using the cross
sections provided by the event generators, (quoted in Table 7.3), rather than relying on
more accurate theoretical predictions or experimental measurements.

Table 7.3 – Summary of the single Higgs boson background and continuum background
samples used in the HH → bb̄γγ analysis. The generator used in the simulation is also
provided. The final three columns list the accuracy in QCD of the event generator, the order
in QCD of the calculated cross sections for the corresponding background process, and the
cross section values. For the γγ+jets and γγ+bb̄ samples, a generator-level requirement of
95 ≤ mγγ ≤ 170 GeV is applied to enhance efficiency in the H → γγ phase space.

Process Generator Accuracy Order of σ ×BR [fb]
σ calculation

ggF H POWHEG NNLOPS [189–191, 204, 205] NNLO N3LO 110.2766
VBF H POWHEG-BOX v2 [189–191, 206] NLO NNLO 8.6192
WH POWHEG-BOX v2 [189–191, 207] NLO NNLO 3.1163
qq → ZH POWHEG-BOX v2 [189–191, 207] NLO NNLO 1.7279
gg → ZH POWHEG-BOX v2 [189–191, 207] LO NLO 0.2783
tt̄H POWHEG-BOX v2 [189–191, 208] NLO NNLO 1.1511
bb̄H POWHEG-BOX v2 [189–191, 209] NLO NNLO 1.1078
tHq MADGRAPH5 AMC@NLO [68] NLO NLO 0.1751
tHW MADGRAPH5 AMC@NLO [68] NLO NLO 0.0344

γγ+jets (95 ≤ mγγ ≤ 170 GeV) SHERPA v2.2.4 [203] γγ + 1 (NLO), 2, 3 (LO) γγ + 1 (NLO), 2, 3 (LO) 51.823 · 103

γγ+bb̄ (95 ≤ mγγ ≤ 170 GeV) SHERPA v2.2.12 [203] NLO NLO 1.528 · 103

tt̄γγ MADGRAPH5 AMC@NLO [68] NLO NLO 10.5581

7.3 Event selection

7.3.1 bb̄γγ preselection

A set of preselection criteria is applied to target events consistent with the HH → bb̄γγ

signal, characterised by two photons and two b-jets in the final state, compatible with

5The five-flavor and four-flavor schemes represent different ways of handling bottom quarks in MC event
generation. In the five-flavor scheme, bottom quarks are treated as massless partons and included in the pro-
ton structure, allowing them to participate as initial-state partons in hard scattering processes. This massless
approximation is accurate at high energies and simplifies theoretical predictions significantly. Conversely, in
the four-flavor scheme, bottom quarks are considered massive and are not included in the proton PDFs. Con-
sequently, they can only appear as products of the hard scattering process, not in the initial state, and must
be explicitly included in matrix element calculations. The four-flavor scheme is preferred in scenarios where
bottom quark mass effects are significant, such as in heavy-flavor emissions.
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originating from Higgs boson decays.
An initial data-quality selection is applied to ensure that events were recorded under
optimal detector conditions, when all ATLAS sub-detectors were fully operational and
free from data integrity errors or corruption due to some hardware failures (for instance,
HV trips in the EM Calorimeter).
Each event must contain at least two photons that pass the loose identification criteria
(see Section 5.3) with transverse energy ET > 25 GeV and pseudorapidity |η| < 2.37,
excluding the transition region between the barrel and endcap of the EM calorimeter
(1.37 ≤ |η| ≤ 1.52). The two highest-ET photons fulfilling the loose identification cri-
teria are selected as photon candidates and used to reconstruct the H → γγ decay. To
accurately determine the primary vertex (PV) among all reconstructed hard-scattering
vertices in the event, the two photon candidates are used. In processes like single Higgs
production via ggF, in which, for example, the H → γγ decay results into two uncon-
verted photons and there is little additional activity in the tracker, selecting the vertex
based on the highest sum of transverse momenta of associated tracks often does not
yield the correct vertex. Instead, a neural network-based algorithm [210] is employed,
combining photon trajectory information and tracks associated with each candidate ver-
tex. In simulated ggF H events, the algorithm selects the correct diphoton vertex within
0.3 mm of the pp collision axis in 79% of cases, compared to 56% using the standard
method. For HH production and other Higgs production modes, where additional jet
activity is expected, the accuracy improves, ranging from 84% to 97%. For these pro-
cesses, the accuracy of the NN over the standard hardest-vertex method improves only
of a few percentage points.
To reduce the contribution of backgrounds involving fake photons, the two photon
candidates are required to be matched to the objects that fired the triggers, to pass
the tight identification criteria, and to meet the Loose isolation requirements (see Sec-
tion 5.3 and 5.4). Isolation variables are calculated using only the tracks associated with
the diphoton PV. The leading (subleading) photon must also satisfy a relative trans-
verse energy requirement with respect to the diphoton invariant mass (mγγ), specifically
ET/mγγ > 0.35 (0.25). Finally the invariant mass of the photon pair must fall within
the window 105 ≤ mγγ ≤ 160 GeV. These photon selection criteria are shared across all
H → γγ analyses [211].
To suppress background from single Higgs boson production via tt̄H, as well as con-
tinuum tt̄γγ processes where the top quark decay chain produces leptons (electrons or
muons), events are rejected if they contain one or more isolated lepton candidates with
pT > 10 GeV that meet the medium identification criteria (see Section 5.5 and 5.6).
Reconstructed jets must have pT > 25 GeV and fall within the rapidity range |y| < 4.4.
Jets with pT < 60 GeV and within the acceptance region of the ID (|η| < 2.5) must be
selected as consistent with originating from the PV using the tight operating point of the
Jet Vertex Tagger (JVT) [212], to reject pileup jets contaminations.
Events must contain at least two central jets (i.e., jets within |η| < 2.5) that are eligi-
ble for flavor tagging. In order to target H → bb̄ decays, events must contain exactly
two b-tagged jets, identified using the 77% efficiency WP of the DL1r tagger (see Sec-
tion 6.2). These two b-jets are used to reconstruct the H → bb̄ candidate. Among the
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selected b-jets, the leading jet is identified by the highest pseudo-continuous b-tagging
score, while the subleading jet has the second-highest score. If there are ties in the b-
tagging scores, jets are further ranked by their pT. Additional jets are ranked similarly,
first by their pseudo-continuous b-tagging score and then by pT in case of ties. Events
with six or more central jets are rejected to reduce background from tt̄H and tt̄γγ events,
where top quarks decay hadronically. Events with at least four jets may originate from
HH production via VBF, where the hadronization of the two valence quarks from the
hard scattering process produces two high-energy forward jets. These jets, referred to as
VBF jets, provide a crucial handle for isolating HH events from background processes.
To enhance the selection efficiency of VBF HH events, the HH → bb̄γγ analysis employs
a BDT-based algorithm, known as the VBF jet tagger, which identifies the two VBF jets
among the remaining jets that are not already selected as the two b-jets from the H → bb̄
decay. The VBF jet tagger is trained on all possible jet pairs in an event, excluding the
b-jets used to form the H → bb̄ candidate. The input features, listed in Table 7.4, include
both jet-level (j) variables, such as pT, η, and angular separation from the bb̄γγ system,
and jet-pair (j1 j2) variables, like invariant mass, angular separations, and distances from
the bb̄γγ system. The BDT is trained on simulated SM VBF HH events, where jet pairs
matched to the scattered quarks at the truth level are treated as signal, and all other
possible jet pairs as background. After training, the VBF jet tagger is applied to all jet
pair combinations in both data and simulated events: the jet pair with the highest tag-
ger score identifies the VBF jet candidates. The VBF jet tagger correctly selects the VBF
jet pair in 95% of simulated SM VBF HH events, compared to a (lower) 87% efficiency,
reached when using a simpler method based on the selecting jet pair with the highest
invariant mass.

Table 7.4 – Input variables used to train the VBF jet tagger algorithm.

Category Variable

Jet-level kinematics

pT(j)
η(j)
∆η(j, bb̄γγ)
∆R(j, bb̄γγ)

Jet pair quantities

mj1 j2
∆η(j1, j2)
∆η(j1 j2, bb̄γγ)
∆R(j1 j2, bb̄γγ)

Kinematics pT(j1 j2bb̄γγ)
of the j1 j2 + bb̄γγ system η(j1 j2bb̄γγ)

mj1 j2bb̄γγ

Event-level quantities Scalar sum of all the jets’ momenta, HT

The bb̄γγ preselection selects SM ggF HH and VBF HH events with an expected effi-
ciency of 13% and 9% respectively. The number of events selected in data in this inclu-
sive signal region is 1874 in the full Run 2 dataset.
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7.3.2 Categorisation

Events entering the signal region of the analysis, described in Section 7.3.1, are split into
mutually exclusive categories. The categorisation of events is one of the key ingredients
of the analysis. Together with enhancing the signal over background ratio, an accurately
optimised categorisation significantly impacts the analysis sensitivity to both SM HH
production and to deviations of the coupling modifiers κλ and κ2V from their SM values.
The event categorisation is optimised on the two dominant HH production modes: via
ggF and via VBF. It is based on the modified invariant mass of the bb̄γγ system, m∗

bb̄γγ,
defined as m∗

bb̄γγ = mbb̄γγ − (mbb̄ − 125 GeV) − (mγγ − 125 GeV) (where 125 GeV ap-
proximates the mass of the Higgs boson). With respect to mbb̄γγ, m∗

bb̄γγ is less sensitive to
the potential degradation of diphoton and dijet energy resolution due to detector effects.
As a result, using m∗

bb̄γγ enhances the resolution of the four-object final state compared
to the traditional bb̄γγ invariant mass, as demonstrated in Figure 7.5.
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Figure 7.5 – Distribution of the bb̄γγ invariant mass, mbb̄γγ (dashed lines), compared with the
the modified bb̄γγ invariant mass, m∗

bb̄γγ (solid lines), for simulated SM ggF HH and VBF HH
events.

The m∗
bb̄γγ variable acts as a proxy for the HH invariant mass (mHH). As discussed in

Section 2.1.2 and 2.1.3, the mHH variable is highly sensitive to variations in the coupling
modifiers affecting HH production. For instance, non-SM values of κλ favor softer mHH
spectra, typically peaking below 300 GeV, for both ggF and VBF production. On the
other hand, deviations in κ2V/κV

2 from unity lead to highly boosted HH production in
the VBF mode, resulting in harder mHH spectra, enhancing the mHH region above 1 TeV.
Finally, in the SM, HH production yields a moderately hard mHH spectrum, peaking
around 400 GeV for ggF and 350 GeV for VBF production. This behavior is mirrored
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by the m∗
bb̄γγ variable, whose distributions for simulated ggF HH and VBF HH events

in both the SM scenario and various combinations of anomalous κλ and κ2V values are
shown in Figure 7.6. Hence, to optimise the analysis sensitivity to non-SM κλ scenarios

250 300 350 400 450 500 550 600 650 700 750

 [GeV]
γγbb

m*

0.05

0.1

0.15

0.2

0.25

F
ra

ct
io

n 
of

 e
ve

nt
s 

/ 2
0 

G
eV

 SimulationATLAS
 = 13 TeVs

 ggFγγbb→HH

 = -6λκ
 = 0λκ
 = 1λκ
 = 2λκ
 = 10λκ

(a)

400 600 800 1000 1200
mbb  [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 4

0 
G

eV

*

ATLAS Simulation√
s = 13 TeV, 140 fb 1

VBF HH bb , V = 1

SM
= 10, 2V = 1
= 0, 2V = 1
= 1, 2V = 0
= 1, 2V = 1.5
= 1, 2V = 3
= 0, 2V = 0

(b)

Figure 7.6 – Distributions of the modified four-object invariant mass m∗
bb̄γγ, after applying

the analysis preselection, for simulated ggF HH (left) and VBF HH (right) events for several
values of κλ and κ2V . The threshold at m∗

bb̄γγ = 350 GeV used to define the Low Mass and
High Mass regions is also shown.

and simultaneously maintain a strong sensitivity to both SM HH production and non-
SM VBF HH production with κ2V deviating from unity, two distinct m∗

bb̄γγ regions are
defined: the Low Mass region and the High Mass region. The Low Mass region corre-
sponds to m∗

bb̄γγ ≤ 350 GeV, while the High Mass region is defined by m∗
bb̄γγ > 350 GeV.

The categories are ultimately constructed with the help of Boosted Decision Tree (BDT)-
based algorithms, trained in each mass region to separate HH signal events from single
Higgs backgrounds and and continuum background from γγ+jets and tt̄γγ processes.
Different HH benchmarks are used as signals for the BDTs in the two mass regions:

• High Mass Region. The BDT was trained using SM ggF HH and VBF HH events,
along with anomalous VBF HH samples corresponding to five combinations of the
coupling modifiers (κλ, κ2V , κV): (0, 1, 1), (10, 1, 1), (1, 1.5, 1), (1, 3, 1), and (−5, 1, 0.5).
Together with the SM sample, these five variations serve as a basis for parametris-
ing the VBF HH process as a function of the coupling modifiers (κλ, κ2V , κV) (as
described in Section 7.2.1). Therefore, any (κλ, κ2V , κV) scenario can be modeled
using a linear combination of the six VBF HH samples used in the training.

• Low Mass Region. The BDT was trained on a mixture of ggF HH events with κλ =

5.6 (reweighted from the SM sample) and κλ = 10, alongside the same anomalous
VBF HH samples used for the High Mass BDT. The inclusion of this sample with
κλ = 5.6 improved the expected constraints on both the HH signal strength and
the coupling modifier κλ. Similar improvements were observed by repeating the
training with ggF HH samples using slightly different κλ values (for instance κλ = 6
and κλ = 7). However, the κλ = 5.6 value was chosen as it lies one unit below the
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upper exclusion limit on κλ set by the previous HH → bb̄γγ analysis using Run 2
data [12].

Each training sample is assigned a weight that reflects its importance in the BDT training.
These weights, along with the BDT hyperparameters, are optimised using a bayesian al-
gorithm [213] that maximises the expected number-counting significance, Z [70]. The
significance is evaluated based on the expected yields of a benchmark HH signal and
backgrounds from single Higgs production and continuum processes, within the mγγ

range of 120 < mγγ < 130 GeV, as explained below. This optimisation procedure also
determines the thresholds in the BDT discriminant for the High Mass and Low Mass re-
gions, which are used to define the final categories. Optimising the training weights has
a substantial impact, enhancing the analysis sensitivity to the HH signal strength and
to κλ and κ2V by up to 10%. In contrast, tuning the BDT hyperparameters has minimal
effect, with changes in the expected constraints to µHH, κλ, and κ2V staying below 1%. To
minimise overtraining, an early stopping criterion was implemented in the optimisation
process. This criterion applies both to the training stage and to the entire optimisation
chain, including the tuning of thresholds in the BDT discriminants defining the analy-
sis categories. At each iteration of the optimisation algorithm, the binary loss function
adopted for the BDT training and the number-counting significance are evaluated on
independent MC events, forming a validation dataset; the procedure halts if there is
no improvement over 10 consecutive iterations. Finally, the full analysis is performed
relying a third, independent set of MC events (termed the test dataset) that remains un-
touched throughout the optimisation phases.
Both BDTs are trained using the same set of input variables, detailed in Table 7.5. These
input features include kinematic properties of the two photons and two b-jets in the final
state, as well as b-tagging information for the two b-jets. The kinematic variables and
the b-tagging status of the third and fourth jets (if present) are also included as input fea-
tures for the training: these variables are particularly useful for isolating VBF HH events,
which are typically characterized by four jets in the final state. Additional VBF-specific
kinematic variables, such as the invariant mass and angular separation of the two VBF
jets (identified using the VBF jet tagger), are included to enhance the BDTs’ performance
in isolating VBF HH production. The scalar sum of all jets’ transverse momenta, HT,
is another input feature. This, along with the magnitude and direction of the missing
transverse momentum (Emiss

T and ϕ
miss), as well as the single topness variable, is crucial

for rejecting the tt̄H background. The single topness, defined as

χWt = min
j1,j2,j3

√(mj1 j2 − mW

mW

)2

+

(mj1 j2 j3 − mt

mt

)2

, (7.7)

where the minimum is taken over all possible three-jet combinations, quantifies the like-
lihood that any combination of three jets in the event originate from a t → Wb → qq̄′b de-
cay. The training also relies on event-level variables involving the two photons and two
b-jets used to reconstruct the H → γγ and H → bb̄ decays, such as the m∗

bb̄γγ variable and
angular separations between the photons and b-jets (∆R(γ1, γ2) and ∆R(b1, b2)), which
are crucial for distinguishing the HH signal from backgrounds and for differentiating
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between the ggF HH and VBF HH production modes. In particular, as explained earlier,
the m∗

bb̄γγ variable is also crucial for distinguishing anomalous κλ and κ2V scenarios from
SM HH production. Finally, three event-shape observables are employed: the transverse
sphericity S⊥ [214], planar flow Pf [215], and the transverse momentum balance of the
two photons and two b-jets, defined as:

pbalance
T =

|pT(γ1) + pT(γ2) + pT(b1) + pT(b2)|
|pT(γ1)|+ |pT(γ2)|+ |pT(b1)|+ |pT(b2)|

. (7.8)

These variables capture the topology of the bb̄γγ system, with back-to-back photons and
b-jets expected in HH → bb̄γγ events, while background events tend to have a more
isotropic distribution of final-state particles.
As previously mentioned, the final categories are defined by applying cuts to the BDT

Table 7.5 – Input variables used for training the BDT-based algorithm in both the High and
Low mass regions.

Type Variable Description

Photon-related
kinematic
variables

pT/mγγ Transverse momentum of the leading and sublead-
ing photon, scaled with the di-photon invariant
mass.

η and ϕ Angular variables of the leading and subleading
photons.

Jet-related
kinematic
variables

b-tag status of the two b-jets Pseudo-continuous b-tagging score of the two se-
lected b-jets.

pT, η, and ϕ of the two b-jets Transverse momentum and angular variables of the
two selected b-jets.

pbb̄
T , η

bb̄, and ϕ
bb̄ Transverse momentum and angular variables of the

di-jet object.
mbb̄ Invariant mass of the two selected b-jets.

b-tag status of the 3rd and 4th jets Pseudo-continuous b-tagging score of the 3rd and
4th-ranked jets.

pT, η, and ϕ of the 3rd and 4th jets Transverse momentum and angular variables of the
3rd and 4th-ranked jets.

HT Scalar sum of the transverse momenta of all the jets
reconstructed in the event.

χWt Single topness.

VBF-targeting
variables

mVBF
jj and ∆η(jVBF

1 , jVBF
2 ) Invariant mass and angular separation of the two

VBF jets.

Missing transverse
momentum-
related variables

Emiss
T and ϕ

miss Missing transverse momentum and its azimuthal
direction.

bb̄γγ-related
variables

m∗
bb̄γγ Modified invariant mass of the bb̄γγ system.

∆R(γ1, γ2) and ∆R(b1, b2) Angular separation between the two photons or the
two b-jets.

Event-shape
variables S⊥, Pf , and pbalance

T Transverse sphericity, planar flow, and transverse
momentum balance of the bb̄γγ system.

discriminants in both the High Mass and Low Mass regions. Specifically, three categories
are defined in the High Mass region (referred to as High Mass i, with i = 1, 2, 3) and four
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categories in the Low Mass region (referred to as Low Mass i, with i = 1, 2, 3, 4). Higher
category indices correspond to events with higher BDT discriminant values, which are
more signal-like. Events with BDT scores below the threshold for the lowest-index cate-
gory are discarded. Of the 1874 data events passing the bb̄γγ preselection criteria (out-
lined in Section 7.3.1), only 340 are classified into one of these seven categories. The BDT
score thresholds for each mass region are optimised to maximise the combined number-
counting significance Z across all categories, defined as:

Z =

√√√√ N

∑
i=1

Z2
i , (7.9)

where N represents the number of categories, which is 3 for the High Mass region and
4 for the Low Mass region. The number-counting significance Zi for each category is
calculated as:

Zi =
√

2 · [(Si + Bi) · log(1 + Si/Bi)− Si], (7.10)

where Si and Bi indicate the expected signal and background yields in each category
i, in the diphoton invariant mass range 120 < mγγ < 130 GeV. The expected back-
ground yields Bi include all single Higgs processes and the continuum background, es-
timated from the γγ+jets MC sample. The overall normalisation of the γγ+jets process
after applying the bb̄γγ preselection is adjusted to match data in the sideband regions
(105 < mγγ < 120 GeV and 130 < mγγ < 160 GeV) to account for the γj and jj contribu-
tions to the continuum background, which are not included in the γγ+jets simulation.
As will be explained in Section 7.4.2, the reducible γj and jj backgrounds are estimated to
contribute approximately as 20% of the continuum background, after applying the bb̄γγ

preselection. The expected signal yields Si are calculated using different HH benchmark
scenarios depending on the mass region, optimising for either SM-like or anomalous HH
production. In the Low Mass region, which is more sensitive to non-SM κλ values, the
number-counting significances are computed using ggF HH events with κλ = 5.6 and
VBF HH events with κλ = 10. In contrast, the High Mass region prioritises sensitivity to
SM HH production, so the signal yields Si are evaluated using SM HH events.
The BDT discriminants for the Low and High Mass regions, displaying data, HH signals,
and background distributions, are presented in Figure 7.7a and Figure 7.7b, respectively.
The category boundaries are provided in Table 7.6.

The optimization of the BDT score thresholds is carried out by imposing a requirement to
have at least two expected γγ+jets background events in each analysis category within
the region 120 ≤ mγγ ≤ 130. This constraint is necessary for modeling the continuum
background in each category. Given the limited statistics of the HH → bb̄γγ final state,
the boundaries of the most sensitive categories (High Mass 3 and Low Mass 4) are driven
by this constraint on the number of expected γγ+jets events.
Figure 7.8 displays the expected purity of each analysis category within the 120 < mγγ <

130 GeV range, using SM HH production as the signal. It also shows the contributions
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Figure 7.7 – Distributions of the BDT discriminants for the Low Mass region (left) and High
Mass region (right), extracted for ggF HH and VBF HH signal events (both in the SM and
for anomalous κλ and κ2V scenarios), single Higgs boson backgrounds, and γγ+jets events.
Distributions extracted from data in the mγγ sidebands (105 < mγγ < 120 GeV and 130 <
mγγ < 160 GeV) are also displayed. All distributions are normalised to unity. The vertical
dashed lines indicate the thresholds defining the analysis categories. All events with BDT
scores below the lowest threshold (marked by the thick dashed line) are discarded.

Table 7.6 – Definition of the seven analysis categories, established by applying cuts on the
m∗

bb̄γγ variable and BDT discriminants.

Category Mass region BDT discriminant

High Mass 1 m∗
bb̄γγ > 350 GeV 0.545 < BDT output < 0.830

High Mass 2 m∗
bb̄γγ > 350 GeV 0.830 < BDT output < 0.905

High Mass 3 m∗
bb̄γγ > 350 GeV BDT output > 0.905

Low Mass 1 m∗
bb̄γγ ≤ 350 GeV 0.545 < BDT output < 0.785

Low Mass 2 m∗
bb̄γγ ≤ 350 GeV 0.785 < BDT output < 0.890

Low Mass 3 m∗
bb̄γγ ≤ 350 GeV 0.890 < BDT output < 0.950

Low Mass 4 m∗
bb̄γγ ≤ 350 GeV BDT output > 0.950
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from the main background processes, including single Higgs production via ggF, tt̄H,
and ZH, as well as the γγ+jets sample (representing the dominant contribution to the
continuum background). The High Mass 3 category is the most enriched in SM HH sig-
nal, but its expected purity remains quite low, at just 20%.

0.0 0.2 0.4 0.6 0.8 1.0

Fraction of process / Category

High Mass 1

High Mass 2

High Mass 3

Low Mass 1

Low Mass 2

Low Mass 3

Low Mass 4

√
s = 13 TeV, 140 fb 1 HH bb

SM HH
ggF H
ZH
ttH
other H

+ jets

Figure 7.8 – Expected composition of each analysis categories, in terms of HH signal (assum-
ing SM HH production), single Higgs, and γγ+jets backgrounds.

Figure 7.9 illustrates the relative importance of ggF HH and VBF HH processes in each
category, comparing the expected signal composition for SM HH production (Figure 7.9a),
as well as scenarios with κλ = 10 (Figure 7.9b) and κ2V = 3 (Figure 7.9c). In the SM
scenario, where the ratio of VBF HH to ggF HH cross sections is at a minimum, the con-
tribution of VBF HH events is negligible compared to the dominant ggF HH production
mode, even in the High Mass 3 category. For κλ = 10, VBF HH contributions become
more significant, particularly in the Low Mass categories optimised for anomalous κλ

values. When setting κ2V = 3, which does not affect the ggF HH process but strongly
enhances the VBF HH cross section, the VBF HH signal becomes highly dominant with
respect to ggF HH. Although this analysis benefits from optimising for VBF HH pro-
duction - by incorporating VBF HH samples and VBF-targeting variables in BDT train-
ing and evaluating number-counting significances accounting for VBF HH signals - no
dedicated VBF HH-enriched category is defined. This decision is based on the fact that
separating into ggF-enriched and VBF-enriched categories does not improve sensitivity
to non-SM κ2V values, as the VBF HH signal is already dominant with respect to ggF HH
production in these scenarios. On the other hand, while defining a VBF HH-enriched
category could help to independently constrain SM ggF HH and VBF HH production,
the sensitivity to SM VBF HH remains extremely low compared to ggF HH. In fact, only
one VBF HH event in the bb̄γγ final state is expected within the entire Run 2 dataset,
according to the SM. Consequently, this analysis focuses on maximising overall sensi-
tivity to SM HH production and to anomalous κλ and κ2V values by defining categories
that isolate HH events from backgrounds, rather than trying to explicitly trying separate
ggF HH and VBF HH signals.
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Figure 7.9 – Fraction of the two main HH production modes (via ggF and VBF) contributing
to the overall signal yields in each analysis category in the (a) SM, (b) κλ = 10, and (c) κ2V = 3
hypotheses.

Figures 7.10 and 7.11a illustrate the expected efficiency times acceptance for ggF HH
and VBF HH production as a function of κλ in each analysis category. For both pro-
duction modes, efficiency peaks around κλ = 1 (the SM value) in the High Mass cat-
egories, which are optimised to target SM HH production. In contrast, the Low Mass
categories achieve maximum efficiency for anomalous κλ values. Finally, Figure 7.11
displays the expected efficiency times acceptance for VBF HH production as a function
of κ2V . The High Mass categories, particularly High Mass 3, have the strongest sensitiv-
ity to the VBF HH signal, both for the SM and for anomalous κ2V values. The efficiency
for VBF HH in the Low Mass categories is significantly lower, as expected.
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Figure 7.10 – The acceptance times efficiency for the signal ggF HH process as a function of
the coupling modifier κλ in each analysis category. The other coupling modifiers affecting
ggF HH production are fixed to their SM predictions. The bands indicate the simulation
statistical uncertainty.
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Figure 7.11 – The acceptance times efficiency for the signal VBF HH process as a function of
the coupling modifier κλ (left) and κ2V (right) in each analysis category. The other coupling
modifiers affecting VBF HH production (including κ2V and κλ respectively) are fixed to their
SM predictions. The bands indicate the simulation statistical uncertainty.
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7.4 Signal and background modelling

The presence of a diphoton resonance in the final state is crucial in determining the
choice of the final discriminant variable. As already mentioned, the diphoton invariant
mass (mγγ) effectively distinguishes between the di-Higgs signal and the primary back-
ground source, corresponding to continuum diphoton production with additional jets.
The signal manifests as a sharp peak around mH ≈ 125 GeV, whereas the background
follows a smoothly decreasing distribution with no peak. Therefore, signal extraction
involves modeling both the signal and background contributions in the mγγ spectrum
within each analysis category.

7.4.1 Signal and resonant background model

Both the HH signal and the single Higgs boson background involve the Higgs decay-
ing into two photons, leading to a narrow resonance in the mγγ distribution centered
around the Higgs mass (mH ≈ 125 GeV). As a result, the mγγ distribution for all reso-
nant processes, including HH signals and single Higgs backgrounds, is modeled using a
Double-Sided Crystal Ball (DSCB) distribution [210, 216]. This model combines a Gaussian
core with asymmetric power-law tails and is characterized by six parameters: µCB, σCB,
αLo, nLo, αHi, and nHi. The DSCB functional form is given by:

fDSCB(x) = N ·


ALo ·

(
BLo − x−µCB

σCB

)−nLo
for x−µCB

σCB
< −αLo

AHi ·
(

BHi +
x−µCB

σCB

)−nHi
for x−µCB

σCB
> αHi

exp
(
− (x−µCB)

2

2σ2
CB

)
for − αLo ≤ x−µCB

σCB
≤ αHi

(7.11)

Here, ALo, BLo, AHi, and BHi are normalization constants determined by:

Ak =

(
nk
|αk|

)nk

e−
α

2
k
2 , Bk =

nk
|αk|

− |αk|, (7.12)

where k = Lo or k = Hi. These parameters ensure a smooth transition between the
Gaussian core and the power-law tails.
The Gaussian core of the DSCB is defined by its mean (µCB) and width (σCB), while the
parameters αLo and nLo (αHi and nHi) describe the low (high) energy tails. The αk values
represent the transition points, in units of σCB, between the Gaussian core transitions and
the power-law tails, whose steepness is governed by the nk parameters. The Gaussian
core captures the mass of well-reconstructed H → γγ candidates, while the tails account
for photon energy miscalibration effects [217].
The central values of the DSCB shape parameters in each category are derived from a fit
to simulated SM signal events, weighted according to their cross sections, efficiencies,
and acceptances. Figure 7.12 shows the resonant H → γγ model for the two most rele-
vant categories: High Mass 3 and Low Mass 4.
The same functional form and shape parameters are also used to describe the single
Higgs background processes. This assumption was validated by performing signal-plus-
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Figure 7.12 – Diphoton invariant mass distributions for SM ggF HH ad VBF HH simulated
events, after applying the selection requirements for the (a) High Mass 3 and (b) Low Mas 4
categories. The results of the fit of the DSCB fuction to the mγγ distributions are also shown
(blue lines). The bottom panels display the residuals of the fit.

background fits on signal-plus-background templates built from MC samples, where
negligible bias in single Higgs yields was observed when comparing MC distributions
with the functional forms.
Moreover, the mγγ distribution for HH signals shows negligible dependence on the cou-
pling modifiers κλ and κ2V . The behavior of the key shape parameters, µCB and σCB,
across a range of κλ values within −10 ≤ κλ ≤ 10 exhibited no significant devia-
tions, as demonstrated in Figure 7.13. Similarly, the κ2V dependence within the range
−5 ≤ κ2V ≤ 5 was found to have no critical impact on µCB or σCB. Indeed, the effect
of κλ and κ2V dependence on the resonant shape parameters was determined to have a
negligible influence on the expected 95% confidence intervals for both coupling modi-
fiers, with an estimated impact below 0.5%.
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Figure 7.13 – Shape parameters µCB (left) and σCB (right) as a function of κλ in the High Mass
3 category. The shaded bands represent the statistical uncertainties on the shape parameters
extracted from the fit.
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To construct the final statistical model, the resonant mγγ shapes for both the HH signals
and the single Higgs background processes must be correctly normalised using the ex-
pected yields for each process i in each analysis category c, Ni

c. The expected yield for
process i in category c is given by:

Ni
c = L · σ(i) · BR(i) · (A × ε)

i
c , (7.13)

where:

- L is the total integrated luminosity (L = 140 fb−1);

- σ(i) represents the cross section of the considered resonant process;

- BR(i) is the branching fraction for the HH decay to two bottom quarks and two
photons in case i stands for either the ggF HH or the VBF HH process, which is
BR(HH → bb̄γγ) = 0.26% (see Section 2.1.4). On the other hand, single Higgs
production processes, BR(i) represents the branching fraction for H → γγ, equal
to 0.227% (as detailed in Section 1.3.2);

- (A × ε)
i
c denotes the detector acceptance times the selection efficiency for the ith

resonant process in the cth category, determined using MC simulations.

To investigate HH production for anomalous values of κλ and κ2V , the expected signal
yields are parameterised as functions of these coupling modifiers, as described in Sec-
tion 7.2.1. This allows to construct a statistical model that is fully parametric in terms of
these coupling modifiers. Since the HH → bb̄γγ analysis primarily targets anomalous
κλ and κ2V scenarios, the other coupling modifiers that affect HH production (namely,
κt and κV), are set to unity. Any impact on single Higgs background yields or on the
H → γγ branching fraction from κλ (due to electroweak corrections involving the trilin-
ear Higgs boson vertex [22]) is neglected.

7.4.2 Continuum background model

As mentioned above, the continuum background consists mainly of diphoton plus jets
(γγ+jets), with smaller contributions from γj and jj events, where one or more jets are
misidentified as photons. Thanks to stringent photon identification and isolation re-
quirements, the contribution from these reducible backgrounds is relatively small. The
γj and jj background contributions, after the bb̄γγ preselection and in each analysis cat-
egory, are estimated using a data-driven two-dimensional matrix method [218]. This
method aims to estimate the composition of γγ, γj, and jj events in the signal region,
where both reconstructed photons are required to be tight and isolated. To do this, 15
background-enriched control regions are used, where one or both photons fail the tight
identification or isolation criteria but pass a looser identification requirement. The ma-
trix method exploits the correlations between γγ, γj, and jj events among the control
and signal regions, and predict their yields in the signal region by solving a system of
linear equations. After the bb̄γγ preselection, the estimated fractions in the signal re-
gion are: 83.1 ± 2.4% (stat.) +3.6

−0.6% (syst.) for γγ, 16.4 ± 2.4% (stat.) +0.6
−3.7% (syst.) for

γj, and 0.5 ± 0.2% (stat.) +0.1
−0.0% (syst.) for jj. Statistical uncertainties are derived from
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data, while systematic uncertainties arise from varying the looser photon identification
criteria in the control regions. Therefore, most of the continuum background consists of
real photons. Comparisons of the mγγ distribution between data, the γγ template (from
γγ+jets simulated events), and the γj and jj templates (from control regions in data)
showed compatible shapes across categories within statistical uncertainties. Within the
HH → bb̄γγ phase space, the γγ+jets background includes exactly two b-tagged jets.
These two jets can be either true b-jets, or c- or light-jets misidentified as b-jets. Truth-
level information from the simulated samples was used to determine that only 54% of
these events consist of two true b-jets. However, this fraction increases in the more sen-
sitive analysis categories, mostly thanks to the use of b-tagging information in the BDT
training. The mγγ distribution in the data sidebands was compared to both the inclusive
γγ+jets sample (which contains both true b-jets and mistagged c- or light-jets) and the
γγ+bb̄ sample, which contains only the irreducible component where the two selected
jets are true b-jets. These comparisons, presented in Figure 7.14 for the High Mass 3 and
Low Mass 4 categories, show that both samples are consistent with each other and with
the data, after the bb̄γγ preselection and within each category. Therefore, the γγ+bb̄
sample can reliably model the mγγ distribution of the continuum background.
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Figure 7.14 – Diphoton invariant mass distribution in the data sidebands (105 < mγγ < 120
GeV and 130 < mγγ < 160 GeV), compared to the γγ+jets and γγ+bb̄ samples, within the
(a) High Mass 3 and (b) Low Mass 4 categories.

The continuum background is ultimately modeled using a functional form that is cho-
sen as a compromise between having a small bias in each category and having a low
number of degrees of freedom. The bias is evaluated through a signal-plus-background
fit on a background-only template, which is constructed using the high-statistics and
high-efficiency SHERPA 2.2.12 γγ+bb̄ sample. To achieve a more accurate representa-
tion of the continuum background, this sample is normalised to match the data in the
sidebands. The signal yield is computed from the signal-plus-background fit at different
Higgs boson mass values within the range 123 ≤ mH ≤ 127 GeV, in increments of 0.5
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GeV. The largest signal yield in this window is termed the spurious signal (Nsp) [219],
and corresponds to the bias of the chosen functional form. For an analytical function to
be considered valid for modeling the continuum background, it must pass the spurious
signal test by meeting one of the following criteria:

• |Nsp| < 0.1 · NS,exp, where NS,exp is the expected signal yield for SM HH events
(evaluated using simulated samples);

• |Nsp| < 0.2 · σbkg, where σbkg is the statistical uncertainty on the fitted number
of signal events from the signal-plus-background fit on the background-only tem-
plate.

If no functions satisfy these criteria, a modified relaxed spurious signal test is applied. In
this case, a new variable, ζsp, is introduced:

ζsp =


Nsp + 2∆MC if Nsp + 2∆MC < 0

Nsp − 2∆MC if Nsp − 2∆MC > 0

0 otherwise

, (7.14)

where ∆MC accounts for the statistical uncertainty in Nsp due to limited MC statistics in
the background-only template. The spurious signal test is then applied using ζsp instead
of Nsp. When multiple functions pass either the standard or relaxed test, the one with
the fewest degrees of freedom is selected.
Ultimately, the exponential function was selected to model the mγγ distribution in each
category. The spurious signal values obtained for the exponential function in each cat-
egory are shown in Table 7.7. In the final statistical model, both the normalization and
shape parameters of the continuum background are left free to float and are determined
directly from the data.

Table 7.7 – The spurious signal values for each category, corresponding to the final choice
of using the exponential function exp(a · mγγ) to model the continuum background, are pro-
vided. For comparison, the expected yields of SM HH signal events are also reported.

Category Spurious signal Expected SM HH yield

High Mass 1 0.491 0.262
High Mass 2 -0.511 0.197
High Mass 3 -0.707 0.852

Low Mass 1 0.168 0.049
Low Mass 2 -0.179 0.039
Low Mass 3 -0.660 0.040
Low Mass 4 -1.040 0.033

7.5 Systematic uncertainties

The sensitivity of the HH → bb̄γγ analysis is primarily constrained by statistical preci-
sion, due to the amount of data collected by the ATLAS detector during Run 2. However,
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it is important to identify and evaluate all potential sources of systematic uncertainty
that may affect the final results. Systematic uncertainties can arise from various factors,
such as auxiliary measurements or theoretical predictions that carry their own uncer-
tainties, or from specific modeling choices used to interpret the observed data. These
uncertainties are classified based on their origin:

• Experimental systematic uncertainties stem from uncertainties in auxiliary mea-
surements that are used to construct the statistical model (e.g., the total integrated
luminosity collected by ATLAS during Run 2), as well as uncertainties in the re-
construction of physics objects with the ATLAS detector, or the impact of applying
trigger requirements for events in the signal region. These uncertainties can affect
both the event yields of resonant processes (namely, double and single Higgs pro-
duction) in each category and their shape in the mγγ spectrum.

• Theoretical systematic uncertainties impact the category yields of HH signal and
single Higgs background processes. These may arise from mismodeling of cross
sections or branching fractions, mismodelling in the simulation of parton showers
in MC samples, or uncertainties in the heavy-flavor content of single Higgs boson
production via ggF, VBF, and associated W boson production.

The only systematic uncertainty related to the continuum background modeling is the
spurious signal, which is treated as an additional uncertainty on the number of HH sig-
nal events in each category. Typically, the impact of each systematic uncertainty, whether
it affects the category yields or the mγγ shape of the resonant processes, is quantified by
propagating the uncertainty through the entire analysis. The impact is then expressed as
the relative difference between the nominal and varied results. Both experimental and
theoretical systematic uncertainties are evaluated separately for the two HH production
modes (ggF and VBF) and the primary single Higgs backgrounds, which include ggF,
tt̄H, and ZH production mechanisms.
For the ggF HH process, the dependence of systematic uncertainties on κλ is accounted
for by evaluating each source of uncertainty at κλ = 1 and κλ = 10. The final uncertainty,
applied to the ggF HH process for any value of κλ, is taken as the envelope of these two
results. Similarly, for the VBF HH process, any potential dependence on κλ, κ2V , or κV is
addressed by evaluating each uncertainty using the six basis samples introduced in Sec-
tion 7.2.1, with coupling modifiers (κλ, κ2V , κV) = (1, 1, 1), (0, 1, 1), (10, 1, 1), (1, 1.5, 1),
(1, 3, 1), and (−5, 1, 0.5). The final systematic uncertainty for VBF HH is taken as their
envelope and applies across all (κλ, κ2V , κV) values.

7.5.1 Experimental systematic uncertainties

Yield uncertainties

A 0.83% uncertainty on the integrated luminosity of the full Run 2 dataset is derived
using a dedicated measurement [49] from the LUCID 2 detector [220].
A systematic uncertainty is assigned to the κλ-reweighting procedure used to parametrise
the ggF HH expected yields as a function of κλ. The uncertainty in each category, shown
in Table 7.8, is quantified by taking the maximum difference between the expected yields
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Table 7.8 – Systematic uncertainties associated with the ggF HH and VBF HH parametriza-
tions as functions of κλ and (κλ, κ2V , κV), respectively, are presented. Only significant results
(where the statistical uncertainty is smaller than the systematic uncertainty) are included.
The corresponding statistical uncertainties are also provided.

Category Syst. unc. [%]
ggF HH parametrisation VBF HH parametrisation

High Mass 1 - −7.4 ± 6.3
High Mass 2 - 14.0 ± 8.7
High Mass 3 4.3 ± 2.1 15.2 ± 11.4

Low Mass 1 −5.8 ± 4.2 19.4 ± 18.9
Low Mass 2 −7.5 ± 4.5 -
Low Mass 3 7.7 ± 5.1 22.9 ± 17.4
Low Mass 4 −10.7 ± 4.4 −7.3 ± 7.1

obtained directly from the available ggF HH MC samples and those derived through the
κλ-reweighting method. Only significant relative differences, where the statistical uncer-
tainty on the relative difference is smaller than the difference itself, are considered. Sim-
ilarly, an uncertainty related to the parametrisation of the VBF HH process as a function
of (κλ, κ2V , κV) using the linear combination method is derived by comparing the ex-
pected yields from the parametrisation with those obtained from the available VBF HH
MC samples (excluding those used as the basis for the parametrisation). Again, only
significant relative differences are considered. These uncertainties are presented in Ta-
ble 7.8. The uncertainties associated with the ggF HH and VBF HH parametrisations are
treated as flat uncertainties, affecting the ggF HH and VBF HH yields uniformly across
all values of κλ, κ2V , and κV . The systematic uncertainties related to the ggF HH and
VBF HH parametrisations can reach up to 10% and 20%, respectively. However, they are
typically accompanied by large statistical uncertainties, often comparable in magnitude
to the systematic uncertainties themselves. Therefore, the observed non-closure of the
ggF HH and VBF HH parametrisations largely reflects statistical limitations in the HH
MC samples rather than indicating a significant mismodeling of the signal processes as
a function of the coupling modifiers κλ, κt, κ2V , and κV .
The other sources of experimental systematic uncertainties affecting the event yields of

the resonant processes include:

• photon energy scale and resolution;

• diphoton trigger efficiency;

• photon identification and isolation efficiencies;

• pileup modeling in MC samples;

• jet energy scale and resolution;

• Jet Vertex Tagger efficiency;

• Soft term for the missing transverse momentum (see Section 6.3);

• flavor-tagging efficiency for b-, c-, and light jets.
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These uncertainties are evaluated using auxiliary samples, where the systematic varia-
tions are applied upstream. Asymmetric variations of the category yields are obtained
for each HH signal process or single Higgs production mode: the relative difference with
respect to the nominal result is the final systematic uncertainty. For example, the upper
(+1σ) and lower (−1σ) systematic uncertainties on the event yields for the ith resonant
process in the cth category are given by:

δNi
c(±1σ) =

Ni
c(±1σ)

Ni
c

− 1, (7.15)

where Ni
c and Ni

c(±1σ) are the nominal and varied yields, respectively.
Each systematic uncertainty is assigned a statistical uncertainty, calculated using the
bootstrap method [221]. Three thousand pseudo-events are generated by fluctuating the
event weights with multiplicative factors drawn from a Poisson distribution with mean
1: the multiplicative factors are kept consistent among the (real) MC events. The pseudo-
events are processed through each step of the analysis, yielding three thousand replicae
of the category yields and their corresponding ±1σ variations. The central value for
δNi

c(±1σ) is determined as the mean across all replicae, while the statistical uncertainty
is calculated as the standard deviation. The bootstrap method effectively accounts for
potential correlations between events in both the nominal and varied samples when cal-
culating the uncertainty on δNi

c(±1σ).
The following pruning criteria are used to exclude systematic uncertainties with negli-
gible effects, or whose impact is not statistically significant:

• Systematic uncertainties smaller than 0.1% are deemed negligible and set to 0.

• If the statistical uncertainty of a systematic uncertainty exceeds 100%, the system-
atic uncertainty is considered not statistically significant and set to 0.

• Systematic uncertainties with both upper and lower variations being negligible or
not statistically significant are excluded from the statistical model.

• For pathological cases where both δNi
c(+1σ) and δNi

c(−1σ) have the same sign, the
sign of the smaller contribution is reversed.

The experimental systematic uncertainties affecting the category yields for the ggF HH
production mode are shown in Figure 7.15a and 7.15b for the High Mass 3 and Low
Mass 4 categories. The largest contributions come from the ggF HH parametrisation (up
to 10%), jet energy resolution (up to 6%), and flavor-tagging efficiencies (up to 3%).

Shape uncertainties

The position and resolution of the mγγ resonance from the H → γγ decay are affected
by systematic uncertainties related to the photon energy scale and photon energy reso-
lution. The impacts of these uncertainties are propagated to the mγγ peak position and
width, represented in the statistical model by the shape parameters µCB and σCB of the
double-sided crystal ball, for each category and resonant process as follows.
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Figure 7.15 – The impact of experimental systematic uncertainties on the expected yields for
the ggF HH process is shown for the (a) High Mass 3 and (b) Low Mass 4 categories. These
uncertainties are determined by taking the envelope of the impacts evaluated for both the SM
ggF HH sample and the ggF HH sample with κλ = 10, and are applied uniformly across the
full κλ range.
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• The uncertainty in the photon energy scale is applied upstream in dedicated sam-
ples, and introduces a systematic uncertainty affecting the DCSB parameter µCB.
This uncertainty is quantified by calculating the relative difference between the
mean of the nominal mγγ distribution and its ±1σ variations:

δµ
i
CB,c(±1σ) =

⟨mγγ(±1σ)⟩i
c

⟨mγγ⟩i
c

− 1, (7.16)

where ⟨mγγ⟩i
c and ⟨mγγ(±1σ)⟩i

c represent the mean values of the nominal and var-
ied mγγ distributions, respectively, extracted from the nominal and auxiliary MC
samples for the resonant process i, following the selection criteria of the category c.

• The uncertainty from the photon energy resolution impacts the DSCB parameter
σCB, and is calculated by comparing the interquartile ranges (IQR) of the mγγ dis-
tributions in the nominal case and the ±1σ variations:

δσ
i
CB,c(±1σ) =

[IQR(±1σ)]
i
c

IQRi
c

− 1, (7.17)

where [IQR(±1σ)]
i
c and IQRi

c represent the varied and nominal interquartile ranges
of the mγγ distribution for the resonant process i within the category c.

Therefore, although the DSCB parameters are the same across the resonant processes
within each category, the magnitudes of the systematic uncertainties affecting these pa-
rameters vary by process. These uncertainties are calculated separately for the ggF HH,
VBF HH6, and the main single Higgs backgrounds (ggF, tt̄H, and ZH).
The uncertainty on the photon energy scale was found to affect the mγγ peak position
with a relative effect of approximately 0.5%, consistent across all resonant processes and
analysis categories. On the other hand, the uncertainty on the photon energy resolution
had a more significant impact on the mγγ peak width, with a relative effect around 10%,
for all resonant processes and across all categories. The magnitudes of the shape system-
atic uncertainties related to photon energy scale and resolution for the ggF HH process
in each category are illustrated in Figures 7.16a and 7.16b, respectively.

7.5.2 Theoretical systematic uncertainties

Systematic uncertainties arising from missing higher-order corrections in theoretical cal-
culations (“scale” uncertainties), as well as uncertainties propagated from the PDFs and
αS (“PDF+αS” uncertainties), impact the theoretical predictions for the double Higgs
and single Higgs production cross sections, and are thus considered in the statistical
model. For ggF HH production, the scale uncertainty is combined with the uncertainty
related to the choice of renormalisation scheme for the top quark mass, resulting in the

6The dependence of the shape systematic uncertainties on the coupling modifiers κ
λ

and κ2V was neglected,
as the nominal resonant m

γγ
shape showed minimal sensitivity to these parameters, as shown in Section 7.4.1.

Hence, the shape uncertainties for the HH signals were evaluated under the SM hypothesis and applied uni-
formly across all non-SM variations of κ

λ
and κ2V .
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Figure 7.16 – The impacts of systematic uncertainties on the photon energy scale and resolu-
tion on the mγγ peak position and mγγ peak width respectively are shown for the SM ggF HH
process in each analysis category.

“scale+mtop” uncertainty, as described in Section 2.1.1. The magnitudes of the scale
and PDF+αS uncertainties impacting the HH cross sections are detailed in Section 2.1.1,
while the corresponding uncertainties for single Higgs boson production are presented
in Table 1.2. Additionally, these scale and PDF+αS uncertainties can influence the effi-
ciencies of the HH and single Higgs processes within each category, as they may alter the
shapes of discriminant variables, (e.g., m∗

bb̄γγ), potentially leading to event migrations
between categories. This effect has also been accounted for, resulting in uncertainties
affecting the HH and single Higgs yields in each category of up to 6%.
An uncertainty of +2.90%

−2.84% [40, 222] related to the theoretical calculation of the branch-
ing fraction for the H → γγ decay is applied to all di-Higgs and single Higgs pro-
cesses. Only the signal processes are impacted by the systematic uncertainty of magni-
tude +1.70%

−1.73% [40, 222] stemming from the theoretical prediction of BR(H → bb̄) [222].
The effect of parton shower modeling on the HH and single Higgs processes was as-
sessed by comparing the nominal category yields to those obtained from alternative MC
samples that use a different generator for the simulation of the parton shower. All the
nominal HH and single Higgs samples (listed in Table 7.3) are based on the PYTHIA 8
generator, while parton shower uncertainties are derived from comparing with samples
relying on HERWIG 7. The parton shower uncertainties the yields of the resonant pro-
cesses with a relative impact up to 10%.
The simulation of additional heavy-flavor jets in single Higgs boson production via ggF,
VBF, and WH has to occur via the parton shower, and thus carries significant theoret-
ical uncertainties. For this reason, a 100% uncertainty is assigned to these production
modes. Adopting this uncertainty is supported by measurements of differential cross
sections for single Higgs production in phase spaces that include at least one b-jet [223,
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224], as well as studies on tt̄ production in association with heavy flavor jets [225, 226]
and on W boson production accompanied by additional b-jets [227]. Despite this large
uncertainty, its overall impact on the final results of the HH → bb̄γγ search remains lim-
ited, primarily because the analysis is strongly statistically limited, and the contribution
of these single Higgs production mechanisms to the most sensitive analysis categories
(High Mass 3 and Low Mass 4) is relatively small, as shown in Figure 7.8.

7.6 Statistical model

The results of the HH → bb̄γγ analysis are extracted via a maximum likelihood fit to the
mγγ distribution in data, within the invariant mass range 105 ≤ mγγ ≤ 160 GeV, per-
formed simultaneously across all analysis categories. The likelihood function is defined
as:

L = ∏
c

[
Pois(nc|Nc(θ)) ·

nc

∏
i=1

fc

(
mi

γγ|θ
)]

· G(θ), (7.18)

where c indexes the analysis categories, and i represents each data event within category
c. The outer product runs over all analysis categories. In the likelihood function, nc is
the observed number of events, Nc(θ) is the expected number of events, and fc is the
probability density function modeling the mγγ distribution in category c. The term G(θ)

imposes constraints on the nuisance parameters (NPs), collectively denoted by θ, which
affect both the expected yields and the mγγ shape.
The observed event count nc follows a Poisson distribution, centered around the ex-
pected number of events Nc(θ), which is the sum of the expected yields for the double
and single Higgs processes, continuum background, and spurious signal in the cth cate-
gory:

Nc(θ) = µHH

(
µ

ggF
HH · NggF HH

c (θ
ggF HH
yield ) + µ

VBF
HH · NVBF HH

c (θ
VBF HH
yield )

)
+ ∑

p∈single H
Np

c (θ
p
yield)

+ Nsp
c · θcsp

+ Ncontinuum
c

(7.19)

The yields of the resonant processes are subject to various systematic uncertainties, in-
troduced into the model via the nuisance parameters θ. For example, each systematic
uncertainty affecting the ggF HH signal yield modifies NggF HH

c by a response function,
r(θ), where θ is the NP associated to that systematic. The form of the response func-
tion depends on the type of constraint assigned to the specific NP θ. For Gaussian (or

Log-Normal) constraints, r(θ) is defined as (1+ δ · θ) (or exp(
√
(1 + δ

2
)θ)), where δ rep-

resents the magnitude of the systematic uncertainty on yields or shape parameters, esti-
mated as described in Section 7.5. This results in the term NggF HH

c (θ
ggF HH
yield ) = NcggF HH ·

∏j rj(θj), where j indexes the systematic uncertainties affecting the ggF HH signal yield.
This term contributes to the expected category yield Nc(θ) in Equation 7.19, thus enter-
ing the likelihood function in Equation 7.18.
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For each systematic uncertainty, the likelihood is multiplied by a Gaussian probability
density function G(a = 0|θ, 1), centered in its NP θ with unitary width. The quantity
a is termed global observable, and represents an auxiliary measurement (associated with
the systematic uncertainty) whose nominal value is typically zero. Hence, the role of
G(a = 0|θ, 1) is to provide a constraint for the NP θ. The product of all the gaussian
constraints makes up the last term in Equation 7.18, namely G(θ).
As shown in Equation 7.19, only the continuum background yields Ncontinuum

c (which
are free parameters in the maximum-likelihood fit) do not suffer the influence of system-
atic uncertainties, and therefore do not depend from any nuisance parameter.
The overall expected yields for the HH signal are scaled by the di-Higgs signal strength,
µHH, which quantifies the observed double Higgs production rate relative to SM predic-
tions. Additionally, the individual contributions from ggF HH and VBF HH production
are scaled by their respective signal strengths, µ

ggF
HH and µ

VBF
HH . In the statistical model,

µHH is the primary parameter of interest (POI) when measuring the HH signal strength
or setting exclusion limits on it. Similarly, when analysing either the ggF HH or VBF HH
production mode separately, the relevant signal strength (µggF

HH or µ
VBF
HH ) becomes the POI,

while the signal strength of the other production mode and the overall µHH factor are
fixed to unity. Finally, when focusing on κλ or κ2V measurements, µ

ggF
HH and µ

VBF
HH are

reparameterized in terms of these coupling modifiers (as outlined in Section 7.2.1), which
then serve as the new POIs, while µHH is fixed to unity.
The term fc(m

i
γγ|θ) encodes the shape information of the mγγ spectrum. Specifically, it

represents the overall probability density function fc, evaluated on the mγγ value for the
event i. fc is the sum of the DSCB functions (describing the resonant processes) and of
the exponential shape (modelling the continuum background). Each component is nor-
malised according to the relative contributions of the signal, resonant, and the contin-
uum backgrounds. As described in Section 7.5.1, systematic uncertainties from photon
energy scale and resolution impact the mean and width of the resonant shapes. These
are modeled using Log-Normal response functions and Gaussian constraints, with as-
sociated NPs. The final maximum likelihood fit simultaneously constrains the signal
strength, nuisance parameters, and the normalization and shape parameters of the con-
tinuum background, resulting in the fit constraining nearly 100 parameters.
The measurement of the parameters of interest in the model is performed using a statis-
tical test based on the profile likelihood ratio (PRL), defined as:

Λ(µ) =
L(µ, θ̂

ˆ(µ))

L(µ̂, θ̂)
, (7.20)

Here, µ represent the parameters of interest (for instance, the HH signal strength, or
the coupling modifiers (κλ, κ2V)), while θ represents the nuisance parameters. In the
numerator, the nuisance parameters are set to their profiled values θ̂

ˆ(µ), maximizing
the likelihood for a fixed µ. In the denominator, both the parameter of interest and the
nuisance parameters are set to their best-fit values, µ̂ and θ̂, respectively, which jointly
maximize the likelihood. The best-fit µ̂ is the central value of measurement, while its
uncertainty is determined from the 68% confidence interval [70], typically calculated
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under the assumption of the asymptotic approximation, implying that the PRL follows
a χ

2 distribution with number of degrees of freedom equal to the number of POIs in the
model.
Intuitively, the profile likelihood ratio measures the agreement between the hypothe-
sized value of µ and the observed data: 0 ≤ Λ(µ) ≤ 1, and Λ(µ) approaching unity
implies a good agreement between the posited model and data.
In the absence of a signal (i.e., for ˆµHH ≈ 0), the statistical results for the HH → bb̄γγ

analysis can be interpreted in terms of upper limits on the HH signal strength. The rele-
vant test statistic for limits setting is q̃µ, defined as follows:

q̃µ =


−2 ln L(µ,θ̂

ˆ
(µ))

L(0,θ̂
ˆ
(0))

if µ̂ ≤ 0

−2 ln L(µ,θ̂
ˆ
(µ))

L(µ̂,θ̂)
if 0 < µ̂ < µ

0 if µ̂ > µ

(7.21)

For a given value of µ, its disagreement with the observed data is quantified by the
p-value, pµ:

pµ =
∫ ∞

q̃µ,obs

f (q̃µ|µ), dq̃µ, (7.22)

where q̃µ,obs is the test statistic evaluated on the observed data, while f (q̃µ|µ) is the
probability density function of the test statistic under the null hypothesis (i.e., the POI
equals µ). As illustrated in Figure 7.17, a smaller pµ indicates a greater incompatibility
between the observed data and the hypothesized µ. Specifically, a low pµ for µ > 0
suggests regions where the signal hypothesis is rejected. Upper limits on the POI µ are
established using the CLs method [228]. The quantity

CLs =
pµ

1 − pb
, (7.23)

is computed for various values of µ within the exclusion limit region. The numerator
represents the standard p-value, while the denominator is defined as:

pb = 1 − CLb =
∫ ∞

q̃µ,obs

f (q̃µ|0), dq̃µ, (7.24)

where f (q̃µ|0) is the probability density of the test statistic under the alternate hypoth-
esis of no signal. The upper limit on µ is the largest value for which CLs < α, where
α indicates the confidence level (CL) for exclusion. For instance, with α = 0.05, the
presence of a signal is excluded for values above the upper limit at 95% CL. The distri-
butions of q̃µ under both null and alternate hypotheses are determined using asymptotic
formulae derived from the asymptotic approximation. The accuracy of the asymptotic
approximation was verified by generating pseudo-experiments to estimate the distribu-
tions of the test statistic q̃µ under the null and alternative hypotheses, and repeating the
entire statistical analysis. The discrepancy between these results and those based on the
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asymptotic approximation was found to be less than 10%. For a comprehensive review
of this likelihood-based limit-setting method and the derivation of the asymptotic for-
mulae, see [70].

Figure 7.17 – Schematic description of a p-value obtained with an observed value tµ,obs of the
test statistic tµ [70]. The same idea is valid for the test statistic q̃µ.

7.7 Results

As discussed in the previous Section, the statistical results for the HH → bb̄γγ analy-
sis are obtained through a maximum likelihood fit to the mγγ distribution in data, per-
formed simultaneously across all analysis categories. As summarized in Table 7.9, no ex-
cess of events above the background-only expectations is observed. In fact, the measured
HH signal strength is slightly negative (µ̂HH ≈ −1.7), indicating a small deficit of events
observed in data, compared to the expected background. Therefore, 95% CL upper lim-
its are established for the HH signal strength. Additionally, 95% confidence intervals are
derived for the coupling modifiers κλ and κ2V , assuming all the other coupling modifiers
affecting HH production set to their SM value. Finally, a two-dimensional measurement
in the (κλ, κ2V) plane was performed, yielding a 95% CL exclusion region for these two
parameters.

7.7.1 Observed data

Figure 7.18 presents the background-only fits to data for each analysis category. The
contribution of the continuum background is highlighted, and the small resonant peak
around mH ≈ 125 GeV observed in the fit results refers to single Higgs boson back-
ground events.
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Figure 7.18 – Diphoton invariant mass distributions in data for each category within the mass
range 105 ≤ mγγ ≤ 160 GeV. The background-only fit results are also shown: both the contri-
butions from the continuum background and single Higgs boson production are considered.
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Table 7.9 – The expected number of events (estimated by using simulation) from HH signals
with various κλ and κ2V hypotheses and single Higgs boson production, and the expected
number of events from the continuum background, evaluated in the 120 < mγγ < 130 GeV
window. For comparison, the number of observed data events is also shown. The uncer-
tainties in the HH signals and single Higgs boson backgrounds include the systematic uncer-
tainties discussed in Section 7.5. Asymmetric uncertainties arise primarily from the theory
calculation of the SM ggF HH cross-section and the large uncertainty in the yield of single
Higgs bosons produced in ggF events in association with heavy-flavour jets, parameterised
by a lognormal distribution. The uncertainty in the continuum background is given by the
sum in quadrature of the statistical uncertainty from the fit to the data and the spurious sig-
nal uncertainty.

High Mass 1 High Mass 2 High Mass 3 Low Mass 1 Low Mass 2 Low Mass 3 Low Mass 4

SM HH (κλ = 1) signal 0.26+0.03
−0.04 0.194+0.021

−0.032 0.84+0.10
−0.14 0.048+0.007

−0.008 0.038+0.004
−0.006 0.039+0.004

−0.006 0.032+0.004
−0.004

ggF 0.25+0.03
−0.04 0.188+0.021

−0.032 0.81+0.10
−0.14 0.046+0.007

−0.008 0.036+0.004
−0.006 0.037+0.004

−0.006 0.025+0.004
−0.004

VBF [10−3
] 7.9+0.6

−0.5 5.3+0.5
−0.4 29+4

−3 1.98+0.28
−0.24 1.71+0.16

−0.14 1.96+0.21
−0.19 7.4+0.6

−0.5

HH (κλ = 10) signal 2.5+0.4
−0.3 1.81+0.25

−0.20 6.2+0.8
−0.6 5.0+1.2

−0.9 3.8+0.7
−0.5 3.7+0.7

−0.6 3.6+0.4
−0.4

ggF 2.3+0.4
−0.3 1.64+0.25

−0.19 4.9+0.8
−0.6 4.7+1.0

−0.8 3.6+0.7
−0.6 3.3+0.7

−0.5 2.04+0.34
−0.27

VBF 0.231+0.019
−0.017 0.170+0.019

−0.017 1.29+0.15
−0.14 0.28+0.20

−0.11 0.23+0.23
−0.12 0.36+0.10

−0.08 1.57+0.17
−0.16

VBF HH (κ2V = 3) signal 0.23+0.04
−0.04 0.20+0.05

−0.04 3.8+0.7
−0.6 0.03+0.04

−0.02 0.03+0.06
−0.02 0.048+0.023

−0.015 0.17+0.04
−0.03

Single Higgs background 1.5+0.5
−0.3 0.48+0.21

−0.10 0.57+0.25
−0.14 1.72+0.31

−0.19 0.53+0.08
−0.06 0.29+0.14

−0.07 0.16+0.06
−0.03

ggF 0.5+0.5
−0.2 0.14+0.21

−0.09 0.25+0.25
−0.12 0.29+0.31

−0.15 0.08+0.08
−0.04 0.07+0.13

−0.06 0.04+0.06
−0.03

tt̄H 0.302+0.034
−0.032 0.069+0.009

−0.008 0.063+0.008
−0.007 0.77+0.09

−0.08 0.214+0.029
−0.026 0.100+0.012

−0.012 0.048+0.005
−0.005

ZH 0.61+0.06
−0.05 0.174+0.020

−0.016 0.188+0.035
−0.029 0.49+0.05

−0.04 0.149+0.028
−0.025 0.069+0.033

−0.023 0.028+0.010
−0.007

Other 0.17+0.08
−0.04 0.089+0.030

−0.016 0.07+0.04
−0.02 0.181+0.030

−0.019 0.089+0.016
−0.009 0.046+0.007

−0.004 0.039+0.008
−0.004

Continuum background 11.3+1.5
−1.6 3.2+0.8

−0.8 2.8+0.8
−0.8 37.2+2.9

−2.9 10.8+1.5
−1.5 4.4+0.9

−1.0 1.1+0.5
−0.5

Total background 12.8+1.6
−1.6 3.7+0.9

−0.8 3.4+0.8
−0.8 38.9+2.9

−2.9 11.3+1.5
−1.5 4.7+0.9

−1.0 1.3+0.5
−0.5

Data 12 4 1 29 8 5 4

7.7.2 Exclusion limits on the HH signal strength

No significant excess over the expected background is observed, leading the HH →
bb̄γγ analysis to set upper limits on Higgs boson pair production. The observed 95% CL
upper limit on the total HH production signal strength, µHH, is 4.0. Under the assump-
tion of no HH production, the expected 95% CL upper limit is 5.0, while assuming SM
HH production, it is 6.4. These expected results are obtained by performing a maximum-
likelihood fit on Asimov data7 [70], generated either assuming the background-only hy-
pothesis or the SM HH signal-plus-background hypothesis. The 95% expected upper
limits on µHH show an improvement of 12%, with respect to the previous HH → bb̄γγ

analysis with Run 2 data [12], due to the new optimisation of the analysis categories and
to the improved estimation of the spurious signal, as discussed below.

7The Asimov dataset is a toy dataset constructed to perfectly follow a probability density function without
statistical fluctuations. By construction, when one evaluates the estimator for a parameter on the Asimov
dataset (which is built using a certain model), the estimator returns the true value of the parameter. Asimov
datasets are therefore ideal for studying the median sensitivity of a search.
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Table 7.10 – Breakdown of the dominant systematic uncertainties in the expected µHH upper
limit at 95% CL. The impact of the uncertainties corresponds to the relative variation of the
expected upper limit when re-evaluating the profile likelihood ratio after fixing the nuisance
parameter in question to its best-fit value, while all remaining nuisance parameters remain
free to float. Only systematic uncertainties with an impact of at least 0.1% are shown.

Systematic uncertainty source Relative impact [%]

Experimental

Photon energy resolution 0.4
Photon energy scale 0.1
Flavour tagging 0.1

Theoretical

Factorisation and renormalisation scale 4.8
BR(H → γγ, bb̄) 0.2
Parton showering model 0.2
Heavy-flavour content 0.1

Background model (spurious signal) 0.1

Upper limits at 95% CL are also placed on ggF HH and VBF HH production separately,
assuming that the other production mode is fixed to the SM expectation. The observed
upper limit on the ggF HH signal strength, µ

ggF
HH is 4.1, with an expected limit of 5.3, as-

suming no ggF HH production. For VBF HH, the observed upper limit on µ
VBF
HH is 96,

with an expected limit of 145 under the assumption of µ
VBF
HH = 0. This shows that the

analysis sensitivity to SM HH production is driven primarily by the dominant ggF HH
production mode, while the sensitivity to SM VBF HH production remains limited.
The observed limits placed on µHH, µ

ggF
HH and µ

VBF
HH are tighter than the expected values,

due to the slight deficit of events in the data compared to the background-only expecta-
tion.
Table 7.10 summarizes the relative impact of the systematic uncertainties discussed in
Section 7.5 on the 95% CL expected upper limits on µHH. Overall, the effect of these un-
certainties is small, with the “scale” uncertainty having the largest influence, reducing
the analysis sensitivity by nearly 5%. This is primarily due to the large “scale+mtop”

uncertainty of +23%
−6% affecting the SM ggF HH cross section. The impact of the spuri-

ous signal uncertainty is 0.1%, which corresponds to a large reduction with respect to
the previous HH → bb̄γγ analysis using Run 2 data, where it reached 3%. This im-
provement is due to suppressed statistical fluctuations in the background-only template
used to select the analytical function for background modeling, which otherwise lead
to inflated spurious signal estimates. In the current analysis, the SHERPA 2.2.12 γγ+bb̄
sample, with much higher statistics in the analysis categories, replaces the SHERPA 2.2.4
γγ+jets sample used previously, leading to spurious signal values up to 50% lower.
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Another perspective on the influence of systematic uncertainties in the HH → bb̄γγ

analysis is provided by Figure 7.19, which shows the impact of each systematic uncer-
tainty on the expected measurement of µHH, performed under the assumption of SM
HH production. The uncertainties are ranked by descending impact on the measure-
ment: the leading one is the 100% uncertainty on the single Higgs background via ggF
plus heavy-flavor emissions, which affects the µHH measurement by up to 35%. The
“scale+mtop” uncertainty on the SM ggF HH cross section provides the second-to-largest
impact on the µHH measurement (up to 20%), while all the other systematic uncertainties
contribute to less than 10%.

7.7.3 Constraints on κλ and κ2V

Figure 7.20a shows the profile log-likelihood ratio, −2 ln(Λ), as a function of κλ, with
all the other coupling modifiers affecting HH production (including κ2V) set to their SM
values. The value of κλ is constrained within the range −1.4 < κλ < 6.9 at 95% CL, com-
pared to the expected range of −2.8 < κλ < 7.8, assuming the SM hypothesis (κλ = 1).
The expected confidence interval has improved by 6% over the previous Run 2 analy-
sis [12], thanks to the new optimised categorisation, which explicitly incorporates the
VBF HH production mode, thus offering an improved sensitivity to κλ. However, the
observed confidence interval for κλ is wider than in the previous analysis. In fact, the
previous analysis observed a larger deficit of events in data compared to background-
only expectations in the most sensitive analysis categories, leading to tighter observed
constraints on κλ. A comparison of the two analyses, assessing the overlap of selected
events and their correlations via a bootstrap technique [221], shows that the two ob-
served κλ results are consistent within 0.3 standard deviations.
Similarly, Figure 7.20b shows the profile log-likelihood ratio for κ2V , assuming all other
coupling modifiers set to their SM values. The observed (expected) 95% confidence in-
terval for κ2V is −0.5 < κ2V < 2.7 (−1.1 < κ2V < 3.3). The expected range represents
a 17% improvement over the previous Run 2 analysis, again due to the inclusion of the
VBF HH production mode in the analysis optimisation, which provides the unique sen-
sitivity to κ2V .
As shown in Figure 7.20a, the expected profile log-likelihood ratio as a function of κλ

reveals a partially resolved double minimum at κλ = 1 and approximately κλ = 4. This
behavior arises because the cross section for ggF HH production, which predominantly
drives the analysis sensitivity to κλ, is the same at both κλ = 1 and κλ = 4, with a value
of around 30 fb. If the sensitivity to κλ were based only on the overall ggF HH cross
section, the expected −2 ln(Λ) curve would not distinguish between the two minima.
However, by exploiting the differential information from binning in the m∗

bb̄γγ variable,
whose distribution differs between the κλ = 1 and κλ = 4 hypotheses, the analysis can
resolve the two minima. In contrast, the observed −2 ln(Λ) curve shows a single mini-
mum at κλ = 3. This difference is driven by the deficit of observed events relative to the
background-only expectation, making the κλ value that best fits the data the one associ-
ated with the minimum ggF HH cross section, around κλ = 2.4.
Finally, Figure 7.21 presents the observed and expected two-dimensional constraints at
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Figure 7.20 – Observed (solid line) and expected (dashed line) value of the profile log-
likelihood ratio, −2 ln Λ, as a function of κλ (left) and κ2V (right), with all the other coupling
modifiers (including, respectively, κ2V or κλ) are fixed to their SM predictions.

68% and 95% CL in the (κλ, κ2V) plane, derived from the two-dimensional profile log-
likelihood ratio, with all other coupling modifiers fixed to their SM values.
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7.8 Combination with the other HH final states

As discussed in Sections 1.3.2 and 2.1.4, Higgs boson decays cover a diverse range of
final states, providing a rich phenomenology for studying HH production. The most
sensitive channels, referred to as the golden channels, include bb̄γγ, bb̄ττ, and bb̄bb̄. These
final states are complementary, as they offer the best sensitivity to different regions of the
mHH spectrum (for example, bb̄γγ is particularly effective at probing HH production in
the softer mHH range). To maximise the sensitivity to HH production and its properties,
it is crucial to exploit the statistical power of all individual HH searches across various
final states and extract the combined results. This Section presents the combination of
multiple HH searches [7], offering the most complete insights into HH production and
the trilinear Higgs boson self-coupling achieved using ATLAS Run 2 data.

7.8.1 Overview of the HH searches

The HH combination incorporates five input analyses. Along with the HH → bb̄γγ anal-
ysis discussed in this chapter, the other two key searches included in the combination are
the HH → bb̄bb̄ [13, 14] and HH → bb̄ττ [15] analyses. Two additional analyses, with a
limited sensitivity with respect to the three golden channels, contribute to the combina-
tion: the HH → multi-leptons [229] and the HH → bb̄ℓℓ+ Emiss

T [230] analyses, which
are briefly presented below.

HH → bb̄bb̄

The HH → bb̄bb̄ analysis takes advantage of the highest HH branching fraction (34%),
but suffers from a large SM background from multijet production. The analysis exploits
both a resolved topology, where all four final-state jets are individually reconstructed
and identified, and a boosted topology, where the two bottom quarks from the Higgs
decay are merged into a single large-radius jet.
The HH → bb̄bb̄ resolved analysis was performed using 126 fb−1of data collected during
the full Run 2. It selects events containing at least four b-tagged jets, which are further
categorized into VBF HH- and ggF HH-enriched categories based on whether there are
additional jets and on their characteristics. To mitigate contamination from tt̄ produc-
tion, a top-veto discriminant is applied to both categories, similar to the single-topness
discriminant described in Section 7.3.2. The signal region in each category is defined
within a two-dimensional plane of the Higgs boson candidates’ masses, mH1

and mH2
,

focusing on the area surrounding the expected Higgs boson mass peaks. The HH invari-
ant mass is used as the discriminating variable in the maximum-likelihood fit to extract
the final results. The background, primarily composed of QCD multijet and tt̄ processes,
is evaluated using a data-driven method. This approach involves extrapolating the mHH
distribution from control regions that are identical to the signal regions, except that they
require exactly two b-tagged jets. To correct for differences in kinematic properties be-
tween events with four and two b-tagged jets, a neural network-based reweighting is
applied.
The HH → bb̄bb̄ boosted analysis uses the full 140 fb−1dataset collected by ATLAS dur-
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ing Run 2 and is specifically optimised to target the VBF HH production mode and
scenarios with anomalous κ2V . This analysis selects events with two large-radius jets,
representing the Higgs boson candidates, and two small-radius jets with large angular
separation and high invariant mass, identified as the VBF jets. The signal region is de-
fined by requiring that both large-radius jets meet the tightest b-tagging working point,
and that the masses of the two Higgs candidates, mH1

and mH2
, lie within a small area

around the Higgs boson mass peaks in the (mH1
, mH2

) plane. A BDT-based discrimi-
nant, trained on MC samples using variables optimized for the HH system and the VBF
topology, is used to extract the final results in the maximum likelihood fit. The primary
background, composed of QCD multijet and tt̄ events, is estimated using a control region
defined similarly to the signal region, but with the condition that one of the large-radius
jets fails the b-tagging criteria.

HH → bb̄ττ

The bb̄ττ final state has one of the highest branching fractions (7.3%) among the vari-
ous HH decay channels and suffers from a moderate background contamination from
competing SM processes. The HH → bb̄ττ search defines separate signal regions for
the fully hadronic and semileptonic ττ final states, depending on the decay chains of
the two τ leptons. In the semileptonic channel events must contain exactly one electron
or muon and one hadronically decaying τ lepton, both with opposite charges. In the
fully hadronic channel events are required to have exactly two hadronically decaying
τ-leptons, also with opposite charges. Both channels require the presence of exactly two
b-tagged jets.
The dominant backgrounds come from Z + heavy flavor jets and tt̄ production, with
additional contributions from single Higgs boson decays into ττ, where tt̄H, ggF, and
ZH processes are the most significant. A BDT-based discriminant is trained indepen-
dently in each signal region, and the fit is performed simultaneously across the signal
regions, along with an additional control region that constrains the normalization of the
Z + heavy flavor background.

In addition to the main analyses discussed earlier, two additional searches contribute
to the HH combination, namely, the HH → multi-leptons and HH → bb̄ℓℓ+ Emiss

T anal-
yses. The multi-leptons search focuses on HH decays into pairs of W or Z bosons, τ lep-
tons, or photons, where the W and Z bosons, as well as the τ leptons, decay leptonically,
resulting in multiple leptons in the final state. This channel has a total branching fraction
of 6.5%. The bb̄ℓℓ+ Emiss

T analysis targets HH final states where one Higgs boson decays
into two bottom quarks, and the other decays into either a pair of Z or W bosons, or τ

leptons, which subsequently decay into two opposite-sign, same-flavor leptons (either
electrons or muons). This channel accounts for 2.9% of the total HH decays.

7.8.2 Combined results

The measured HH signal strength is µHH = 0.5+1.2
−1.0 = 0.5+0.9

−0.8 (stat.) +0.7
−0.6 (syst.), where

“stat.” and “syst.” denote the statistical and systematic uncertainties, respectively, con-
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Figure 7.22 – Fitted values of nuisance parameters associated to each systematic uncertainty
(black markers) with their uncertainty (black lines), superimposed to a 100% uncertainty (red
line). The pre-fit impacts on the expected µHH value (yellow boxes) are evaluated by fixing
each NP, in turn, to its nominal value plus a ±100% uncertainty and performing an indepen-
dent fit to measure µHH. The post-fit impacts, represented by the shaded blue or red boxes,
are evaluated similarly, except that each NP is fixed to its fitted value plus its post-fit ±1σ
uncertainty. The impacts on µHH are measured assuming SM HH production. The nuisance
parameters are ranked by decreasing impact on the measurement.

tributing to the 68% confidence interval. The expected result, assuming SM HH pro-
duction, is µHH = 1.0+1.2

−1.0 = 1.0+1.0
−0.9 (stat.) +0.7

−0.5 (syst.). Among the systematic uncertain-
ties, the largest contribution comes from the 100% uncertainty on the single Higgs plus
heavy-flavor background, particularly affecting the bb̄γγ and bb̄ττ channels. This uncer-
tainty impacts the expected value signal strength (measured assuming SM HH produc-
tion) by approximately 25%, as shown in Figure 7.22, primarily from the bb̄ττ channel.
The observed (expected) discovery significance for the HH signal is just 0.4 (1.0) stan-
dard deviations [70], with respect to the hypothesis of no HH production.
Since no significant excess of signal is observed, upper limits are set on the HH signal
strength. The observed 95% CL upper limit on the total HH production signal strength,
µHH, is 2.9. Under the assumption of no HH production, the expected 95% CL upper
limit is 2.4, while assuming SM HH production, it is 3.4. The observed limits are slightly
less stringent than the expected under the µHH = 0 hypothesis, due to a modest ex-
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cess of HH events above the SM background (the best-fit value for the signal strength is
µHH ≈ 0.5). This excess is primarily driven by the HH → bb̄ττ and HH → multi-leptons
analyses, with observed significances of 1.4 and 1.0 standard deviations, respectively.
The relative contributions of the individual HH channels to the overall sensitivity are
illustrated in Figure 7.23. The HH → bb̄ττ analysis imposes the strongest expected con-
straint on µHH, with an upper limit of 3.3.
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Figure 7.23 – Observed and expected 95% CL upper limits on the signal strength µHH, from
the bb̄ττ, bb̄γγ, bb̄bb̄, multi-leptons, and bb̄ℓℓ+ Emiss

T channels, and their combination. The
expected results are calculated within the assumption of no HH production.

The self-coupling modifier κλ is explored in the ggF and VBF HH production processes.
The impact of κλ on single-Higgs-boson background production and Higgs boson branch-
ing fraction is neglected. Assuming that other Higgs boson couplings are set to the SM
predictions, a maximum likelihood fit to the data yields κλ = 3.8+2.1

−3.6, which is compat-
ible with the SM prediction, with a p-value of 0.53. The expected best-fit value of κλ is
1.0+4.7

−1.5 when assuming SM HH production. The observed (expected) 95% CL interval is
−1.2 < κλ < 7.2 (−1.6 < κλ < 7.2). This result represents the best expected sensitivity
to the trilinear Higgs boson self-coupling to date. The values of the profile-likelihood
test statistic −2 ln Λ as a function of κλ are shown in Figure 7.24a for both the individual
searches and their combination, highlighting the bb̄γγ channel as the most sensitive.
Similarly, κ2V is explored in the VBF HH production process. Assuming the SM predic-
tions for other Higgs boson couplings, the observed (expected) value is κ2V = 1.02+0.22

−0.23

(κ2V = 1.00+0.40
−0.36). The observed (expected) 95% CL interval is 0.6 < κ2V < 1.5 (0.4 <

κ2V < 1.6). The values of −2 ln Λ as a function of κ2V are shown in Figure 7.24b: the
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bb̄bb̄ analysis is the most sensitive, thanks to the boosted VBF HH → bb̄bb̄ analysis. A
deficit of data events in this channel results in stronger constraints on κ2V than expected.
Finally, two-dimensional likelihood contours of −2 ln Λ in the (κλ, κ2V) plane are pre-
sented in Figure 7.25.
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Figure 7.24 – Expected values of the profile log-likelihood ratio, −2 ln Λ, as a function of κλ
(left) and κ2V (right), are shown for all the single channels and for the combined data. The
observed values from the combined data are depicted by solid black lines. These results are
computed with the assumption that all other Higgs boson couplings follow the SM predic-
tions.
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CHAPTER 8

Search for resonant production of Higgs bosons plus new
scalars in the bb̄γγ final state

The self-interactions of the Higgs boson are governed by the scalar potential, whose
structure is still largely unknown. New physics could hide in the scalar sector, poten-
tially giving rise to anomalous trilinear Higgs boson self-coupling values. Models that
extend the scalar sector to include three or more scalar states, of which the 125-GeV
Higgs boson is the only one observed so far, are particularly interesting. Such models
not only can address several shortcomings of the SM (including the hierarchy problem)
but also offer viable dark matter candidates. These new physics scenarios can be ex-
plored by searching for asymmetric Higgs boson pair production, where a new heavy
scalar particle X decays into the 125-GeV Higgs boson, H, and another scalar particle
S. This kind of phenomenology is predicted in multiple beyond-the-SM frameworks,
including the next-to-minimal supersymmetric model (NMSSM) [231] and the two-real-
scalar-singlet model (TRSM) [17].
This Chapter describes a search for the X → SH process, where the Higgs boson decays
into two photons and the new scalar particle S decays into two bottom quarks. This
search is performed using 140 fb−1of 13-TeV pp collision data recorded by the ATLAS
detector during the Run 2 data-taking period [18]. This is the first search for asymmetric
Higgs boson pair production in the bb̄γγ final state performed with ATLAS data. The
search for the X → SH → bb̄γγ signal is conducted across a wide range of masses for
the new scalars (mX and mS), spanning 170 ≤ mX ≤ 1000 GeV × 15 ≤ mS ≤ 500 GeV,
reaching previously unexplored regions of the parameter space at low (mX , mS) values,
as shown in Figure 2.14. The search space only includes (mX , mS) values where the
X → SH decay is kinematically allowed, which requires that mX > mS + mH .
For each (mX , mS) value, the key feature of the X → SH → bb̄γγ signal is the presence
of three distinct resonances: in the invariant mass spectrum of the two photons (mγγ),
the two b-jets (mbb̄), and the four-body bb̄γγ system. The H → γγ decay produces a
narrow peak in the mγγ distribution centered around mH ≈ 125 GeV. The decay of the
new scalar S into two bottom quarks results in a peak in the mbb̄ distribution, centered
at mS. Finally, the presence of the heavy resonance X manifests as a peak in the mbb̄γγ

distribution, centered at mX . These three resonances are crucial for distinguishing the
X → SH → bb̄γγ signal from SM backgrounds, where at least one of these resonances
is absent.

185
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The backgrounds for the X → SH → bb̄γγ search largely overlap with those of the
HH → bb̄γγ analysis described in Chapter 7, since the two analyses share the same
bb̄γγ final state. The main background is the continuum background, whose irreducible
component is diphoton production accompanied by additional b-jets. Reducible contin-
uum backgrounds come from processes involving diphoton production with additional
c- or light-flavor jets misidentified as b-jets, or from γj and jj processes where one or two
jets are misidentified as photons. Smaller contributions come from continuum diphoton
production plus tt̄ or plus Z → bb̄. The latter background is especially relevant when
mS is near the Z boson mass (mZ ≈ 91.2 GeV). Other minor backgrounds include single
Higgs boson production in the diphoton decay channel with additional jets and SM HH
production in the bb̄γγ final state. To suppress these backgrounds, a strategy similar to
that used in the HH → bb̄γγ analysis is employed: stringent photon identification and
isolation criteria are applied to reduce fake photon contamination, and b-tagging is used
to select events with b-jets in the final state.
Section 8.1 provides an overview of the dataset and simulated samples for the signal
and background processes used in the X → SH → bb̄γγ search. Event selection is
described in Section 8.2, while the final discriminant, based on a parametrized neural
network (PNN) algorithm [232], is discussed in Section 8.3. The background estimation
method and analysis strategy are detailed in Section 8.4. Section 8.5 outlines the system-
atic uncertainties, and the statistical model used for interpreting the results is described
in Section 8.6. The results of the search for the X → SH → bb̄γγ signal are presented in
Section 8.7. Finally, the evaluation of the look-elsewhere effect for the global discovery
significance is presented in Section 8.8.

8.1 Data and simulated events

This analysis is based on 13 TeV pp collision data collected by the ATLAS detector dur-
ing the Run 2 data-taking period, corresponding to an integrated luminosity of 140 ±
1.2 fb−1 [49]. The trigger strategy, driven by the presence of two photons in the final
state, follows the same approach as that used in the HH → bb̄γγ analysis, described in
Section 7.1.
As will be detailed later in this Chapter, the background estimation for the X → SH →
bb̄γγ search relies heavily on MC simulations. The continuum background is modeled
using the γγ+jets, tt̄γγ, and Z(→ qq̄) + γγ MC samples. The first two samples are
the same as those discussed in Section 7.2.2. The Z(→ qq̄) + γγ sample, which includes
both the irreducible background from Z boson decays into two bottom quarks and the re-
ducible background from Z decays into c- or lighter quarks, is generated using SHERPA

2.2.11 [203]. A generator-level requirement is placed on the diphoton invariant mass,
mγγ > 95 GeV, to target the H → γγ phase space. An alternative simulation for the
γγ+jets process, used to evaluate the systematic uncertainty in the continuum back-
ground modeling, is based on MADGRAPH5 AMC@NLO [68]. This sample simulates
diphoton production with up to two additional jets at NLO accuracy in QCD. The simu-
lation of the parton shower is handled by PYTHIA 8.2. Compared to the nominal SHERPA

2.2.4 γγ+jets sample, the alternative MADGRAPH5 AMC@NLO sample contains much
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less simulated events, and has therefore a much lower statistics in the bb̄γγ final state.
Since the γγ+jets sample does not account for fake photon contributions to the contin-
uum background, its normalisation is adjusted to match data in the sideband regions
(105 ≤ mγγ ≤ 120 GeV and 130 ≤ mγγ ≤ 160 GeV).
The simulated samples used to describe the single Higgs boson backgrounds and the
SM HH process are the same as those employed in the HH → bb̄γγ analysis, outlined
in Section 7.2, with inclusive normalisation is set to match the most precise theoretical
predictions available for the production cross sections and branching fractions.

8.1.1 Signal samples

The X → SH signals are simulated for 165 mass points in the (mX , mS) plane using
PYTHIA 8.2 for both event generation and parton showering. The signal samples only
consider the decay channels H → γγ and S → bb̄. The new scalar particles, X and S, are
generated under the narrow width approximation (NWA) [233].

Signal interpolation

The aim of this analysis is to search for a X → SH → bb̄γγ signal continuously across the
entire explored (mX , mS) region, ensuring no gaps in sensitivity between the tested mass
points. This requires testing for the presence of a signal against the background-only hy-
pothesis throughout the (mX , mS) parameter space in a fully continuous way. However,
generating X → SH → bb̄γγ MC samples on an infinitely fine two-dimensional grid in
the masses of the two resonances would be unfeasible. To address this challenge, a signal
interpolation technique is used to estimate the expected signal shapes and efficiencies for
(mX , mS) points that fall between the fully simulated mass points. The goal is to create a
signal grid in the (mX , mS) plane with sufficient granularity so that the spacing between
the grid points is smaller than the experimental widths of the signal in both the mX and
mS directions. In this way, any X → SH → bb̄γγ signal present between the available
mass points (whether fully simulated or interpolated) would be detected by testing the
presence of signal in the neighbouring available (mX , mS) points, effectively making the
analysis sensitivity continuous across the (mX , mS) plane.
The interpolation procedure involves estimating the probability density of two key ob-
servables, m∗

bb̄γγ
1 and mbb̄, for each (mX , mS) mass point in the signal grid. This density,

defined as:
P(m∗

bb̄γγ, mbb̄|mX , mS) (8.1)

is then used to build the final PNN-based discriminant for the signal in the considered
(mX , mS) point (as will be described in Section 8.3). Given a target (mtarget

X , mtarget
S ) point,

the signal interpolation procedure involves starting from a reference (mref
X , mref

S ) mass
point, for which a fully simulated sample is available, and therefore can be used to ex-
tract the p.d.f. of the (m∗

bb̄γγ, mbb̄) variables. The interpolation procedure is used to es-

1The modified four-body invariant mass m∗
bb̄γγ

is similar to the one described in Section 7.3.2, and is defined

as m∗
bb̄γγ

= mbb̄γγ
− (mbb̄ − mS)− (m

γγ
− 125 GeV), where 125 GeV approximates the Higgs boson mass. This

variable improves the resolution of the bb̄γγ resonance compared to the traditional bb̄γγ invariant mass.
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timate P(m∗
bb̄γγ, mbb̄|m

target
X , mtarget

S ) starting from P(m∗
bb̄γγ, mbb̄|m

ref
X , mref

S ), in two steps:
a rescaling step, in which the peak of this distribution is scaled to take into account
the distance between (mtarget

X , mtarget
S ) and (mref

X , mref
S ), and a reweighting step, that takes

into account the different resolution of the X → bb̄γγ and S → bb̄ resonances at different
mass points.
The rescaling step exploits the kinematics of the two-body decay X → SH, which, in
the rest frame of the mother particle, only depend from the masses of the three particles
involved, mX , mS, and mH . Indeed, in the rest frame of the X boson, the S scalar and the
Higgs boson are generated back to back with the same momentum, whose magnitude
is:

p∗(mX , mS) =

√[
m2

X − (mS + mH)
2
]
·
[
m2

X − (mS − mH)
2
]

2mX
(8.2)

In the reference sample, the four-momenta of the S, H, and X particles are reconstructed
for each event using the di-jet, diphoton, and bb̄γγ objects in the final state, respectively.
These four-momenta are then recomputed in the rest frame of the X particle, and the
three-momentum components of the S and H bosons are rescaled using the ratio of the
momentum magnitudes, computed with the target and reference masses:

R∗
=

p∗(mtarget
X , mtarget

S )

p∗(mref
X , mref

S )
(8.3)

Additionally, the mass of the S particle in the rest frame is rescaled by mtarget
S /mref

S . The
rescaled four-momenta are then boosted back to the laboratory frame, and the shifted
m∗

bb̄γγ and mbb̄ variables are recomputed. In this way, the modified (m∗
bb̄γγ, mbb̄) distri-

bution is centered around the target (mtarget
X , mtarget

S ) point.
The rescaling procedure adjusts the momenta of the X, S, and H particles but does not ac-
count for differences in experimental resolution (due to detector effects) of the X → bb̄γγ

and S → bb̄ resonances at different mass points. In particular, the X and S resonances are
expected to have a poorer resolution for lower mX and mS values, as shown in Figure 8.1.
To address this, a reweighting is applied to the interpolated sample to ensure that the
two-dimensional resolution of the (m∗

bb̄γγ, mbb̄) distribution matches the expected reso-

lution at the target (mtarget
X , mtarget

S ) point. Since detector resolution effects are much more
significant for jets than for photons, the reweighting only accounts for the mbb̄ resolution.
This is measured at fully simulated (mX , mS) points by fitting the (mbb̄ − mS)/mS distri-
bution with a Bukin function [234]. The Bukin fit parameters are then interpolated across
the (mX , mS) plane using Delaunay triangulation [235], thus creating two-dimensional
maps of these parameters in the resonance masses. The interpolated Bukin parameters
can be used to construct the resolution response for each event i with dijet invariant mass
mi

bb̄, at any (mX , mS) point:

Resolution responsei
(mX , mS) = Bukin

(
mi

bb̄ − mS
mS

∣∣∣mX , mS

)
(8.4)
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Figure 8.1 – Distributions of (a) (m∗
bb̄γγ −mX)/mS and (b) (mbb̄ −mS)/mS for simulated X →

SH → bb̄γγ signals with different resonance masses. All the distributions are normalised to
unity.

Therefore, the final interpolated sample is obtained by applying an event-by-event weight,
wres,i, which is calculated as the ratio of the Bukin functions evaluated at the target
and reference (mX , mS) points, multiplied by the event’s dijet resolution at the target
(mtarget

X , mtarget
S ) point:

wres,i
(mX , mS) =

Bukin
(

mi
bb̄−mtarget

S

mtarget
S

∣∣∣mtarget
X , mtarget

S

)
Bukin

(
mi

bb̄−mref
S

mref
S

∣∣∣mref
X , mref

S

) · mi
bb̄ − mtarget

S

mtarget
S

(8.5)

This interpolation procedure is considered robust only in regions of the (mX , mS) plane
where the differences in resolution effects between neighboring fully simulated signal
samples are small (typically, below 2-3%). Therefore, the interpolation is restricted to
the region where mX > 300 GeV and mS > 70 GeV. The quality of the interpolation is
evaluated by comparing the interpolated signal shapes with those from fully simulated
ones, for (mX , mS) points where signal MC samples are available, and evaluating the
expected 95% CL upper limits on the X → SH → bb̄γγ cross section times branching
fraction in the two cases. In the region where the interpolation is applied, the differ-
ence in the expected analysis performance between using the interpolated signals and
the simulated signals is found to be within 5%, while it can reach up to 10% at mS = 70
GeV, at the boundary of the interpolation domain. To account for this difference, a ded-
icated systematic uncertainty related to the interpolation procedure is assigned to the
X → SH → bb̄γγ signals at (mX , mS) points where interpolation is applied, as described
in Section 8.5.3.
In regions where the interpolation procedure is not applied, the signal grid consists ex-
clusively of fully simulated samples.
The final signal grid, illustrated in Figure 8.2, consists of 373 mass points, with a spacing
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of 5 GeV in the densest region (for low mX and mS values) and of up to 50 GeV in the
less granular region, characterised by higher resonance masses and wider experimental
widths. Figure 8.3 shows the m∗

bb̄γγ and mbb̄ distributions for X → SH → bb̄γγ sam-
ples at neigbouring (mX , mS) points in the signal grid. The distributions largely overlap
in both the mX and mS directions, suggesting that the granularity of the signal grid is
fine enough to have an effectively continuous sensitivity across the explored parameter
space. The required grid granularity was ultimately determined through signal injec-
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Figure 8.2 – (mX , mS) points in the search space for which the presence of a X → SH →
bb̄γγ signal is tested. Simulations are available for the signals marked as black triangles and
red squares, representing points analysed with two different analysis selections (that will be
described in Section 8.2). For the points marked as blue circles, the results rely on interpolated
signal shapes.

tion tests on background only simulated events, where an artificial X → SH → bb̄γγ

signal was introduced at a specific (m∗
X , m∗

S) point, with a cross section times branch-
ing fraction set to twice the expected limit under the background-only hypothesis. The
injected signals consistently appeared as an excess with a discovery significance of at
least 3 standard deviations in nearby (mX , mS) points (where no signal was injected).
This confirms that the signal grid is sufficiently fine to ensure no gaps in sensitivity exist
between the tested mass points.

8.2 Event selection

The object and event selection criteria for the X → SH → bb̄γγ search closely align with
those used in the HH → bb̄γγ analysis, described in Section 7.3.1. Both analyses share
the same diphoton selection to target the H → γγ signature. In addition, both analyses
place a veto on events with at least one lepton, and require at least two, but fewer than
six, central jets (|η| < 2.5) in the final state, to reduce contamination from the tt̄H and
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Figure 8.3 – Distributions of (a) m∗
bb̄γγ and (b) mbb̄ for simulated or interpolated X → SH →

bb̄γγ signal events, with neighbouring resonance masses (mX , mS) in the (a) mX and (b) mS
directions in the search space. All the distributions are normalised to unity.

tt̄γγ backgrounds. In addition, b-tagging requirements are applied, to target the S → bb̄
signature.
The topology of the S → bb̄ decay changes significantly depending on the region in the
(mX , mS) parameter space. Specifically, in regions where mX ≫ mS + mH and mS is low,
the S particle can acquire a very large momentum to compensate for this mass imbalance,
becoming so boosted that the two bottom quarks from its decay are so collimated that
they cannot be resolved and are reconstructed as a single small-radius b-jet. On the other
hand, for mX ∼ mS + mH , the S → bb̄ decay typically results in two well-separated
b-jets, arising from the hadronization of the two bottom quarks. Consequently, the b-
tagging criteria differ from those used in the HH → bb̄γγ analysis, and are adapted to
reflect the distinct kinematics of the X → SH → bb̄γγ signal at various mass points.
Two b-tagging categories are defined, based on the expected topology of the S → bb̄
decay in different regions of the (mX , mS) plane:

• For (mX , mS) points where mS/mX < 0.09, the S particle is typically highly boosted,
resulting in a single b-jet in the final state. For these point, the 1 b-tagged selection
is applied, requiring exactly one b-tagged jet in the final state, selected by the 77%
efficiency working point of the DL1r tagger (introduced in Section 6.2).

• For (mX , mS) points where mS/mX > 0.09, a resolved topology of the S → bb̄ decay
is expected. Therefore, when analysing these points, exactly two b-tagged jets are
required in the final state, selected by the 77% efficiency working point of DL1r.
This category is referred to as the 2 b-tagged category.

The threshold of mS/mX = 0.09, used to distinguish between regions where a resolved
topology is expected from those where a boosted topology is expected, is an empirical
choice based on studies of the selection efficiency for the 1 b-tagged and 2 b-tagged cate-
gories for X → SH → bb̄γγ signals across the (mX , mS) plane. In fact, Figure 8.4 shows
the fraction of signal events selected in the 2 b-tagged category at different (mX , mS)
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points in the signal grid, with respect to the total signal yields considering both cate-
gories. The dashed line represents the empirical threshold of mS/mX = 0.09. Points
above the threshold are identified as those where the S → bb̄ resonance typically has
a resolved topology, and indeed, the X → SH → bb̄γγ signals have a large fraction of
events passing the 2 b-tagged selection (around 90%). On the other hand, for points be-
low the threshold, the S → bb̄ resonance typically exhibits a boosted topology, and the
selection efficiency for the 2 b-tagged category is very low (below 40%), meaning that
most events (at least 60%) pass the 1 b-tagged selection.
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Figure 8.4 – Fraction of signal events selected in the 2 b-tagged category, with respect to the
overall signal yields in both the 1 b-tagged and 2 b-tagged category. as a function of the
mX and mS masses. The dashed line represents the empirical threshold mS/mX = 0.09 that
separates the (mX , mS) points analysed with the 2 b-tagged selection from those analysed
with the 1 b-tagged selection.

Figure 8.5 shows the signal efficiency for the 1 b-tagged and 2 b-tagged category as a
function of the mX and mS masses. The 1 b-tagged category selects X → SH → bb̄γγ

signal with resonance masses mS/mS < 0.09 with an efficiency ranging from from 2%
in the low mX region to 12% in the high mX region. Similarly, the 2 b-tagged category,
which targets signals with mS/mX > 0.09, exhibits lower efficiency in the low mX region,
reaching up to 20% for higher mX values. The reduced efficiency at lower mX in the 2
b-tagged category is due to the softer pT spectra of the selected b-jets compared to those
at higher mX , as illustrated in Figure 8.6. This leads to a larger fraction of b-jets falling
below the threhsold for jet reconstruction (25 GeV, as discussed in Section 7.3.1).
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Figure 8.5 – Signal efficiency for the 1 b-tagged (left) and 2 b-tagged categories as a function
of the (mX , mS) mass point in the search space.

100 200 300 400 500
Leading b-jet pT [GeV]

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Fr
ac

tio
n 

of
 e

ve
nt

s 
/ 1

0 
G

eV X SH bb
2 b-tagged category

mX, S = (170, 30) GeV
mX, S = (250, 100) GeV
mX, S = (1000, 500) GeV

Figure 8.6 – Distribution of the leading b-jet pT for X → SH → bb̄γγ signals for different
masses mX and mS, selected by the 2 b-tagged category. Object reconstruction criteria, out-
lined in Section 7.3.1, require the jet’s pT to be above 25 GeV.



194 8.3 PNN discriminant

8.3 PNN discriminant

The final discriminant for the X → SH → bb̄γγ analysis is based on the output of a
parametrized neural network (PNN) [232]. A PNN is a neural network that simulta-
neously processes event features - represented by the vector x = (x1, x2, . . . , xN), where
each xi denotes physical quantities such as kinematic variables of final-state objects - and
the parameters of the search space, represented by ϑ = (ϑ1, ϑ2, . . . , ϑm). In this analy-
sis, ϑ corresponds to the masses of the two resonances, mX and mS. For each event j,
characterized by its kinematic features xj, the PNN response is a continuous function of
the search parameters ϑ. Figure 8.7 presents a simplified illustration of how the PNN
operates. Given a point ϑ in the search space, the PNN evaluated at that point, PNN(ϑ),

Figure 8.7 – Sketch illustrating the concept of how the PNN operates. For each event, the
PNN response evaluated on its input features x is a continuous function of the search param-
eters ϑ.

is designed to provide the optimal separation between background events and signal
events with the parameter ϑ. Moreover, PNN(ϑ) can also detect a signal with nearby
parameters ϑ

′, although with a slightly reduced sensitivity. These properties of the PNN
are particularly interesting for the X → SH → bb̄γγ analysis, which searches for a sig-
nal in a wide, two-dimensional space defined by the masses of the two resonances, mX
and mS. The search is further complicated by the non-trivial dependence of the signal
on the (mX , mS) masses. Ideally, the PNN allows an optimal signal-to-background sep-
aration at any mass point in the search space, with a single (parametric) discriminant.
Furthermore, the ability of the discriminant evaluated at a specific mass point (m∗

X , m∗
S),

PNN(m∗
X , m∗

S), to remain sensitive to signals with nearby masses m′
X and m′

S is crucial
for ensuring continuous sensitivity across the entire search space, when combined with
a sufficiently granular signal grid.
Two separate PNNs are trained for the 1 b-tagged and 2 b-tagged categories to isolate a
mixture of benchmark X → SH → bb̄γγ signals from the dominant backgrounds. The
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training procedure for each PNN is outlined below:

• 2 b-tagged category. The PNN is trained using all simulated signals with mS > 15
GeV, and the backgrounds include the γγ+jets sample and the main single Higgs
processes (ggF, tt̄H, and ZH). The feature vector is x = (m∗

bb̄γγ, mbb̄), while the
parameter vector is ϑ = (mX , mS). Since the mass parameters are irrelevant for the
background processes, and to prevent the PNN from distinguishing signal from
background purely based on the search parameters, background events are as-
signed random (mX , mS) values during training, following the same distribution
as the signal events.

• 1 b-tagged category. The PNN is trained on simulated signals with mS = 15, plus
the signals with (mX , mS) values equal to (400, 30), (500, 30), (750, 70), (1000, 70)
GeV, which are also analysed using the 1 b-tagged category. The backgrounds in-
clude the γγ+jets sample and the same single Higgs processes considered for the 2
b-tagged category, plus single Higgs production via VBF and the SM HH processes.
In the 1 b-tagged region, a single b-jet (incorporating both bottom quarks from the
boosted S particle’s decay) is reconstructed in the final state. Hence, the feature
vector is changed to accomodate this particular topology, and includes the modi-
fied three-body invariant mass m∗

bγγ = mbγγ − (mγγ − 125 GeV) and the pT of the
selected b-jet: x = (m∗

bb̄γγ, pT(b)). The parameters’ vector only includes the mass
of the X resonance: ϑ = (mX). Like in the 2 b-tagged category, the background
events are assigned random (mX) values for the training, following the same mX
distribution as the signals.

Figure 8.8 shows the distribution of the 2 b-tagged PNN discriminant for two different
mass points, comparing the corresponding X → SH → bb̄γγ signals with the contin-
uum, single Higgs, and SM HH backgrounds. Since the PNN response for each event
depends on the mass parameters, the background shapes also vary between the PNN
spectra evaluated at different mass points. In Figure 8.9, the 2 b-tagged PNN discrim-
inant, evaluated at (mX , mS) = (250, 100) GeV, is shown for continuum, single Higgs,
and SM HH backgrounds, as well as for three X → SH → bb̄γγ signals with reso-
nance masses (mX , mS) = (250, 100), (240, 100), and (300, 110) GeV. The discriminant
PNN(mX = 250 GeV, mS = 100 GeV) effectively separates the X → SH → bb̄γγ sig-
nal at (mX , mS) = (250, 100) GeV from the backgrounds, and also classifies the signal
at the nearby mass points (mX , mS) = (240, 100) GeV as signal-like, as its distribution
peaks near 1. On the other hand, the discriminant is less sensitive to the signal with
more distant mass values, such as (mX , mS) = (300, 110) GeV, whose distribution in the
PNN(mX = 250 GeV, mS = 100 GeV) spectrum appears to be more background-like. As
already mentioned, this property of the PNN(ϑ

′
) discriminant, evaluated at a specific

point ϑ
′
= (m′

X , m′
S) in the search space, to retain sensitivity to signals with nearby val-

ues of resonance masses ensures that the analysis would not miss a signal whose values
of mX and mS fall between the (mX , mS) points where the presence of a signal is actu-
ally tested. This allows to have a fully continuous sensitivity across the explored search
space, even with a finite granularity of the signal grid.
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8.4 Analysis strategy and background estimation

The use of PNN discriminants as the final observable requires a complete rethinking of
the background modeling strategy, especially for the continuum background, compared
to traditional H → γγ analyses, which rely on the diphoton invariant mass mγγ as the fi-
nal discriminant. In the approach adopted by this analysis, both signal and background
processes are modeled using histograms of the PNN discriminants derived from simu-
lations.2 A slightly different treatment is adopted for the continuum background, since
the available γγ+jets sample only accounts for the true photon component, omitting the
(subdominant) fake photon contribution. Special care is taken to ensure that the contin-
uum background template extracted from the γγ+jets sample is reliable for modeling
the entire continuum background, including the fake photon component.

8.4.1 SM HH and single Higgs boson background

The SM HH and single Higgs boson backgrounds are modeled using the PNN discrim-
inant distributions obtained from the corresponding MC samples. The overall normal-
isation of these background processes is determined based on their SM cross sections,
calculated using the state-of-the-art accuracy (quoted in Table 1.2 and Section 2.1.1), on
the branching ratio of the H → γγ decay for single Higgs events, or the HH → bb̄γγ

decay for di-Higgs events (corresponding to 0.227% and 0.26% respectively), and on the
integrated luminosity of the Run 2 dataset (equal to 140 fb−1).

8.4.2 Continuum background

As previously mentioned, the continuum background is primarily composed of pro-
cesses with two reconstructed photons in the final state, accompanied by additional
jets. Subdominant contributions come from the tt̄γγ and Z + γγ processes, where the
Z boson decays hadronically. These two subdominant backgrounds are modeled using
MC samples, and their normalisation is determined from the generator cross sections
(quoted in Table 7.3 for tt̄γγ, and corresponding to 68.9 fb for Z + γγ).
The continuum background involving two reconstructed photons plus additional jets
includes the contributions from events with two real photon and from events with fake
photons, arising from the γj and jj processes. The fractions of the irreducible true γγ

component and the reducible γj and jj components in the 1 b-tagged and 2 b-tagged cat-
egories are measured using a two-dimensional matrix method, detailed in Section 7.4.2.
These purity values, along with their statistical and systematic uncertainties, are shown
in Table 8.1.
The SHERPA γγ+jets sample, which simulates the true photon component, is used to
model the entire reconstructed diphoton background, including the reducible γj and jj
components, which contribute around 15% in both 1 b-tagged and 2 b-tagged categories.
This is justified because, as explained below, the shape of the PNN discriminants for
the γγ+jets process was found to be consistent with those of the reducible diphoton

2For (mX , mS) points without fully simulated X → SH → bb̄γγ signals, the PNN discriminant is estimated
using interpolated samples, as described in Section 8.1.
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Table 8.1 – Fraction of γγ, γj, and jj events contributing to the continuum background in-
volving two reconstructed photons in the 1 b-tagged and 2 b-tagged categories. The central
values are shown along with their statistical (“stat.”) and systematic (“syst.”) uncertainties.

Category γγ [%] γj [%] jj [%]

1 b-tagged 86.8 ± 0.9 (stat.) +2.9
−0.7 (syst.) 12.0 ± 0.9 (stat.) +0.5

−2.5 (syst.) 1.2 ± 0.3 (stat.) +0.2
−0.4 (syst.)

2 b-tagged 84.7 ± 2.9 (stat.) +3.2
−1.5 (syst.) 13.9 ± 2.8 (stat.) +2.1

−0.2 (syst.) 1.4 ± 0.8 (stat.) +0.0
−0.5 (syst.)

backgrounds. To account for the difference in normalisation between the true photon
component and the full reconstructed diphoton background, the γγ+jets template is
scaled by a normalisation factor, µγγ, which is allowed to float freely in the final fit to
data. Hence, the normalisation of the reconstructed photon background is data-driven,
while the shape of the PNN discriminants is taken from MC simulations.
To ensure that the γγ+jets sample accurately describe the full reconstructed diphoton
background, templates of the key discriminant variables (namely, m∗

bb̄γγ and mbb̄ in the
2 b-tagged category, m∗

bγγ and pT(b) in the 1 b-tagged category, and all the PNN dis-
criminants) are extracted for γj and jj events, and compared with the corresponding
distribution from the γγ+jets sample. The γj and jj templates are built using the same
two-dimensional matrix method used to measure the γγ, γj, and jj purities, namely, by
inverting the identification or isolation requirements of the two reconstructed photons in
data. The fake photon background templates are found to be consistent within statistical
uncertainties with the corresponding distributions from the γγ+jets sample, describing
the true photons component. Therefore, applying the data-driven γγ normalisation fac-
tor effectively accounts for the reducible fake photon backgrounds, while any impact on
the shape is considered small and is covered by the diphoton background modeling un-
certainty, discussed in Section 8.5.4.
Finally, the accuracy of the continuum background model in describing the data is val-
idated in a region where no signal or other resonant background is expected, and the
background is dominated entirely by continuum processes. This region, defined by the
mγγ sidebands (SB) is used to compare the shapes of key discriminating variables (m∗

bb̄γγ,
mbb̄, m∗

bγγ, pT(b), and PNN discriminants) between the continuum background model
and the data after performing a background-only fit to the data. The background-only
fit is carried out exclusively in the mγγ SB, using single-binned templates of the PNN
output. The shape information from the PNN discriminants is not considered in this
fit, and only the normalisation of the γγ+jets template is free to float. Figure 8.10 il-
lustrates this comparison for m∗

bb̄γγ and mbb̄ in the 2 b-tagged category, and m∗
bγγ and

pT(b) in the 1 b-tagged category. Since PNN(ϑ) is a unique observable for each value of
ϑ = (mX , mS), this validation is performed for each (mX , mS) point in the signal grid.
For example, Figure 8.11 shows the PNN discriminant distributions for two different
mass points: (mX , mS) = (250, 100) GeV in the 2 b-tagged category, and (1000, 70) GeV
in the 1 b-tagged category, comparing data and the continuum background model in the
mγγ SB after normalising the γγ+jets contribution with the factor extracted from the
background-only fit described above. A good agreement between the data and the con-
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tinuum background is observed across the entire search space, confirming the robustness
of the background model.
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Figure 8.10 – Distributions of (a) m∗
bb̄γγ, (b) mbb̄, (c) m∗

bγγ, and (d) pT(b) in data and in the
predicted model, in the mγγ sidebands of the 2 b-tagged region (top) and 1 b-tagged region
(bottom). The γγ+jets background is rescaled to its post-fit normalisation in a background-
only fit in the SB region only. The γγ+jets template is used to model the full continuum
diphoton background, including both the true and the fake photon components. The error
band corresponds to the dominant modelling uncertainty, which will be discussed in Sec-
tion 8.5.4, which arises from the non-resonant γγ+jets background.

8.4.3 Analysis regions

The presence of a X → SH → bb̄γγ signal for a given (mX , mS) mass point is tested
by performing a simultaneous fit to data in two orthogonal regions, defined using the
diphoton invariant mass, mγγ, described below.

• A Signal region (SR) is defined by 120 ≤ mγγ ≤ 130 GeV, corresponding to the
window around the H → γγ peak. Any potential X → SH → bb̄γγ signal is
expected to contribute to the H → γγ resonance, centered at mH ≈ 125 GeV. There-
fore, this region drives the sensitivity to the resonant signal. To enhance the signal-
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Figure 8.11 – Distributions of the PNN discriminant for two choices of ϑ = (mS, mX) in data
and in the predicted background model, in the mγγ sidebands of the 2 b-tagged region (left)
and 1 b-tagged region (right). The normalisation of the γγ+jets background is adjusted to
match data, using a background only fit. The γγ+jets template is models the full continuum
diphoton background, whose uncertainty, represented by the shaded gray area, arises from
the modelling of the γγ+jets template (as will be discussed in Section 8.5.4).

to-background ratio, the PNN templates in the SR are finely binned, especially in
the high PNN score range where the signal is expected to peak.

• A Sidebands region (SB) is defined by 105 ≤ mγγ < 120 GeV plus 130 ≤ mγγ ≤
160 GeV, and is expected to include almost null contribution from any X → SH →
bb̄γγ signals or from resonant backgrounds (namely, single Higgs or SM HH pro-
cesses). The main role of the SB region is to constrain the normalisation of the
continuum background, µγγ, in the final fit to data. Therefore, a single bin is used
to construct the PNN templates in the SB.

The binning of the PNN templates in the SR is optimised individually for each point
in the parameter space. The definition of the bin widths begins in the most signal-like
region of the PNN spectrum, where the PNN score is near 1, and progressively moves
toward the more background-like region, where the PNN score is closer to zero. The
width of the most signal-like bin is set to ensure that at least one background event is
expected in that bin. This choice was found to be sufficient to ensure the validity of the
asymptotic approximation [70], adopted for the statistical interpretation of the results
3. Subsequent bins are iteratively defined, with each bin containing one additional ex-
pected background event compared to the previous bin. This process continues until the
signal-to-background ratio in a bin becomes lower than that of the unbinned SR. At that
point, a single bin is created for the remaining of the distribution, at PNN output values
close to zero.

3The accuracy of the asymptotic approximation was verified by generating pseudo-experiments to estimate
the distributions of the test statistic required for determining the upper limits on the X → SH → bb̄γγ cross-
section. The discrepancy between these results and those based on the asymptotic approximation was found
to be less than 8% across the entire (mX , mS) plane.
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8.5 Systematic uncertainties

Similar to the HH → bb̄γγ analysis, the sensitivity of the X → SH → bb̄γγ search
is limited by the finite amount of data collected by the ATLAS detector during Run 2,
particularly within the 2 b-tagged category selection. Nevertheless, it is important to
understand and evaluate all the sources of systematic uncertainties that may affect the
final results.
Since the X → SH → bb̄γγ search and the HH → bb̄γγ analysis share a very similar
final state, and they both rely on MC simulations for modeling single Higgs and di-
Higgs processes, many sources of systematic uncertainties are common to both analyses,
including:

- the 0.83% uncertainty propagated from the measurement of the total integrated
luminosity of Run 2 data [49];

- the experimental systematic uncertainties due to potential mismodelling of the de-
tector response in simulation with respect to data, related to the modelling of pho-
tons, jets, flavor tagging efficiencies, and pileup;

- the theoretical uncertainties affecting predictions for the single Higgs and di-Higgs
production cross sections, as well as the H → γγ and H → bb̄ branching fractions
(quoted in Table 1.2, Section 2.1.1, and Section 7.5.2);

- the 100% uncertainty related to the heavy-flavor content in single Higgs production
via ggF, VBF, or WH (already explained in Section 7.5.2);

- the “scale” uncertainties, reflecting missing higher-order corrections in theoretical
calculations, and the uncertainties arising from the PDFs and the αS value (referred
to as “PDF+αS” uncertainties), affecting MC event generation (already discussed
in Section 7.5.2);

- the parton shower modelling uncertainties in MC samples (introduced in Section 7.5.2).

These uncertainties may impact either just the normalisation or both the normalisation
and shape of the PNN templates for both signal and background processes.
A key difference between the treatment of systematic uncertainties in the HH → bb̄γγ

and in the X → SH → bb̄γγ analyses comes from the modelling of the continuum
background. In the X → SH → bb̄γγ analysis, the modeling of this background is not
fully data-driven. Instead, it relies on MC simulations to extract the PNN discriminant
distribution, with the normalisation adjusted to data in the final fit using a dedicated
control region (the mγγ sidebands). Therefore, the experimental and theoretical uncer-
tainties mentioned above, such as as those related to detector response mismodelling,
luminosity measurement, parton shower and event generator modelling, and the scale
and PDF+αS uncertainties, also impact the continuum background processes.
In addition, a custom modelling uncertainties affect the X → SH → bb̄γγ search, related
to the signal interpolation procedure described in Section 8.1.1. This signal interpolation
uncertainty applies to (mX , mS) points where interpolated samples are used to construct
the PNN template for the signal process.
The impact of the systematic uncertainties is typically evaluated by varying each source
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by ±1σ upstream in the analysis chain, and propagating these variations through the
entire analysis. For each uncertainty source, varied PNN histograms are produced, re-
flecting differences from the nominal histograms either in normalisation or in both nor-
malisation and shape. These varied histograms are incorporated in the statistical model
to account for the systematic uncertainties. Since the PNN discriminant, PNN(mX , mS),
is effectively a different observable for different mass points in the search space, the sys-
tematic uncertainties are evaluated independently for each (mX , mS) point within the
signal grid.
This procedure is more complicated when extracting varied PNN templates (reflecting
the ±1σ variations from theoretical or experimental uncertainties) for X → SH → bb̄γγ

signals in mass points where an interpolated signal sample is used to estimate the nom-
inal PNN template. In such cases, the interpolation procedure is applied to varied ref-
erence samples, with ±1σ systematic variations introduced upstream. This results in
varied interpolated target signals, which are then used to construct the corresponding
varied interpolated PNN templates.

8.5.1 Experimental systematic uncertainties

The 0.83% luminosity uncertainty affects only the normalisation of the PNN templates
for both signal and background processes.
The other experimental systematic uncertainties, arising from mismodelling of photon
identification and isolation efficiencies, photon energy scale and resolution, Jet Vertex
Tagger efficiency, jet energy scale and resolution, flavor tagging efficiencies, and pileup,
affect both the shape and normalisation of the PNN templates for signal and back-
ground processes. These uncertainties cause variations in the overall yields and effi-
ciency of the single Higgs and HH backgrounds by approximately 1% to 7%. For the
X → SH → bb̄γγ process, the impact ranges from 1% to as much as 15%, observed
for jet energy resolution uncertainties for signals with low mS values. For instance, Fig-
ure 8.12 shows the nominal PNN(ϑ) templates alongside their ±1σ variations due to
flavor tagging uncertainties, for to the X → SH → bb̄γγ signal, single Higgs produc-
tion via ggF, SM ggF HH production, and continuum background, in the mass point
(mX , mS) = (250, 100) GeV.
The overall impact of experimental systematic uncertainties on the expected limits for
the cross section times branching fraction of the X → SH → bb̄γγ signal, σ(pp → X)×
B(X → SH → bb̄γγ), is minimal - below 1% - for high resonance masses (mX > 400
GeV). However, in regions of the search space with lower resonance masses, the impact
ranges from 2% to 20%. The largest effects (up to 20%) are observed at the (mX , mS)

points analysed with the 1 b-tagged category selection, and are dominated by the uncer-
tainties on the jet energy resolution.

8.5.2 Theoretical systematic uncertainties

The theoretical systematic uncertainties from the cross sections of single Higgs and di-
Higgs processes, as well as from the H → γγ and H → bb̄ branching fractions, influence
the normalisation of the PNN templates for single Higgs and SM HH backgrounds. The



Search for resonant production of Higgs bosons plus new scalars in the bb̄γγ final state 203

Flavor Tagging Efficiency (Eigen B 0)
Flavor Tagging Efficiency (Eigen B 1)
Flavor Tagging Efficiency (Eigen B 2)
Flavor Tagging Efficiency (Eigen C 0)

Flavor Tagging Efficiency (Eigen C 1)
Flavor Tagging Efficiency (Eigen C 2)
Flavor Tagging Efficiency (Eigen Light 0)

Flavor Tagging Efficiency (Eigen Light 1)
Flavor Tagging Efficiency (Eigen Light 3)
Flavor Tagging Efficiency (Eigen Light 4)

10 1

100

101

Ex
pe

ct
ed

 y
ie

ld

X SH bb
2 b-tagged SR
Signal (mX, S = (250, 100) GeV)

Nominal
+1

1

0.0 0.2 0.4 0.6 0.8 1.0
PNN(mX = 250 GeV, mS = 100 GeV)

0.05
0.00
0.05

(N
om

.-±
1

)/N
om

.

(a)

10 3

10 2

10 1

100

101

102

103

Ex
pe

ct
ed

 y
ie

ld

X SH bb
2 b-tagged SR

ggF H

Nominal
+1

1

0.0 0.2 0.4 0.6 0.8 1.0
PNN(mX = 250 GeV, mS = 100 GeV)

0.1
0.0
0.1

(N
om

.-±
1

)/N
om

.

(b)

10 4

10 3

10 2

10 1

100

101

102

103

Ex
pe

ct
ed

 y
ie

ld

X SH bb
2 b-tagged SR

SM ggF HH

Nominal
+1

1

0.0 0.2 0.4 0.6 0.8 1.0
PNN(mX = 250 GeV, mS = 100 GeV)

0.05
0.00
0.05

(N
om

.-±
1

)/N
om

.

(c)

10 1

100

101

102

103

104

105

Ex
pe

ct
ed

 y
ie

ld

X SH bb
2 b-tagged SR

+ jets

Nominal
+1

1

0.0 0.2 0.4 0.6 0.8 1.0
PNN(mX = 250 GeV, mS = 100 GeV)

0.05
0.00
0.05

(N
om

.-±
1

)/N
om

.

(d)

Figure 8.12 – Nominal and varied PNN(ϑ) distributions for the (a) signal, (b) ggF H, (c) SM
ggF HH, and (d) γγ+jets processes, in the mass point (mX , mS) = (250, 100) GeV. The varied
PNN templates refer to ±1σ variations due to the flavor tagging uncertainties listed in the
legend.
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100% systematic uncertainty related to the heavy flavor simulation is assigned to the
normalisation of the ggF, VBF, and WH single Higgs backgrounds.
Additionally, scale and PDF+αS uncertainties affect both the normalisation and shape
of the PNN templates for the X → SH → bb̄γγ signals, and for single Higgs, di-Higgs,
γγ+jets, tt̄γγ, and Z + γγ backgrounds.
Parton shower uncertainties also impact both the normalisation and shape of the PNN
templates. These are evaluated only for the signals and for the resonant single Higgs and
SM HH backgrounds. For the X → SH → bb̄γγ signals, the parton shower uncertain-
ties are assessed by comparing the PNN templates extracted from nominal MC samples,
relying on PYTHIA 8.2 for event generation and parton showering, with those obtained
from alternative MC samples based on HERWIG 7.1. The alternative single Higgs and
SM HH MC samples used to evaluate parton shower uncertainties rely on HERWIG 7, as
already discussed in Section 7.5.2.
For the three single Higgs production modes via ggF, VBF, and WH, scale, PDF+αS, and
parton shower uncertainties are not considered, as these effects are assumed to be cov-
ered by the large 100% uncertainty associated with the heavy-flavor content simulation.
The overall impact of theoretical uncertainties on the analysis sensitivity is approxi-
mately 4%. However, in regions of the (mX , mS) plane characterized by low mS, this
impact can rise to as much as 10%, mostly due to the contribution of the 100% heavy
flavor uncertainty assigned to the ggF single Higgs production.

8.5.3 Signal interpolation uncertainty

A dedicated uncertainty is assigned to the signal interpolation procedure, described in
Section 8.1.1, which is used to estimate the PNN discriminant distribution for (mX , mS)

points where fully simulated signal samples are not available. This systematic uncer-
tainty is evaluated by modifying the interpolated samples, varying, in turn, each of the
fit parameters of the Bukin functions (used to estimate the mbb̄ resolution response at the
target (mtarget

X , mtarget
S ) point) by ±1σ within their fit uncertainties. These modified inter-

polated samples generate slightly different probability density functions
P(m∗

bb̄γγ, mbb̄|m
target
X , mtarget

S ), which are then used to construct corresponding varied
PNN templates. The envelope of the differences between the nominal and varied PNN
templates is adopted as a systematic uncertainty. This uncertainty is applied to signal
samples at (mX , mS) points where the interpolation procedure is used. The interpolation
uncertainty typically leads to bin-by-bin variations of up to 30% in the PNN templates,
as illustrated in Figure 8.13. Furthermore, as shown in the same Figure, this uncertainty
typically covers the non-closure observed between interpolated and fully simulated sig-
nals, verified for the points where fully simulated signals are available.

The signal interpolation uncertainty was found to have a maximum impact of 10% on
the analysis sensitivity across all tested mass points.
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Figure 8.13 – Comparison of simulation and interpolation for the PNN discriminant, for
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8.5.4 Continuum background modelling uncertainty

As mentioned earlier, experimental, scale and PDF+αS, and parton shower uncertainties
all influence both the normalisation and shape of the PNN templates used to model the
continuum background, derived from the γγ+jets, tt̄γγ, and Z + γγ MC samples.
A dedicated systematic uncertainty is assigned to the modelling of the continuum dipho-
ton background, which is described using the γγ+jets sample. This uncertainty is eval-
uated by comparing the nominal PNN templates (extracted from the SHERPA sample)
with those obtained from the alternative MADGRAPH5 AMC@NLO sample. However,
as discussed in Section 8.1, the MADGRAPH5 AMC@NLO γγ+jets sample suffers from
significantly lower statistics in the signal regions of the X → SH → bb̄γγ analysis with
respect to the nominal SHERPA sample, particularly in the 2 b-tagged category. This
results in an inflated magnitude of the modelling uncertainty due to large statistical
fluctuations in the varied PNN templates. To mitigate the effect of low statistics in the
MADGRAPH5 AMC@NLO sample for the 2 b-tagged category, the varied PNN tem-
plates were built after removing the b-tagging requirements, and reweighing the simu-
lated events to match the jet flavor composition of the 2 b-tagged category. Despite this
smoothing procedure, the statistical fluctuations in the varied PNN templates used to
estimate the modelling uncertainty remain significant.
Indeed, the continuum background modelling uncertainty is the dominant source of un-
certainty in this analysis, inducing bin-by-bin efficiency variations in the γγ+jets tem-
plates reaching up to 100%, as illustrated in Figure 8.14. The impact on the expected
analysis sensitivity for (mX , mS) mass points analysed with the 2 b-tagging category se-
lection ranges from 2% at higher resonance masses (mX > 600 GeV) to as much as 20%
at lower mX values.

In the 1 b-tagged category, the b-tagging requirements are less stringent, reducing the
statistical limitations of the γγ+jets sample. As a result, the impact of this modelling
uncertainty on the expected sensitivity is generally lower, amounting to only a few per-
cent in most cases. However, for the two mass points (mX , mS) = (500, 30) GeV and
(230, 15) GeV, significant statistical fluctuations in the MADGRAPH5 AMC@NLO sam-
ple in signal-like bins of the PNN histograms result in an overestimated magnitude of
this uncertainty, translating into an impact on the analysis sensitivity reaching 40%.

8.6 Statistical model

The presence of a X → SH → bb̄γγ signal at a specific (mX , mS) mass point is tested
using a binned maximum likelihood fit to the PNN distribution in data. This fit is per-
formed simultaneously in SR and in the SB. The likelihood function is expressed as fol-



Search for resonant production of Higgs bosons plus new scalars in the bb̄γγ final state 207

10 1

100

101

102

103

104

105

Ex
pe

ct
ed

 y
ie

ld

X SH bb
2 b-tagged SR

+ jets

Nominal
Alternative
Alternative + smoothing

0.0 0.2 0.4 0.6 0.8 1.0
PNN(mX = 250 GeV, mS = 100 GeV)

0.5
0.0
0.5

(N
om

.-±
1

)/N
om

.

Figure 8.14 – Nominal PNN(ϑ) distribution for the continuum diphoton background for
(mX , mS) = (250, 100) GeV, extracted from the SHERPA γγ+jets sample. The nominal
template is compared with the corresponding varied histograms obtained from the MAD-
GRAPH5 AMC@NLO sample, both with and without the smoothing procedure. The shaded
bands represent the statistical uncertainty associated to each template.
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lows:

L = Pois

(
nSB|µγγ · Nγγ

SB (α, γ) + ∑
p

Np
SB(α, γ)

)
× ∏

i
Pois

(
nSR,i|µ · Nsignal

SR (α) · f signal
i (α, γ) + µγγ · Nγγ

SR (α) · f γγ
i (α, γ)

+ ∑
p

Np
SR(α) · f p

i (α, γ)

)
× G(α)× Pois(γ)

(8.6)

The binned likelihood in Equation 8.6 is a product of multiple Poisson terms, modelling
the number of observed events in data in the SB region (nSB) and in each bin i of the
PNN templates in the SR (nSR,i). Additionally, it includes Gaussian constraint terms for
the nuisance parameters (NPs) associated with systematic uncertainties (α) and Poisson
constraints for the statistical uncertainties (γ), reflecting the limited statistics in the MC
samples used to generate the PNN templates.
The Poisson term modelling nSB is centered around the expected number of background
events contributing to the single-bin PNN templates in the SB. This includes the contin-
uum diphoton background contribution, with its expected yield from the γγ+jets MC
sample (indicated as Nγγ

SB (α) in Equation 8.6), and all the other background processes,
represented by the sum of expected yields Np

SB(α) for each process p. As mentioned in
Section 8.4.2, the expected yield for the γγ+jets background is scaled by the normalisa-
tion factor µγγ, which is a free parameter in the fit and adjusts the contribution of the
continuum background in order to match the data in the SB. This normalisation factor
is applied in both the SB and SR, allowing the continuum background normalisation to
propagate across both regions.
For the SR, the number of observed events in each bin i of the PNN template, nSR,i,
is modeled using a Poisson function, centered around the expected event yield in that
bin. The expected event count includes contributions from the γγ+jets background,
the single Higgs, SM HH, and other continuum backgrounds, as well as the signal.
The signal expected event yield, Nsignal

SR (α), is scaled by the signal strength parameter
µ, corresponding to the product of the cross section and the branching fraction of the
X → SH → bb̄γγ process (namely, µ = σ(pp → X)× BR(X → SH → bb̄γγ)), which
represents the parameter of interest (POI) of the model.
The shape information of the signal and background processes in the PNN spectrum is
encoded by the terms f p

i , which represent the fractional contributions of each process p
in bin i of the PNN histograms in the SR.
The NPs α and γ are associated to systematic and statistical uncertainties, respectively.
The systematic uncertainties affect both the expected yields and the shapes of the signal
and background processes, while the statistical uncertainties only impact the shape, by
fluctuating the fractional contributions of the signal and background processes in each
bin. Statistical uncertainties are treated as uncorrelated across different analysis regions
and within each bin of the PNN templates in the SR: each bin i is assigned an indepen-
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dent NP γi.
For instance, for a process p with expected yield Np,MC

SR · f p,MC
i in the bin i in the SR,

carrying a statistical uncertainty δ
p
i , the NP γ

p
i modifies the fractional yield as:

f p
i (γ

p
i ) = γ

p
i · f p,MC

i . (8.7)

The Poisson constraint term for γ
p
i is defined as:

Pois(γp
i ) = Pois

mp
i =

(
Np,MC

SR · f p,MC
i

δ
p
i

)2 ∣∣∣γp
i · τ

p
i

 , (8.8)

where mp
i represents a global observable whose nominal value is

(
Np,MC

SR · f p,MC
i

δ
p
i

)2
, and τ

p
i

is a fixed constant, set to
(

Np,MC
SR · f p,MC

i
δ

p
i

)2
. Thus, the term in Equation 8.8 constrains γ

p
i

to be close to unity, allowing for Poisson fluctuations reflecting the MC statistical uncer-
tainty in bin i for the process p. The global Poisson term Pois(γ) in Equation 8.6 is the
product of all these constraints.
Systematic uncertainties that impact the normalisation of process p are modeled by in-
troducing a NP αj, which modifies the expected yields in the SB and SR, Np,MC

SB(SR), by
multiplying them by response function η(αj), defined as:

η(αj) =


(

Ip
R(+1σ)/Ip

R(nom)
)αj

if αj > 0(
Ip
R(−1σ)/Ip

R(nom)
)−αj

if αj < 0
(8.9)

Here, Ip
R(nom) and Ip

R(±1σ) represent the nominal and varied expected yields for pro-
cess p in region R. The overall normalisation for process p in the region R is then ex-
pressed as:

Np
R(α) = Np,MC

R · ∏
j

η(αj), (8.10)

where j indexes all the systematic uncertainties affecting the normalisation of process p.
Systematic uncertainties affecting both the normalisation and the shape of the PNN tem-
plate for the process p also modify its fractional contribution f p

i in each bin i in the SR.

The fractional yield, originally obtained from the MC simulation as f p,MC
i , is modified

as follows:

f p
i (α) = f p,MC

i ·
(

1 + ∑
j

σ(αj)

)
(8.11)

The response function σ(αj) in Equation 8.11 is defined as:

σ(αj) =


(

Ip
SR,i(+1σ)− Ip

SR,i(nom)
)
· αj if αj > 0(

Ip
SR,i(nom)− Ip

SR,i(−1σ)
)
· αj if αj < 0

, (8.12)
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where Ip
SR,i(nom) and Ip

SR,i(±1σ) are the nominal and varied expected yields for process
p in bin i of the SR, derived from the nominal and varied PNN templates respectively.
For each NP αj, a new Gaussian constraint G(a = 0|αj, 1) is added to the likelihood. The
parameter a is a global observable with a nominal value of zero, thus penalising large
deviations of αj from zero. The combined Gaussian constraints for all NPs αj form the
global term G(α) in Equation 8.6.
As mentioned above, for each (mX , mS) point in the search space, a simultaneous binned
maximum likelihood fit to the data in the SR and SB is performed. This fit estimates the
signal strength parameter µ, the normalisation of the continuum diphoton background
µγγ, along with all the NPs α and γ. In total, the fit constrains over 100 parameters.
One of my contributions to the X → SH → bb̄γγ search consisted in the implementation
of one of the statistical frameworks adopted by the analysis, based on the TRExFitter

package [236, 237].

8.6.1 Test statistic for discovery

The measurement of the signal strength µ is based on the profile likelihood ratio Λ(µ),
defined in Equation 7.20. Specifically, to test for the presence of a X → SH → bb̄γγ

signal at specific resonance masses (mX , mS), the level of disagreement between the ob-
served data and the background-only hypothesis is quantified using the test statistic
q0 [70], given by:

q0 =

{
−2 ln Λ(0) if µ̂ ≥ 0

0 if µ̂ < 0
(8.13)

The test statistic assumes that a signal would manifest as a positive value of µ̂, indicating
an excess of events over the background-only scenario (µ = 0). A q0 value near zero
corresponds to a profile likelihood ratio Λ(0) close to 1, suggesting that the background-
only hypothesis closely matches the best-fit values of the signal strength and NPs (µ̂, θ̂)

that jointly maximize the likelihood. In contrast, larger q0 values indicate increasing
disagreement between observed data and the background-only hypothesis, potentially
hinting at the presence of a signal.
The confidence level associated with the presence of a signal is quantified by the p-value,
defined as:

p0 =
∫ ∞

q0,obs

f (q0|0)dq0, (8.14)

where q0,obs is the value of the test statistic in the observed data, and f (q0|0) represents
the probability density function of q0 under the background-only assumption. A smaller
p0 indicates a larger deviation from the background-only hypothesis, providing stronger
confidence in the presence of a signal. To claim a discovery, the p0 must reach a threshold
of 2.87 × 10−7 [70].
The p0 is also expressed in terms of the discovery significance Z, which corresponds to the
number of standard deviations above the mean of a normal Gaussian distribution with
the same upper-tail probability as p0. The relationship between p0 and Z is defined as:

Z = Φ−1
(1 − p0), (8.15)
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Figure 8.15 – The standard Gaussian distribution ϕ(x) = (1/
√

2π) · exp(−x2/2), showing
the relation between the significance Z and the p-value, namely p-value=

∫ ∞
Z ϕ(x)dx.

where Φ−1 is the quantile (inverse of the cumulative distribution) of the standard Gaus-
sian distribution. Figure 8.15 illustrates the relationship between Z and the p-value. The
discovery threshold of p0 = 2.87 × 10−7 translates into a discovery significance equal to
5.0σ.

To compute p0, the distribution of the test statistic q0 under the background-only hy-
pothesis, f (q0|0), is required, as shown in Equation 8.14. This distribution is typically
evaluated using asymptotic formulae derived under the asymptotic approximation [70],
which is expected to hold unless the data contain very few events. The validity of this
approximation was confirmed by generating f (q0|0) through pseudo-experiments and
comparing the expected analysis sensitivity to results derived using the asymptotic for-
mulae. The approximation was found to be robust, with the analysis sensitivity varying
within relative factors of 10% across the entire tested (mX , mS) plane.

In absence of a significant excess of events observed with respect to the background-only
scenario, 95% CL upper limits are set on the POI µ = σ(pp → X)× BR(X → SH →
bb̄γγ), using the test statistic q̃µ and the CLs method [228], described in Section 7.6.

8.7 Results

For each (mX , mS) mass point in the search space, a fit to the observed data is performed
simultaneously in the SR and the SB, using the binned maximum likelihood method
described in Section 8.6. The post-fit PNN distributions in the SR for two mass points
(mX , mS) = (250, 100) GeV and (1000, 70) GeV are shown in Figure 8.16. These two mass
points are analysed using the 2 b-tagged and 1 b-tagged category selection respectively.
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Figure 8.16 – Post-fit distributions of the PNN discriminant output in the (a) 2 b-tagged signal
region for mX = 250 GeV and mS = 100 GeV and (b) 1 b-tagged signal region for mX = 1000
GeV and mS = 70 GeV, after a background-only fit to data. The signals corresponding to the
two PNN parameterisations, normalised to a 1 fb cross section times branching fraction, are
illustrated for comparison (blue solid line). The error band corresponds to the total systematic
uncertainty after fit.

For most (mX , mS) points, the fit results show a good agreement between the observed
data and the SM background-only expectations. However, some deviations are ob-
served at a few points. The most significant excess occurs at (mX , mS) = (575, 200) GeV,
where the local discovery significance reaches 3.5σ. Figure 8.17 shows the signal-plus-
background fit to the PNN distribution in the SR at the mass point (mX , mS) = (575, 200)
GeV. The contribution from the X → SH → bb̄γγ signal at these resonance masses is de-
picted as a shaded gray histogram.

However, after accounting for the look-elsewhere effect, which arises from searching for a
X → SH → bb̄γγ signal across multiple resonance mass values, the global significance
of the search over the entire (mX , mS) plane is reduced to 2.0σ. The procedure for evalu-
ating the look-elsewhere effect is detailed in Section 8.8. The observed discovery signif-
icance across the tested region of the (mX , mS) plane is visualized in Figure 8.18, where
the excess is indicated by a bright yellow spot centered at (mX , mS) = (575, 200) GeV.
Higher values of the discovery significance are also seen for neighboring mass points,
reflecting the sensitivity of the PNN evaluated at a determined ϑ = (mX , mS) to a signal
with different nearby masses ϑ

′
= (m′

X , m′
S).

A particularly interesting point is (mX , mS) = (650, 90) GeV, where the X → SH →
bb̄γγ search conducted by the CMS collaboration using Run 2 data [238] reported a de-
viation between observed data and the background-only expectation. The CMS search
quoted a measured signal cross section times branching fraction of 0.35 fb for (mX , mS) =

(650, 90) GeV, with a local (global) significance of 3.8σ (2.8σ). The analysis presented in
this Chapter demonstrated sensitivity to such a signal. In fact, a signal injection test with
a 0.35 fb X → SH → bb̄γγ signal at the resonance masses (mX , mS) = (650, 90) GeV was
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Figure 8.17 – Post-fit PNN distribution in the SR for the (mX , mS) = (575, 200) GeV mass
point, after a signal plus background fit. The observed data are shown as black points, while
the signal contribution is indicated by the shaded gray histogram. The bottom panel presents
the ratio of the observed data with respect to the expected background: a small excess is
visible in the most signal-like region in the PNN spectrum.

found to produce an expected local significance of 2.7σ. However, the observed local
significance at this mass point is only 1.2σ, and thus this analysis does not confirm the
excess reported by the CMS search. In fact, this analysis sets a 95% CL observed upper
limit on σ(X → SH → bb̄γγ) of 0.14 fb at (mX , mS) = (650, 90) GeV, which would ex-
clude the cross section of 0.35 fb measured by the CMS analysis at this mass point.
In the absence of significant excesses above the SM background expectations, 95% CL up-
per limits are set on the cross section times branching fraction for the X → SH → bb̄γγ

signal throughout the (mX , mS) plane. Figure 8.19a shows the observed 95% CL upper
limits on σ(pp → X)× BR(X → SH → bb̄γγ), while the corresponding expected re-
sults, assuming no signal, are displayed in Figure 8.19b.
The observed (expected) limits range from 39 (25) fb at mX = 170 GeV and mS = 30 GeV,
to 0.09 (0.14) fb at mX = 1000 GeV and mS between 250 and 300 GeV. The limits improve
at higher masses, reflecting the fact that signals with larger mX are easier to distinguish
from SM processes, as the X and S resonances typically show better experimental res-
olution. On the other hand, the limits weaken at lower mS, where the signal becomes
highly boosted and thus more challenging to reconstruct, and at low mX , where signal
efficiency in the 2 b-tagged category is lower, due to the subleading b-jet having softer
pT spectra, as explained in Section 8.2.
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Figure 8.18 – Local observed significance for signal discovery across the (mX , mS) search
space. The points show where the significance was evaluated. The band at mS = 125 GeV
corresponds to a X → HH → bb̄γγ signal, which is already probed by a previous search
performed by the ATLAS Collaboration with Run 2 data [12], and is thus not shown here.
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Figure 8.19 – Observed (left) 95% CL upper limits on the signal cross section times branching
fraction for the X → SH → bb̄γγ signal, in the (mX , mS) plane. The corresponding expected
results (right) are evaluated under the assumption of no signal. The points show where the
limits were evaluated. The band at mS = 125 GeV is not shown as those points are equivalent
to those already probed in the previous X → HH → bb̄γγ search performed with ATLAS
Run 2 data [12].
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8.8 Look-elsewhere effect for the global significance

As discussed in Section 8.7, the search for the X → SH → bb̄γγ signal, as a function
of the resonance masses X and S, revealed an excess over background-only expecta-
tions near the point (mX , mS) = (575, 200) GeV, with a peak local significance of 3.5σ.
However, when probing for new physics across a search space spanned by some search
parameters ϑ, quantifying the local p0 for an excess at a specific local point ϑ is not suf-
ficient to establish confidence in the actual presence of a signal.
In fact, a seemingly significant local excess may arise by chance, purely due to the exten-
sive size of the explored search space. This is known as the look-elsewhere effect [239]. To
account for this, the global p0 (or global significance) must be evaluated across the entire
parameter space.
The global p0 represents the probability of observing a local deviation from the back-
ground expectation anywhere within the search space, assuming the background-only
hypothesis holds true:

Global p0 = P(max
ϑ∈M

q0(ϑ) > qobs|µ = 0) (8.16)

In Equation 8.16, ϑ = (ϑ1, ϑ2, . . . , ϑm) represents the search parameters (for the X →
SH → bb̄γγ analysis, ϑ = (mX , mS)), and M denotes the full explored search space.
The test statistic q0(ϑ), defined in Section 8.6, depends on the search parameters, and
its observed maximum across the search space is denoted by qobs. Thus, the global p0
quantifies the probability that, in the absence of a genuine signal but purely due to sta-
tistical fluctuations in the background, the observed data would exhibit deviations from
the background-only expectations at any point ϑ in the search space, with a maximum
test statistic q0 larger than the value qobs actually observed in data.
As shown in Equation 8.16, calculating the global p0 involves estimating the probabil-
ity density function for the quantity maxϑ∈M q0(ϑ). This distribution could be sampled
by generating a large number of pseudo-experiments (toys) under the background-only
hypothesis, running the full analysis for each one, and determining the maximum test
statistic for each toy. However, this method is computationally expensive, so an alterna-
tive approach was chosen. The global p0 for the X → SH → bb̄γγ search accounts for
the look-elsewhere effect using an asymptotic method [240], summarised as follows:

• The set of search parameters ϑ where the test statistic q0(ϑ) exceeds a certain thresh-
old u is termed excursion set:

Au = {ϑ ∈ M|q0(ϑ) > u} (8.17)

• Under the background-only hypothesis, the expectation value of the Euler charac-
teristic of the excursion set, ϕ(Au) [241], asymptotically approaches the global p0
for large enough thresholds u:

E [ϕ(Au)] ≈ P(max
ϑ∈M

q0(ϑ) > u|µ = 0) (8.18)
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Therefore, evaluating the expectation value of the Euler characteristic of the excur-
sion set for a threshold u = qobs provides an estimate of the global p0, as defined in
Equation 8.16.

• In addition, for a two-dimensional search space, the expected Euler characteristic
(referred in the following as simply ϕ(Au)), under the background-only hypothesis,
can be expressed as:

ϕ(Au) = P(χ
2
> u) + e−u/2 · (N1 +

√
u · N2), (8.19)

where P(χ
2
> u) represent the cumulative probability of the χ

2 distribution with
one degrees of freedom to exceed a threshold u, and N1 and N2 are empirical
constants, valid for each value of u. Equation 8.19 is crucial for determining the
global p0 in the asymptotic approximation. One could, in principle, compute the
expected Euler characteristic ϕ(Au) for convenient low enough thresholds u under
the background-only hypothesis and use these values to estimate N1 and N2. Once
these constants are determined, Equation 8.19 combined with Equation 8.18 allows
for the calculation of the global p0 as a function of the maximum test statistic u.
Finally, evaluating Equation 8.19 for u = qobs yields the global p0 for the observed
data.

To reduce the impact of statistical uncertainty in determining the values of N1 and N2,
it is helpful to generate a limited set of toys under the background-only hypothesis for
calculating the Euler characteristic ϕ(Au) at selected thresholds u. For a given thresh-
old, ϕ(Au) can be computed for each toy, and the values of N1 and N2 are extracted via
a simultaneous fit to the ϕ(Au) values across all toys and thresholds. However, gener-
ating background-only toys for the X → SH → bb̄γγ search is non-trivial because both
the event selection and the PNN discriminant vary with the resonance masses (mX , mS)

within the search space. In other words, the background-only model depends on the
search parameters (mX , mS), making it impossible to generate a single background-only
toy from sampling the PNN templates for all mass points simultaneously, since the PNN
discriminant itself is a function of the search parameters ϑ = (mX , mS). To address this
issue, an alternative procedure was developed, in order to generate toys directly from
MC simulated events for the background processes. After generating the toys, the full
X → SH → bb̄γγ analysis is applied to each toy to produce two-dimensional maps of
the test statistic q0 as a function of the search parameters ϑ = (mX , mS). These maps are
then used to compute the Euler characteristics ϕ(Au), which is done by counting, for
each toy, how many values of q0 across the search space exceed the thresholds u. Once
this is done, the values of N1 and N2 are determined, thus allowing the calculation of
the global p0.

8.8.1 Generation of toy data

A total of 20 background-only toys were generated, starting from MC simulated events
for the background processes contributing to the X → SH → bb̄γγ search. The goal of
toy generation is to allow the full X → SH → bb̄γγ analysis to be performed on each
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toy. This is challenging because, as previously mentioned, different (mX , mS) points are
analysed with different selection criteria and different final discriminants - specifically,
the 1 b-tagged category applies to points with mX/mS < 0.09, while the 2 b-tagged cat-
egory applies to points with mX/mS > 0.09, and the PNN discriminant is different for
each (mX , mS).
To overcome this, the toy generation starts with MC events passing a common prese-
lection that applies to all (mX , mS) points. This preselection is formed by merging the
requirements for the 1 b-tagged and 2 b-tagged categories, demanding at least one and
at most two b-tagged jets identified using the 77% efficiency working point of the DL1r

algorithm 6.2. For each background process b, the expected number of events, Nb, was
estimated at the preselection level using the corresponding MC sample. The core idea be-
hind toy generation is to combine randomly selected MC events from each background
sample b, ensuring that the number of picked events follows a Poisson distribution cen-
tered around Nb. This method allows the contribution of each background process to
fluctuate around Nb, reflecting the statistical uncertainty in the expected event counts
from data.
Additional complexity arises from the fact that MC events are weighted 4 , and these
weights may be negative. To handle this, the MC sample for each background process b
is divided into two subsamples, Sample(b,+) and Sample(b,−), containing events with
positive and negative weights, respectively. Two positive quantities, N+

b and N−
b , are

defined to satisfy the following conditions:{
N+

b − N−
b = Nb

N−
b = fb · (N+

b + N−
b )

, (8.20)

where fb is the fraction of negatively weighted events in the sample b at the preselection
level. For each toy i, the number of events picked from the positive and negative weight
subsamples, n+

b,i and n−
b,i, are sampled from two independent Poisson distributions cen-

tered around N+
b and N−

b , respectively:{
n+

b,i ∼ Pois(n|N+
b )

n−
b,i ∼ Pois(n|N−

b )
(8.21)

The events selected from Sample(b,+) contribute to the toy with a weight of +1, while
events from Sample(b,−) contribute with a weight of -1. The selection of events from
the subsamples is done randomly, with each event’s probability of being picked propor-
tional to its absolute MC weight. This approach ensures that the physical meaning of
MC weights is respected in the generation of background-only toy datasets.
As an example, consider the ggF HH background. At the common preselection level,
the expected event yield for the ggF HH process is NggF HH = 3.37 events. Additionally,

4Each event from the MC simulations is assigned a weight that reflects the underlying theoretical calcu-
lations involved in event generation and parton showering. hese weights are essential to ensure that the
distribution of physical observables derived from the simulated events have physical meaning. Furthermore,
additional weights are applied to correct for discrepancies between the simulated detector response and actual
data, in order to improved the modelling of the considered process.
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5.8% of the simulated events in the ggF HH sample at this stage carry a negative weight:
therefore, fggF HH = 0.058. Solving Equation 8.20 yields:{

N+
ggF HH = 3.59

N−
ggF HH = 0.22

(8.22)

To account for the ggF HH background in the 20 generated toys, 20 integers are sampled
from the two probability distributions Pois(n|N+

ggF HH = 3.59) and Pois(n|N−
ggF HH =

0.22). The distributions of these integers, denoted as n+(−)
ggF HH,i, are shown in Figures 8.20a

and 8.20b, respectively. The corresponding numbers of ggF HH simulated events with
positive and negative weights are then randomly drawn from their respective subsam-
ples.
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Figure 8.20 – The distribution of the number of ggF HH simulated events selected for each
toy, drawn from the subsample with (a) positive weights and (b) negative weights, is shown.
The vertical lines represent the mean values of the Poisson distributions used for sampling
the number of events, which are N+

ggF HH = 3.59 and N−
ggF HH = 0.22, respectively.

The aim of this approach is to ensure that each toy i contains a number of simulated
events, weighted either +1 or -1, from each background process b, with an average event
count consistent with the expected value Nb. To verify this, the difference n+

b,i − n−
b,i was

calculated for each toy i and averaged across all toys. As shown in Table 8.2, the aver-
age value ⟨n+

b,i − n−
b,i⟩ is consistent with Nb for each background process b, confirming

the robustness of this method. Before selecting events from the positive and negative
weight subsamples, additional weights are applied to the γγ+jets simulated events, in
order to match the overall normalisation of the continuum background to the data in the
mγγ SB region at the common preselection level and after applying the 1 b-tagged and
2 b-tagged category selections. Thus, the normalisation of the background-only toys is
expected to align with the data in the SB region (where no signal is expected) for each
analysis category.
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Table 8.2 – Average difference ⟨n+
b,i − n−

b,i⟩ where n+(−)
b,i represents the number of simulated

events selected from the positive (negative) weight subsample for background process b in
toy i. This average is compared with the expected yield, Nb, at the common preselection level.
The values are computed across the 20 background-only toys, with the uncertainty given as
the standard deviation of the mean.

Background process ⟨n+
b,i − n−

b,i⟩ Expected yield Nb

ggF HH 3.75 ± 0.37 3.37
VBF HH 0.20 ± 0.09 0.15
ggF H 52.65 ± 1.39 54.00
VBF H 8.70 ± 0.62 9.02
WH 6.10 ± 0.54 6.18
qq → ZH 8.50 ± 0.69 8.76
gg → ZH 2.55 ± 0.25 2.45
tt̄H 19.00 ± 1.00 20.00
tHq 3.80 ± 0.73 3.65
tHW 0.55 ± 0.32 0.70
bb̄H 3.25 ± 0.50 3.59

γγ+jets 18482.05 ± 25.66 18525.05
tt̄γγ 79.60 ± 2.04 78.48
Z + γγ 80.65 ± 1.73 74.07

Using this procedure, 20 background-only toys were generated by combining simulated
events drawn from each background sample b. The mγγ distributions for the expected
background contribution, evaluated from MC samples, for each toy, and for data in the
mγγ SB region are displayed in Figure 8.21. These distributions are shown for events
passing the common preselection, as well as the 1 b-tagged and 2 b-tagged categories,
respectively. Figure 8.21 also presents a comparison of the mγγ distributions between
the average of the 20 toys, the expected background, and the data.

8.8.2 Statistical results for background only toys

For each toy, the PNN discriminant was evaluated at each (mX , mS) point in the signal
grid. The PNN distributions in the SR for the 20 toys, compared to the expected back-
ground templates, are shown in Figure 8.22 for the mass points (mX , mS) = (250, 100)
GeV and (575, 200) GeV.
The full X → SH → bb̄γγ analysis was repeated 20 times, once for each toy, resulting

in 20 two-dimensional maps of the test statistic q0 as a function of the resonance masses
(mX , mS). Figure 8.23 presents the distribution of the best-fit signal strength µ̂ for the
20 generated toys, compared to the result from an Asimov dataset generated under the
background-only assumption, and to the fit result observed in data. This comparison is
performed for the mass points (mX , mS) = (250, 100) GeV (Figure 8.23a) and (575, 200)
GeV (Figure 8.23b). The test statistic q0, calculated for each toy, the background-only Asi-
mov dataset, and for data, is shown in Figure 8.24. These are compared against the ex-
pected probability density function under the background-only hypothesis, f (q0|µ = 0),
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Figure 8.21 – Distributions of mγγ for the expected background (solid black line, estimated
from MC samples) and data (black markers), compared with those extracted from individual
background-only toys (left) and the toy average (right). The error band on the toy average
represents the standard deviation of the mean. These distributions are shown for events
passing (a,b) the common preselection, (c,d) the 1 b-tagged category, and (e,f) the 2 b-tagged
category.
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Figure 8.22 – Comparison of the PNN output distributions for the total expected back-
ground (solid black line, estimated using MC samples) and the 20 background-only toys
(faint blue lines) in the mγγ SR. The PNN templates are shown for two mass points:
(mX , mS) = (250, 100) GeV (left) and (mX , mS) = (575, 200) GeV (right).

for the same mass points.
For the mass point (mX , mS) = (575, 200) GeV, which shows a local excess, the ob-
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Figure 8.23 – Best-fit values of the signal strength µ̂ for the background-only toys (blue ver-
tical lines and filled blue histogram), compared with the corresponding result for data (black
marker) and the background-only Asimov dataset (solid red line, representing a Gaussian
probability density, with mean and standard deviation equal to the best-fit value µ̂ and its
uncertainty under the background-only hypothesis). The exact best-fit values in each case
are quoted in the legend. Results are shown for two mass points: (mX , mS) = (250, 100) GeV
(left) and (mX , mS) = (575, 200) GeV (right).
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Figure 8.24 – Distribution of the test statistic q0 for the background-only toys (blue vertical
lines and filled blue histogram), compared with the result from data (solid black line) and
the background-only Asimov dataset (dashed blue line). The integral over each bin of the
expected distribution of the test statistic q0 under the background-only hypothesis, f (q0|0),
is shown as a solid red line. Results are provided for two signal points: (mX , mS) = (250, 100)
GeV (left) and (mX , mS) = (575, 200) GeV (right).

served values of µ̂ and q0,obs exhibit a deviation from the distributions generated by the
background-only toys. In contrast, at the mass point (mX , mS) = (250, 100) GeV, where
no local excess is observed, the observed µ̂ and q0,obs are consistent with the background-
only toy distributions.
Finally, Figure 8.25 provides an example of a two-dimensional map of the test statistic q0
as a function of (mX , mS), generated for one of the background-only toys.

8.8.3 Global significance

Determination of the Euler characteristics

The two-dimensional maps of the test statistic q0(mX , mS) for each toy are used to eval-
uate the Euler characteristic, ϕ(Au), at four different thresholds: u = 1.0, 2.0, 4.0, and
6.0. The Euler characteristic ϕ(Au) quantifies the number of connected regions in the
(mX , mS) plane where the test statistic exceeds the chosen threshold u. Intuitively, ϕ(Au)

reflects the number of “islands”, formed by nearest neighboring (mX , mS) points where
q0(mX , mS) is larger than u. Figure 8.26 illustrates this for thresholds u = 1.0 and u = 2.0,
displaying the q0(mX , mS) maps for three background-only toys. The mass points where
q0(mX , mS) > u are highlighted in red: all the nearest neighbours (mX , mS) points with
q0(mX , mS) > u form an island, and the number of islands correponds to the Euler char-
acteristic ϕ(Au).
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Figure 8.25 – Two-dimensional map of the test statistic q0 as a function of the (mX , mS) mass
points for one background-only toy.

Figure 8.26 – Two dimensional maps of the test statistic q0 in the (mX , mS) plane, for three
toys. The red markers indicate the (mX , mS) mass points for which q0(mX , mS) > u, with
u = 1.0 (top) or u = 2.0 (bottom). The Euler characteristics ϕ(Au) are quoted for each case.
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Table 8.3 – Values of the empirical constants N1 and N2, extracted from a simultaneous fit
to the Euler characteristics ϕ(Au) across the 20 background-only toys for four thresholds u,
equal to 1.0, 2.0, 4.0 and 6.0.

N1 25.7 ± 1.1
N2 0.0 ± 8.3 · 10−12

Determination of the N1 and N2 constants

A simultaneous fit to the distributions of the Euler characteristics ϕ(Au) from each toy
at each threshold is employed to extract the two empirical constants, N1 and N2. For
a given threshold u, the Euler characteristics ϕ(Au)i for each toy i are modeled using a
Poisson function, with the mean value λu defined by Equation 8.19:

λu = P(χ
2
> u) + e−u/2 · (N1 +

√
u · N2) (8.23)

The simultaneous fit of the Poisson functions to the toy data allows to determine of the
values of N1 and N2, along with their uncertainties, which account for both the limited
number of toys and the correlations among the Euler characteristics evaluated at differ-
ent thresholds. The value of N2 was constrained to be non-negative. The fitted values
of N1 and N2, along with their associated uncertainties, are summarised in Table 8.3.
The values for N1 and N2 can be substituted into Equation 8.19 to calculate the expected
Euler characteristic, E [ϕ(Au)], as a function of the threshold u (interpreted as the max-
imum test statistic across the explored (mX , mS) plane). Figure 8.27, showing the fitted
E [ϕ(Au)] as a function of u, reports an excellent agreement between the fitted function
and the four points obtained by averaging the values of ϕ(Au)i across the 20 toys for
each of the four selected thresholds u.

Determination of the global significance

The curve for the expected Euler characteristic, E [ϕ(Au)], as a function of the maxi-
mum test statistic u, can be translated into a curve showing the global significance as
a function of the maximum local significance. This is done by first using Equation 8.18
to convert the Euler characteristic into a global p0 value, then applying Equation 8.14 to
convert the test statistic u into a local p0 value, and finally using Equation 8.15 to trans-
form both the global and local p0 values into significance levels. Figure 8.28 presents
the global significance as a function of the maximum local significance. The global sig-
nificance remains below the dashed line, which represents the global significance being
equal to the maximum local significance, neglecting the look-elsewhere effect. Given
the observed maximum local significance of 3.5σ at (mX , mS) = (575, 200) GeV in the
X → SH → bb̄γγ analysis, the corresponding global significance is (1.992 ± 0.021)σ
(rounded to 2.0σ). The uncertainty arises from the fit uncertainties in the constants N1
and N2. The associated local and global p0 values, along with the trial factor (the ratio
of global to local p0), are summarised in Table 8.4.
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Figure 8.27 – Fitted curve of E [ϕ(Au)] as a function of the threshold in test statistic q0. The
uncertainty band is propagated from the fitted uncertainties on N1 and N2. The blue markers
indicate the arithmetic averages of the ϕ(Au) values for the thresholds u = 1.0, 2.0, 4.0, and
6.0, calculated across the 20 toys. The error bars on the markers correspond to the standard
deviation of the mean.

Table 8.4 – Maximum of the local p0, global p0, and corresponding trial factor. The maximum
of the local p0 across the explored search space is found for (mX , mS) = (575, 200) GeV.

Maximum local p0 2.33 · 10−4

Global p0 0.0232

Trial factor 120.17
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Figure 8.28 – Global significance as a function of the maximum local significance for the
X → SH → bb̄γγ analysis, shown with (solid blue line) and without (dashed green line)
accounting for the look-elsewhere effect. The uncertainty band on the global significance is
propagated from the simultaneous fit used to determine the constants N1 and N2. The white
star marks the maximum local significance observed in the X → SH → bb̄γγ search, along
with its corresponding global significance. The bottom panel presents the ratio of local to
global significance.



CHAPTER 9

Conclusions

This thesis presented two different analyses based on the proton-proton collision data
collected by the ATLAS detector at

√
s = 13 TeV, corresponding to an integrated lumi-

nosity of 140 fb−1. The common theme of these analyses is the search for Higgs boson
pair production in the final state with two photons and two bottom quarks (bb̄γγ). The
first analysis is the search for non-resonant production of two SM Higgs bosons (HH),
while the second one is the search for asymmetric production of two different scalars
(one SM Higgs boson and a new boson S), from the decay of a heavy scalar resonance X
(X → SH).
The non-resonant search for Higgs boson pair production did not show any significant
excess over the background-only expectations. Hence, the analysis places a 95% con-
fidence level (CL) upper limit on the di-Higgs signal strength, µHH, to be below 4.0
times the SM prediction. The corresponding expected limits, evaluated assuming either
no HH production, or SM HH production, are 5.0 and 6.4, respectively. The analysis
also sets limits on the two dominant HH production modes (via gluon-gluon fusion
and vector boson fusion) separately. The observed (expected) 95% CL upper limit on
the ggF HH signal strength is 4.1 (5.3). Similarly, the observed 95% CL upper limit on
the VBF HH signal strength is 96, with a corresponding expected result of 145. The
HH → bb̄γγ search also explores the trilinear Higgs boson self-coupling, placing 95% CL
constraints on its coupling modifier κλ. The observed allowed range is −1.4 < κλ < 6.9,
while the expected range, evaluated assuming SM HH production (namely, κλ = 1) is
−2.8 < κλ < 7.8. These corresponds to the most stringent expected constraints on κλ

placed by a single analysis. Thanks to considering the subdominant production mode,
via VBF, in the analysis optimisation, the HH → bb̄γγ search is able to achieve place
competitive limits also to the strength of the interaction between two Higgs bosons and
two vector bosons, parametrised using the coupling modifier κ2V . The observed (ex-
pected) 95% CL constraints on κ2V are −0.5 < κ2V < 2.7 (−1.1 < κ2V < 3.3). Finally, for
the first time in the bb̄γγ channel, this analysis also provides 95% CL two-dimensional
observed and expected exclusion regions in the (κλ, κ2V) parameter space.
The final and most complete picture on Higgs boson pair production obtained using
ATLAS Run 2 data is achieved by combining all the HH searches, performed using var-
ious final states, including, alongside bb̄γγ, also bb̄ττ, bb̄bb̄, multi-leptons, and bb̄ℓℓ +
MET. Among these channels, bb̄γγ stands out due to its best sensitivity to κλ. The
observed combined 95% CL upper limit on the HH signal strength is 2.9 times the SM
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prediction, with an expected limit of 2.4, calculated in the background-model assump-
tion. The expected 95% CL upper limit on µHH, assuming SM HH production, is 3.4.
The combined HH searches are able to set 95% CL constraints on κλ and κ2V , to be
−1.2 < κλ < 7.2 and 0.6 < κ2V < 1.5, respectively. The corresponding expected re-
sults, evaluated in the SM assumption, are −1.6 < κλ < 7.2 and 0.4 < κ2V < 1.6, thus
yielding the tightest expected constraints on κλ to date.
The second analysis presented in this thesis, the search for X → SH production, is the
first search for this process in the bb̄γγ channel. The search is performed in a wide region
in the parameter space spanned by the masses of the two resonances X and S, reaching
mX and mS values as low as 170 GeV and 15 GeV, thus covering a previously unex-
plored regions of the parameter space. The signal plus background fit to data showed a
good agreement with the background-only hypothesis, in most (mX , mS) points. The
largest discrepancy with the SM assumption was found for resonance masses equal
to (mX , mS) = (575, 200) GeV, corresponding to a local (global) discovery significance
equal to 3.5σ (2.0σ). Since no statistically significant excess was observed with respect,
the analysis sets 95% CL upper limits on the product of the production cross section and
the branching fraction of the X → SH → bb̄γγ process, as a function of the resonance
masses. The observed limits range from 39 fb at lower mX values to 0.09 fb at higher mX
values.
The latest combined HH searches using the full Run 2 dataset have achieved an improve-
ment of a factor four in sensitivity to SM Higgs pair production compared to the results
obtained from the earlier partial Run 2 dataset (36.1 fb−1), which exceeds of a factor two
the improvement expected from the increase in the integrated luminosity alone. With
the onset of Run 3 in 2022, which has already provided over 170 fb−1 of data and is ex-
pected to continue until 2026, there is a unique opportunity to push HH searches to new
levels of sensitivity. This is being driven by improved reconstruction and identification
techniques for key physics objects, innovative optimization strategies, and early efforts
to control systematic uncertainties before they become a limiting factor, with the final
goal to achieve the first hint of HH production with the combined data from both the
ATLAS and CMS experiments by the end of Run 3. Following the conclusion of Run 3,
the High-Luminosity LHC (HL-LHC) phase will begin, aiming to collect 3000 fb−1 of
data by 2041 - 20 times the integrated luminosity achieved with Run 2. The definitive
answer on Higgs boson pair production and the trilinear Higgs boson self-coupling is
expected to emerge only at the end of the HL-LHC era, thanks to this unprecedented
amount of data.
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APPENDIX A

Modeling the single Higgs boson production plus bottom
quarks

One of the main irreducible backgrounds for Higgs boson pair production searches in-
volving at least one H → bb̄ decay is the production of a single Higgs boson accompa-
nied by additional bottom quarks. This process is referred to as bb̄H. When consider-
ing higher-order QCD corrections, the bb̄H process arises from two distinct production
mechanisms: gluon-gluon fusion (ggF) and bottom-quark annihilation (bb̄H), with the
corresponding Feynman diagrams shown in Figures A.1a and A.1b.
The first diagram is proportional to the Yukawa coupling of the Higgs boson to the top

quark (yt) and corresponds to ggF production, where two additional bottom quarks are
emitted via QCD radiation. The second diagram, proportional to the Yukawa coupling
of the Higgs boson to the bottom quark (yb), represents the direct bb̄H production mech-
anism, as described in Section 1.3.1. Thus, the total bb̄H cross section, which comes from
the modulus square of the combined amplitude, consists of three terms: one propor-
tional to yt

2, another proportional to yb
2, and a third term arising from the interference

of the two diagrams (Figures A.1a and A.1b), proportional to the product of yt and yb:

dσ(bb̄H) ∝ At · yt
2
+ Ab · yb

2
+ Aint · ybyt (1.1)

This background can be significant in the HH phase space. As illustrated in Figure 7.8,
the contribution from single Higgs production via ggF is of the same order of magni-
tude as the SM HH signal, or it can even exceed the SM HH signal, in the signal regions
of the HH → bb̄γγ analysis. This ggF contribution includes not only the irreducible
background characterised by the emission of two bottom quarks, but also a reducible
background from ggF events accompanied by c- or light-flavor jets that are misidenti-
fied as b-jets.
In the HH searches performed by the ATLAS Collaboration, the component of the bb̄H
background proportional to yt

2 is modeled using MC simulated events from the inclu-
sive POWHEG NNLOPS ggF sample [189–191, 204, 205]. This sample includes both the
irreducible ggF + bb̄ component and the reducible ggF + other jets background. As de-
tailed in Section 7.2.2, this sample generates single Higgs boson events via ggF at NNLO
accuracy in QCD: therefore, the ggF plus two additional jets component is simulated
only at LO. Additionally, the generation employs the five-flavor scheme, treating the
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(a) O(α
2
Syt) (b) O(αSyb)

Figure A.1 – Feynman diagrams contributing to the single Higgs boson production plus two
additional bottom quarks. The blue markers represent QCD interaction vertices, whose con-
tribution to the total cross amplitude is proportional to the square root of the strong coupling
constant αS. The red (green) markers represent the Yukawa interaction vertex between the
Higgs boson and the top (bottom) quarks, whose contribution to the total amplitude is pro-
portional to yt (yb).

bottom quark as a massless parton.
ATLAS HH analyses assign a 100% systematic uncertainty to the ggF + bb̄ background
due to challenges in accurately simulating heavy-flavor emissions. This is supported by
multiple measurements showing discrepancies between data and simulations in phase
spaces involving heavy-flavor jets [223–227]. Although most HH analyses are currently
limited by the amount of data collected in Run 2, this 100% uncertainty contributes by
25% to the total uncertainty on the combined HH signal strength, µHH, as explained in
Section 7.8.2. This uncertainty is already the dominant systematic affecting the measure-
ment of the HH signal strength. Projections for the High-Luminosity LHC (HL-LHC)
scenario indicate that it will significantly degrade both the HH discovery significance
and the sensitivity to the trilinear coupling modifier, κλ, in HH analyses using the full
3000 fb−1dataset [242, 243]. For this reason, a more precise simulation of the bb̄H back-
ground is essential to mitigate this significant source of uncertainty.
A simulation of the bb̄H process considering NLO corrections in QCD is already avail-
able, based on MADGRAPH5 AMC@NLO [244]. This simulation is based on the four-
flavor scheme. It accounts for both the yt

2 and yb
2 components, as well as their interfer-

ence. The yt
2 component was found to be dominant with respect to the yb

2 contribution,
even at leading order. The dominance of the yt

2 component becomes even more pro-
nounced when NLO corrections are included, since the NLO/LO ratio for the yt

2 contri-
bution is larger than the one for the yb

2 contribution. Specifically, the NLO/LO ratio for
the yt

2 component is around 2, whereas for the yb
2 component it ranges between 1 and

1.5. In addition, both NLO/LO ratios exhibit a strong dependence on the differential
distributions. Therefore, including NLO accuracy in QCD into MC simulations is crucial
for a reliable modelling of the bb̄H process, particularly for the yt

2 term. Furthermore,
the scale uncertainties from missing higher-order QCD corrections are substantial for
both components, with uncertainties around 50% on the inclusive cross sections.
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The work presented in this Appendix introduces a new bb̄H simulation in the context
of HH searches [21]. It builds on the existing NLO simulation of the bb̄H process, and
matches it to the parton shower, which is essential for making this simulation usable in
physics analyses. A dedicated study was performed, targeting the HH phase space, with
the bb̄γγ final state used as a benchmark. My contribution includes reproducing the MC
simulations of HH and single Higgs production via ggF, which are currently used in
ATLAS HH searches, for comparison with the new bb̄H simulation. I also studied the
impact of parton showering on the existing POWHEG NNLOPS-based ggF simulation
of single Higgs production and assessed how adopting the new bb̄H simulation, instead
of the POWHEG NNLOPS sample, for modeling the ggF + bb̄ background would affect
HH analyses.

A.1 An accurate simulation of the bb̄H process

A NLO simulation of the bb̄H process was implemented using the
MADGRAPH5 AMC@NLO generator, with event generation matched to the parton shower.
The calculation was performed in the four-flavor scheme, treating the bottom quark as a
massive particle. Only the components proportional to yt

2 and yb
2 were simulated, while

the interference term was neglected1. The simulated events were analysed at truth-level
(without passing the events through the detector simulation), applying specific selection
criteria defining a fiducial region. The fiducial region targets the HH phase space, using
the HH → bb̄γγ analysis as a representative case.

• The Higgs boson is required to decay into a pair of photons;

• The final-state photons are required to have |η| < 2.37.

• Jets are reconstructed using the anti-kt algorithm with a radius parameter of R =

0.4, and are required to have |η| < 2.5 and pT > 25 GeV.

• Events entering the fiducial region are required to contain at least two photons and
exactly two b-jets (corresponding to jets containing at least one B-hadron among
their constituents);

• The selected leading (subleading) photon is required to have pT/mγγ > 0.35(0.25)
and |η| < 2.37, where mγγ is the invariant mass of the two photons;

• The two selected b-jets were required to have an invariant mass in the range of
80 < mbb̄ < 140 GeV.

Table A.1 presents the cross sections for the bb̄H process in the fiducial region at both LO
and NLO, with separate contributions from the yt

2 and yb
2 components, along with their

total sum. The results are provided for parton shower matching with both PYTHIA 8 and
HERWIG 7. The bb̄H cross sections are compared with those from the POWHEG NNLOPS
ggF sample. For the POWHEG NNLOPS sample, cross sections are given for two con-
figurations of the parton shower: one including the gluon splitting into bottom quarks

1The results in [244] indicate that the interference contribution is subdominant compared to the yt
2 and yb

2

components, accounting for only 5% to 10% of the total bb̄H cross section, and, in particular, it is smaller than
the scale uncertainties.
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(g → bb̄), and one where this process is turned off. In the same fiducial region, the cross
section of the SM HH production in the bb̄γγ channel was found to be 22.7 ab.

Table A.1 – Fiducial cross sections for the process pp → bb̄H process, assuming the H → γγ
decay. The cross section values are in ab.

LO NLO Scale unc.
Parton shower POWHEG NNLOPS

scale unc. (yt
2 only at NLO)

yb
2 PYTHIA 8 3.15 4.22 +15%

−15%
+10%
−4%

HERWIG 7 2.59 4.08 +8%
−12%

yt
2 PYTHIA 8 8.24 18.1 +58%

−34%
+10%
−7% 29.9

HERWIG 7 6.83 16.6 +4%
−5% No g → bb̄: 17.2

Sum
PYTHIA 8 11.4 22.3 +50%

−30%
+10%
−6%

HERWIG 7 9.42 20.7 +4%
−6%

The yt
2 component is found to be more than twice larger with respect to the yb

2 com-
ponent in the fiducial region. NLO corrections significantly enhance both components,
increasing the yt

2 contribution by approximately 150% and the yb
2 contribution by about

50%. Scale uncertainties, as shown in the fourth column of Table A.1, are still sizeable,
reaching nearly 60% for the yt

2 component (while they are around 15% for the yb
2 com-

ponent). The impact of the parton shower was evaluated by comparing results obtained
with PYTHIA 8 and HERWIG 7 for parton shower matching, and by checking the un-
certainty associated with the variation of the parton shower scale (presented in the fifth
column of Table A.1). These shows a relatively minor impact with respect to scale un-
certainties, with values up to 10%. Considering the fiducial HH → bb̄γγ cross section
of 22.7 ab confirms that the bb̄H background is non-negligible within the HH phase
space. The fiducial bb̄H cross section obtained from the POWHEG NNLOPS ggF sample
(which only models the yt

2 contribution) is found to be twice as large as the cross sec-
tion extracted from the new NLO MADGRAPH5 AMC@NLO sample. This discrepancy
could be traced back to the g → bb̄ splitting in the parton shower. When this process
is disabled, the cross section from the POWHEG NNLOPS ggF sample is reduced by a
factor of two, and becomes closer to the NLO bb̄H predictions.

A.1.1 Comparison with the current simulation

The new bb̄H simulation predicts fiducial cross sections that are half the size of those
obtained from the POWHEG NNLOPS sample. However, this discrepancy disappears
when the g → bb̄ splitting is turned off in the parton shower for the POWHEG NNLOPS
sample. This suggests that the g → bb̄ splitting in the parton shower contributes to
approximately half of the events in the fiducial region for the POWHEG NNLOPS sample
(which are are characterised by exactly two central b-jets having pT > 25 GeV). There
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are two possible explanations for this:

• The g → bb̄ splitting may generate soft, widely separated bottom quarks, which
are clustered with other hard partons during jet reconstruction. This could result
in two high-pT b-jets, where the soft bottom quarks contribute only a small fraction
of the jets’ total momentum. This corresponds to pp → bb̄H + qq′ events, where
the q and q′ are high-pT light-flavor partons. This topology (single Higgs boson
production plus two jets) is accounted for at LO in the POWHEG NNLOPS event
generation, while the bottom quarks are introduced through the parton shower.

• Alternatively, the g → bb̄ splitting in the parton shower might produce two en-
ergetic, well-separated bottom quarks, which directly form the two high-pT b-jets
observed in the final state.

The second possibility implies that the parton shower is operating beyond its intended
range of validity. On the contrary, the parton shower should introduce additional QCD
radiation under the soft and collinear approximation. These two possibilities are ex-
plored by examining the distributions of the invariant mass of the two highest-pT B-
hadrons, shown in Figure A.2a, and the number of additional light jets (shown in Fig-
ure A.2b) in the fiducial region for the POWHEG NNLOPS sample, both with and with-
out the g → bb̄ splitting. The impact of the g → bb̄ splitting on the selected events can
be determined by analyzing the differences between these distributions. Figure A.2a
demonstrates that enabling the g → bb̄ splittings populates the harder end of the mBB
spectrum, indicating that this process is responsible for generating highly energetic and
well-separated B-hadrons in the fiducial region. This supports the second hypothesis,
suggesting that the parton shower is indeed operating beyond its intended validity. Fur-
ther insight is provided by Figure A.2b, which shows the number of additional light jets
in events after applying the fiducial region requirements. The g → bb̄ splittings con-
tribute to about one-third of the fiducial events with no additional light jets. This rules
out the first hypothesis, which assumed a pp → bb̄H + qq′ topology, where two addi-
tional hard, well separated light jets are obtained at the event generation level, while the
g → bb̄ splittings would produce two soft bottom quarks via the parton shower. There-
fore, the g → bb̄ splittings in the parton shower appear to introduce a potential double
counting of the pp → bb̄H (plus no additional jets) topology in the fiducial region, a
contribution that should already be accounted for by the POWHEG NNLOPS event gen-
eration at LO. These findings suggest that the 100% uncertainty assigned by the ATLAS
HH searches to the ggF + bb̄ background is likely adequate.

A.2 Impact of the new bb̄H modelling on the HH searches

As summarised in Section A.1, the new bb̄H simulation, based on MADGRAPH5 AMC@NLO,
provides NLO accuracy and four-flavor scheme prediction for the bb̄H process, covering
both the yt

2 and yb
2 components. This represents an improvement over the current pre-

diction for the yt
2 component, which is simulated only at LO and adopting the five-flavor

scheme. In addition, the new bb̄H simulation allows to have a more reliable uncertainty
estimation for the ggF + bb̄ background for HH searches, by providing scale uncertain-
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Figure A.2 – Distribution in the (a) invariant mass of the two hardest B hadrons and in the (b)
number of light jets in the POWHEG NNLOPS sample, with and without the contributions
from g → bb̄ splittings in the parton shower, after applying the fiducial region requirements.
The shaded area in the mBB distribution corresponds to the invariant mass requirement on
the b-jets in the fiducial region.

ties on the bb̄H prediction in the fiducial region.
The impact of the new bb̄H modelling for the yt

2-induced contribution was estimated
for the HH searches in the bb̄γγ and bb̄ττ final states. The lower cross section predicted
by the new bb̄H simulation are factored into the expected contribution of the ggF + bb̄
background in the signal regions for the HH → bb̄γγ and the HH → bb̄ττ analyses. The
background from single Higgs boson production via ggF plus additional jets consists of
two parts An irreducible component from ggF+ bb̄ production contributes by 80% to the
total ggF background events. The remaining 20% arises from a reducible contribution
from ggF events with additional c- or light-flavor jets that are mistakenly tagged as b-jets,
contributing to approximately 80% and 20% of the total ggF background, respectively.
The latter reducible component is not included in the new bb̄H simulation, and is thus
left unchanged. The former component is instead scaled down by the ratio of the NLO
bb̄H prediction to the POWHEG NNLOPS prediction for the yt

2 component. Addition-
ally, the 100% uncertainty assigned to the single Higgs ggF background in the current
analyses is replaced by the uncertainty derived from scale variations of the yt

2-induced
bb̄H component, as shown in Table A.1.
The impact of the new simulation was assessed by recalculating the expected upper
limits on the HH signal strength for both the HH → bb̄γγ and HH → bb̄ττ analyses,
revealing improvements of approximately 2% and 8%, respectively. A more significant
effect of the new bb̄H simulation was observed when extrapolating the expected sensi-
tivity of these analyses to the High-Luminosity LHC scenario. Under this scenario, the
expected upper limit on the HH signal strength and the expected discovery significance
improved by 10% for the HH → bb̄γγ analysis and by 20% for the HH → bb̄ττ analysis.
To leverage the improved predictions for the ggF + bb̄ background provided by the new
bb̄H simulation in HH analyses, it would be necessary to integrate the bb̄H simulation
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with the current POWHEG NNLOPS sample, which accounts for the reducible ggF back-
ground component. One possible approach is to disable bottom quark emissions (in both
the parton shower and matrix element calculations) in the POWHEG NNLOPS sample,
allowing the new bb̄H simulation to cover these contributions. Full validation of this
new bb̄H simulation will ultimately require a direct measurement of the bb̄H process in
data, which is currently unavailable.





APPENDIX B

An alternative background modelling for the HH → bb̄γγ

analysis

This Appendix explores an alternative background modeling strategy for the HH →
bb̄γγ analysis. This approach uses simulation-based templates for modeling the con-
tinuum background and exploits machine-learning-based discriminants as the final ob-
servables, rather than the traditional mγγ. Although this method, originally proposed
for the ATLAS HH → bb̄γγ analysis, was not adopted for that analysis as described in
Chapter 7, the study demonstrated its effectiveness: this approach was then adopted by
the search for asymmetric Higgs boson pair production in the bb̄γγ final state, discussed
in Chapter 8.
The HH → bb̄γγ analysis described in Chapter 7 adopts the same analysis strategy
shared, traditionally, by all the H → γγ analyses. The presence of two photons in the
final state determines the selection of the diphoton invariant mass mγγ as the final dis-
criminant variable. In fact, mγγ offers a strong discriminating power by clearly distin-
guishing between the resonant signal, which appears as an additional contribution to
the narrow H → γγ peak, and the continuum background, which exhibits a smoothly
decaying shape in the mγγ spectrum. The resonant processes (including the HH signals
and the single Higgs backgrounds) are modeled using a double-sided Crystal Ball func-
tion, while the continuum background (mainly from diphoton production) is described
by a decaying analytical function, such as a simple exponential. Statistical results are de-
rived from a maximum likelihood fit to the mγγ distribution, performed simultaneously
across mutually exclusive analysis categories.
The definition of the analysis categories is typically based on choosing thresholds on
BDT outputs, set in order to maximise the expected signal significance. The defini-
tion of the categories must be independent of mγγ to avoid sculpting the continuum
background through the category selection process. Indeed, a high correlation between
the BDT outputs and the diphoton invariant mass could introduce an artificial peaking
structure in the diphoton background within the most sensitive categories, which would
degrade the discriminating power of mγγ itself. Furthermore, to accurately model the
continuum background using an analytical function, a threshold on the expected back-
ground events must be imposed for each category. This requirement was found to be the
primary factor in defining the most sensitive analysis categories in the HH → bb̄γγ anal-
ysis: the thresholds defining the High Mass 3 and Low Mass 4 categories are completely

239
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driven by the requirement on the minimum number of background events, which is cho-
sen empirically to ensure the fit stability.
To address these challenges, an alternative analysis strategy for the HH → bb̄γγ analysis
has been developed, centered around a different choice of the final discriminant variable.
The main idea is to modify the observable used in the final fit. Instead of performing an
unbinned maximum likelihood fit to the mγγ distribution across BDT-based categories,
the BDT output is directly used as the final discriminant in a binned maximum likeli-
hood fit.
The BDT discriminants effectively exploit the strong discriminating power of mγγ, which
is included as an input variable during training. Since mγγ is not the final observable,
the continuum background sculpting in the mγγ spectrum due to the correlation with
the BDT discriminant is not a problem. This new analysis strategy requires a com-
plete rethinking of the signal and background modeling compared to the traditional
approach. Instead of relying on analytical functions, the signal HH processes, the sin-
gle Higgs backgrounds, and the continuum background are modeled using templates
of the BDT outputs derived from the corresponding MC samples. In particular, since
the continuum background is modeled using MC simulations, the spurious signal un-
certainty (discussed in Section 7.4.2) does not play a role. With this analysis strategy, the
systematic uncertainties affecting the continuum background modeling are incorporated
into the statistical model by providing varied continuum background templates, where
either theoretical or experimental systematic uncertainties are propagated.

B.1 BDT discriminants

Following the same strategy as the HH → bb̄γγ analysis, two BDT algorithms are
trained, using the LIGHTGBM package to distinguish between signal and background
processes in the High Mass and Low Mass regions, as defined in Section 7.3.2. Both BDTs
consider all single Higgs production modes as backgrounds, along with the γγ+jets
sample for the continuum background. Different HH benchmarks are used as signals
for the BDTs in the two mass regions:

• High Mass Region. The BDT is trained using SM ggF HH events alongside anoma-
lous VBF HH samples that correspond to five combinations of the coupling modi-
fiers (κλ, κ2V , κV): (1, 0, 1), (1, 0.5, 1), (1, 1.5, 1), (1, 2, 1), and (1, 3, 1). This configu-
ration privileges the sensitivity to both SM HH events and VBF HH processes with
κ2V values deviating from unity, which have m∗

bb̄γγ spectra that peak in the High
Mass region.

• Low Mass Region. The BDT is trained on a combination of ggF HH and VBF HH
events with κλ = 10. This choice helps to maximise the analysis sensitivity to HH
production with anomalous κλ values.

During training, each sample is assigned a weight to ensure that the total weights for
all signal and background processes are balanced. The relative weights of VBF HH
and ggF HH events within the signal, as well as the weights of single Higgs events
and γγ+jets events within the total background, are determined based on their ex-
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pected event yields in the High or Low Mass region, specifically within the mγγ range
of 123 < mγγ < 127 GeV. Both BDTs are trained using the same set of input variables,
which largely overalp with those used in the HH → bb̄γγ analysis. A summary of
these input variables, which include the diphoton invariant mass mγγ, is provided in
Table B.1. The BDT discriminants for the Low and High Mass regions, displaying data

Table B.1 – Input variables used for training the BDT-based algorithms in both the High and
Low mass regions.

Type Variable Description

Photon-related
kinematic
variables

mγγ Invariant mass of the two selected photons.
pT, η and ϕ Transverse momentum and angular variables of the

leading and subleading photons.
pγγ

T , η
γγ, and ϕ

γγ Transverse momentum and angular variables of the
diphoton system.

Jet-related
kinematic
variables

b-tag status of the two b-jets Pseudo-continuous b-tagging score of the two se-
lected b-jets.

pT, η, and ϕ of the two b-jets Transverse momentum and angular variables of the
two selected b-jets.

pbb̄
T , η

bb̄, and ϕ
bb̄ Transverse momentum and angular variables of the

di-jet object.
mbb̄ Invariant mass of the two selected b-jets.
HT Scalar sum of the transverse momenta of all the jets

reconstructed in the event.
χWt Single topness.

VBF-targeting
variables

b-tag status of the two VBF jets Pseudo-continuous b-tagging score of the two se-
lected VBF jets.

pT, η, and ϕ of the two VBF jets Transverse momentum and angular variables of the
two selected VBF jets.

mVBF
jj and ∆η(jVBF

1 , jVBF
2 ) Invariant mass and angular separation of the two

VBF jets.
η(jVBF

1 )× η(jVBF
2 ) Product of the pseudorapidities of the two VBF jets.

min ∆R(γ, jVBF
) and min ∆R(b, jVBF

) Minimum angular distance between a photon and a
VBF jet and a b-jet and a VBF jet.

Missing transverse
momentum-
related variables

Emiss
T and ϕ

miss Missing transverse momentum and its azimuthal
direction.

bb̄γγ-related
variables m∗

bb̄γγ Modified invariant mass of the bb̄γγ system.

Event-shape
variables S⊥, Pf Transverse sphericity and planar flow of the bb̄γγ

system.

in the mγγ sidebands region, HH signals, and background distributions, are presented
in Figure B.1b and Figure B.1a, respectively.

B.2 Analysis strategy

Signal extraction is performed through a simultaneous fit to the BDT discriminants in
four orthogonal regions, defined using the modified bb̄γγ invariant mass (m∗

bb̄γγ) and
the diphoton invariant mass (mγγ), as described below.
First, events are categorized based on the m∗

bb̄γγ variable into the High and Low Mass
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Figure B.1 – Distributions of the BDT discriminants for the High Mass region (left) and Low
Mass region (right), extracted for ggF HH and VBF HH signal events (both in the SM and
for anomalous κλ and κ2V scenarios), single Higgs boson backgrounds, and γγ+jets events.
Distributions extracted from data in the mγγ sidebands (105 < mγγ < 120 GeV and 130 <
mγγ < 160 GeV) are also displayed. All distributions are normalised to unity.

regions, separated by a threshold of m∗
bb̄γγ = 350 GeV. Within each mass region, events

are further divided into two categories based on the mγγ variable:

• A Signal region (SR) is defined by 120 ≤ mγγ ≤ 130 GeV, corresponding to the
window around the H → γγ peak. Any potential HH signal is expected to con-
tribute to the H → γγ resonance, centered at mH ≈ 125 GeV. Therefore, this region
drives the sensitivity to the resonant signal.

• A Sidebands region (SB) is defined by 105 ≤ mγγ < 120 GeV plus 130 ≤ mγγ ≤
160 GeV, and is expected to include almost null contribution from the HH signal or
from single Higgs backgrounds. The main role of the SB region is to constrain the
normalisation of the continuum background in the final fit to data.

The definition of the analysis regions is summarised in Figure B.2.

B.3 Signal and background modelling

Both the signal and background processes in each analysis region are modeled using
templates of the two BDT discriminants. In the High Mass region, the High Mass BDT
output is used as the final discriminant, while the Low Mass BDT output is used in the
Low Mass region.
The BDT templates for the HH signals and single Higgs boson backgrounds are ex-
tracted from the corresponding MC samples (described in Section 7.2.1 and 7.2.2). These
histograms are normalized according to the state-of-the-art theoretical predictions for in-
clusive cross sections and branching fractions, as described in Table 1.2 and Section 7.4.1.
The effects of finite MC statistics when building the BDT templates are taken into account
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Figure B.2 – Sketch of the four analysis regions.

in the statistical model by introducing dedicated nuisance parameters (as described in
Section 8.6).
The continuum background consists of two reconstructed photons plus additional jets,
and includes the contributions from events with two real photon and from events with
fake photons, arising from the γj and jj processes. The fractions of the irreducible true
γγ component and the reducible γj and jj components are determined using the data-
driven two-dimensional matrix method, detailed in Section 7.4.2. The SHERPA γγ+jets
sample, which simulates the true photon component, is used to model the entire con-
tinuum background, including the reducible components. As will be explained in detail
later, the shape of the BDT discriminants for the γγ+jets process was found to be con-
sistent with those from the reducible diphoton backgrounds. Nevertheless, a dedicated
systematic uncertainty is assigned to this assumption. To correct for the difference in
normalisation between the true photon component and the full reconstructed dipho-
ton background, the γγ+jets templates are scaled by normalisation factors which are
allowed to vary freely in the final fit to data. Thus, while the shape of the BDT discrimi-
nants is derived from MC simulations, the normalisation of the continuum background
is data-driven. Two normalisation factors are defined separately for the High Mass and
Low Mass regions (µHM

γγ and µ
LM
γγ ) and are mainly constrained by the data in the High

and Low Mass SB regions.
This fitting strategy, where the continuum background normalisation is primarily con-
strained in the SB regions and propagated to the corresponding SRs, is validated by
performing background-only fits to single-binned BDT templates in data in the SB re-
gions. In these fits, only the normalisation factors µ

HM
γγ and µ

LM
γγ are allowed to float.

The mγγ distributions for the background samples - where the γγ+jets sample is nor-

malised based on the post-fit values of µ
HM
γγ and µ

LM
γγ - are then compared with the mγγ

distributions observed in the data. This comparison, shown in Figure B.3, confirms that
the normalisation of the continuum background extracted in the SB regions is consistent
with the data in the full mγγ spectrum.
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Figure B.3 – Comparison of the mγγ distributions in background-only simulated events and
in data in the High Mass (left) and Low Mass (right) regions. The normalisation factors ap-
plied to the γγ+jets sample are extracted via a background-only fit to data in the SB regions.
The mγγ distributions for the SM HH signal are also shown. The bottom panel shows the
ratio of the data to the background-only expectation in the SB regions.

The approach to modeling the continuum background in this analysis represents a sig-
nificant change from the traditional method, where both the shape and normalisation
of the continuum background are mainly data-driven. In the traditional approach, the
only MC-based input is the choice of the particular analytical function used to model
the continuum background in each category, which is selected based on a high-statistics
mγγ template. To ensure the reliability of the BDT templates derived from the SHERPA

γγ+jets sample in describing the entire continuum background, the shape of these tem-
plates is compared to the data in the SB regions, as shown in Figure B.4. Additionally,
since the SHERPA γγ+jets sample does not include the fake photon contributions from
γj and jj processes, BDT templates for the reducible components are extracted from con-
trol regions in data enriched in fake photon background events, and compared with the
γγ+jets-based histograms. The comparison between the fake photon templates and the
SHERPA γγ+jets templates shows consistency within uncertainties, as displayed in Fig-
ure B.5.

Figure B.6 displays the BDT templates for the continuum background, HH signals, and
single Higgs backgrounds in the High Mass and Low Mass SRs. The binning of these
templates is selected to ensure at least one expected background event in the most signal-
like bin (where the BDT output is close to unity). This binning strategy was found to be
sufficient to preserve the validity of the asymptotic approximation used for extracting
statistical results.
In Figure B.7, the BDT templates for the continuum background, HH signals, and single

Higgs backgrounds in the High Mass and Low Mass SB regions are shown. Since the
signal and resonant background contamination in the SB regions is negligible and their
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Figure B.4 – Comparison of the BDT discriminant distributions from the γγ+jets process and
from data in the High Mass and Low Mass SB regions. The bin edges are chosen to ensure
at least one event in data for each bin. All distributions are normalised to unity. The bottom
panel shows the ratio of the data to the SHERPA γγ+jets sample.
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Figure B.5 – Comparison of the BDT templates for the γj and jj processes, built using control
regions in data, with those derived from the SHERPA γγ+jets sample, in the High Mass SR
(left) and Low Mass SR (right). The bin edges are chosen to ensure at least one event in data
for each bin. All distributions are normalised to unity. The bottom panel shows the ratio of
the data-driven γj and jj distributions to the SHERPA γγ+jets sample.
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Figure B.6 – BDT templates for the SM HH signals, single Higgs backgrounds, and contin-
uum backgrounds in the High Mass (left) and Low Mass (right) SRs. The normalisations of
the continuum background templates are set from a background-only fit to data in the SB
regions.

primary role is to constrain the continuum background normalisation to match data,
single-binned BDT templates are chosen for these regions.
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Figure B.7 – BDT templates for the SM HH signals, single Higgs backgrounds, and contin-
uum backgrounds in the High Mass (left) and Low Mass (right) SB regions. The normalisa-
tions of the continuum background templates are set from a background-only fit to data in
the SB regions.

B.4 Systematic uncertainties

The choice of the BDT-based final discriminant and the modelling strategy adopted by
this analysis introduce a different implementation of the systematic uncertainties for
both the signal and the backgrounds, compared with the traditional H → γγ approach.
In this method, systematic uncertainties that impact both the shape and normalisation
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of signal and background processes are incorporated into the statistical model by pro-
viding alternative BDT templates, where the systematic variations are propagated. This
also applies to the continuum background, where both experimental and theoretical un-
certainties (described in Section 7.5) are accounted for. In addition, since the continuum
background is modelled using MC simulations, there is no need to select a particular
analytical function to describe the background shape: therefore, the spurious signal un-
certainty is not present in this analysis.
Although the experimental and theoretical systematic uncertainties affecting the HH sig-
nal and single Higgs processes are also present in the traditional H → γγ analysis (see
Section 7.5) - and are expected to have a similar impact here - the treatment of the contin-
uum background differs significantly in this approach. Therefore, the following sections
focus on assessing the impact of experimental and theoretical systematic uncertainties
on the continuum background.
As the normalisation of the continuum background is determined by the fit to data, even
a very large systematic variation can be fully absorbed by the fit, as long as its impact
is flat in the spectrum of the BDT discriminant and is similar in both the SRs and SB
regions. Therefore, the systematic uncertainties affecting only the normalisation of the
continuum background have a negligible effect on the statistical results. On the other
hand, the systematic uncertainties that affect the shape of the BDT discriminants for the
continuum background are expected to have a more noticeable effect on the statistical
results and on the analysis sensitivity.

B.4.1 Experimental systematic uncertainties

A 0.83% uncertainty, related to the measurement of the total integrated luminosity of
Run 2 data [49], is applied to the normalisation of the continuum background templates.
In addition, systematic uncertainties due to potential mismodelling of the detector re-
sponse in simulation with respect to data, related to the modelling of photons, jets, fla-
vor tagging efficiencies, and pileup affect both the normalisation and the shape of the
continuum background. These uncertainties lead to variations in the overall yield and
efficiency of the continuum background, ranging from approximately 1% to 10%.

B.4.2 Theoretical systematic uncertainties

Scale and PDF+αS uncertainties

Theoretical systematic uncertainties arising from missing higher-order corrections in the
perturbative calculations of the γγ+jets process (referred to as “scale” uncertainties)
affect the modeling of the continuum background. Similarly, uncertainties propagated
from the PDFs and the value of the strong coupling constant αS, collectively termed
“PDF+αS” uncertainties, impact both the normalisation and shape of the continuum
background templates. The effects of scale and PDF+αS uncertainties on the continuum
background (ranging from approximately 1% for the PDF+αS uncertainties to over 40%
for the scale uncertainties) across the four analysis regions are shown in Figures B.8
and B.10.
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Figure B.8 – Nominal and varied BDT distributions for the continuum background in in
the four analysis regions. The varied BDT templates refer to ±1σ variations from the scale
uncertainty on the γγ+jets process.
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Figure B.9 – Nominal and varied BDT distributions for the continuum background in in the
four analysis regions. The varied BDT templates refer to ±1σ variations from the PDF+αS
uncertainty on the γγ+jets process.
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Uncertainty on the reducible γj + jj component

As detailed in Section B.3, the SHERPA γγ+jets MC sample is used to model the entire
continuum background, including the fake photon component. A dedicated system-
atic uncertainty, related to neglecting the γj and jj contributions when constructing the
continuum background BDT templates, is introduced. An alternative BDT template is
created by combining the γγ, γj, and jj components according to their purities (listed
in Section 7.4.2). The BDT template for the γγ component is derived from the SHERPA

γγ+jets sample, while the γj and jj templates are built using control regions in data, as
explained in Section 7.4.2. Figure B.10 illustrates the nominal and alternative BDT tem-
plates for the continuum background, along with the impact of this uncertainty, for both
the High Mass and Low Mass SRs.
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Figure B.10 – Nominal and alternative BDT distributions for the continuum background in
the High Mass (left) and Low Mass (right) SRs. The alternative BDT templates represent the
systematic uncertainty from neglecting the reducible diphoton component when building the
continuum background histogram.

Matrix-element and parton shower uncertainty

An uncertainty related to the modelling of both the matrix element and the parton
shower in the γγ+jets process is considered. This uncertainty is evaluated by compar-
ing the nominal BDT templates (extracted from the SHERPA sample) with those obtained
from an alternative γγ+jets sample, relying on MADGRAPH5 AMC@NLO for the de-
scription of the matrix element and on PYTHIA 8 for the modelling of the parton shower.
However, the MADGRAPH5 AMC@NLO γγ+jets sample has significantly lower statis-
tics in the signal regions of the HH → bb̄γγ analysis compared to the nominal SHERPA

sample. This leads to inflated modeling uncertainties due to large statistical fluctua-
tions in the alternative BDT templates. The impact of this uncertainty on the shape and
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normalisation of the continuum background in the four analysis regions is shown in
Figure B.11.
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Figure B.11 – Nominal BDT distribution for the continuum diphoton background ex-
tracted from the SHERPA γγ+jets sample in the four analysis regions. The nominal tem-
plate is compared with the corresponding varied histograms obtained from the MAD-
GRAPH5 AMC@NLO sample. The shaded bands represent the statistical uncertainty associ-
ated to each template.

B.5 Expected results

The expected sensitivity of the analysis is determined through a binned maximum like-
lihood background-only fit to the BDT distributions in the SB regions. The statistical
analysis allows to extract an expected upper limit on the HH signal strength µHH, un-
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der the hypothesis of no HH production, at 95% CL. Similarly, 95% expected confidence
intervals for the coupling modifiers κλ and κ2V are obtained using the expected profile
log-likelihoods −2 ln Λ, based on the assumption of SM HH production, where κλ =

and κ2V = 1. When deriving the expected constraints for κλ or κ2V , all other coupling
modifiers that influence HH production are kept fixed at their SM values.
The 95% CL expected upper limit on µHH is 4.97. This outcome is competitive with the
sensitivity of the traditional HH → bb̄γγ analysis, which has a 95% CL expected up-
per limit on µHH of 4.88, evaluated including only the spurious signal uncertainty1. The
effects of the systematic uncertainties on the continuum background modeling are de-
tailed in Table B.2, with the overall impact found to be below 2%.

Table B.2 – Breakdown of the dominant systematic uncertainties in the expected µHH upper
limit at 95% CL. The impact of the uncertainties corresponds to the relative variation of the
expected upper limit when re-evaluating the profile likelihood ratio after fixing the nuisance
parameter in question to its best-fit value, while all remaining nuisance parameters remain
free to float.

Systematic uncertainty source Relative impact [%]

MC statistics 0.9
Experimental < 0.1
Scale < 0.1
PDF+αS < 0.1
Matrix Element and Parton showering model 0.1
Fake photon component 0.7

The expected values of −2 ln Λ as functions of κλ and κ2V are illustrated in Figures B.12a
and B.12b, respectively. The value of κλ is constrained within the range of −2.1 < κλ <

7.4 at 95% CL, while the allowed range for κ2V is −0.7 < κ2V < 2.9 at 95% CL. While the
sensitivity to the coupling modifier κλ aligns with that of the traditional HH → bb̄γγ

analysis, the sensitivity to κ2V has significantly improved. In fact, the width of the ex-
pected allowed κ2V interval is reduced by approximately 15% compared to the tradi-
tional analysis.

1The expected upper limit on µHH for the traditional HH → bb̄γγ analysis was determined by fitting
data exclusively in the sidebands region, to allow for a fair comparison with the approach presented in this
Appendix. Hence, the value quoted here differs from the expected upper limit on µHH reported in Chapter 7,
where the limit was derived from a fit to data across the full m

γγ
spectrum, spanning 105 ≤ m

γγ
≤ 160 GeV.
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Figure B.12 – Expected value of the profile log-likelihood ratio, −2 ln Λ as a function of κλ
(left) and κ2V (right), with all the other coupling modifiers (including, respectively, κ2V or κλ)
are fixed to their SM predictions. The value of −2 ln Λ is shown either including (solid line)
or neglecting (dashed line) the systematic uncertainties on the continuum background.
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[196] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191
(2015) 159, arXiv: 1410.3012 [hep-ph] (cit. on p. 139).

[197] M. Bahr et al., Herwig++ Physics and Manual, Eur. Phys. J. C 58 (2008) 639, arXiv:
0803.0883 [hep-ph] (cit. on p. 139).

[198] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur. Phys. J. C 76 (2016) 196,
arXiv: 1512.01178 [hep-ph] (cit. on p. 139).

[199] R. D. Ball et al., Parton distributions with LHC data, Nucl. Phys. B 867 (2013) 244,
arXiv: 1207.1303 [hep-ph] (cit. on p. 139).

[200] R. D. Ball et al., Parton distributions for the LHC Run II, JHEP 04 (2015) 040, arXiv:
1410.8849 [hep-ph] (cit. on p. 139).

[201] ATLAS Collaboration, Validation of signal Monte Carlo event generation in searches
for Higgs boson pairs with the ATLAS detector, tech. rep., CERN, 2019, URL: https:
//cds.cern.ch/record/2665057 (cit. on p. 141).

[202] ATLA Collaboration, Combined measurements of Higgs boson production and decay
using up to 80 fb−1 of proton-proton collision data at

√
s = 13 TeV collected with the

ATLAS experiment, Phys. Rev. D 101 (2020) 012002, arXiv: 1909.02845 [hep-ex]

(cit. on p. 144).

[203] E. Bothmann et al., Event Generation with Sherpa 2.2, SciPost Phys. 7 (2019) 034,
arXiv: 1905.09127 [hep-ph] (cit. on pp. 144, 146, 186).

[204] K. Hamilton et al., MINLO: multi-scale improved NLO, JHEP 10 (2012) 155, arXiv:
1206.3572 [hep-ph] (cit. on pp. 146, 231).

https://doi.org/10.1088/1126-6708/2004/11/040
https://arxiv.org/abs/hep-ph/0409146
https://doi.org/10.1088/1126-6708/2007/11/070
https://arxiv.org/abs/0709.2092
https://doi.org/10.1007/JHEP06(2010)043
https://arxiv.org/abs/1002.2581
https://arxiv.org/abs/1002.2581
https://doi.org/10.1007/JHEP08(2017)088
https://arxiv.org/abs/1703.09252
https://arxiv.org/abs/1703.09252
https://doi.org/10.1007/JHEP06(2019)066
https://arxiv.org/abs/1903.08137
https://arxiv.org/abs/1903.08137
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1088/0954-3899/43/2/023001
https://arxiv.org/abs/1510.03865
https://doi.org/10.1103/PhysRevLett.117.079901
https://arxiv.org/abs/1604.06447
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://arxiv.org/abs/1410.3012
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://arxiv.org/abs/0803.0883
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://arxiv.org/abs/1512.01178
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://arxiv.org/abs/1207.1303
https://doi.org/10.1007/JHEP04(2015)040
https://arxiv.org/abs/1410.8849
https://cds.cern.ch/record/2665057
https://cds.cern.ch/record/2665057
https://doi.org/10.1103/PhysRevD.101.012002
https://arxiv.org/abs/1909.02845
https://doi.org/10.21468/SciPostPhys.7.3.034
https://arxiv.org/abs/1905.09127
https://doi.org/10.1007/JHEP10(2012)155
https://arxiv.org/abs/1206.3572


Bibliography 269

[205] K. Hamilton et al., Finite quark-mass effects in the NNLOPS POWHEG+MiNLO
Higgs generator, JHEP 05 (2015) 140, arXiv: 1501.04637 [hep-ph] (cit. on pp. 146,
231).

[206] P. Nason and C. Oleari, NLO Higgs boson production via vector-boson fusion matched
with shower in POWHEG, JHEP 02 (2010) 037, arXiv: 0911.5299 [hep-ph] (cit. on
p. 146).

[207] G. Luisoni et al., HW±/HZ + 0 and 1 jet at NLO with the POWHEG BOX interfaced
to GoSam and their merging within MiNLO, JHEP 10 (2013) 083, arXiv: 1306.2542
[hep-ph] (cit. on p. 146).

[208] H. B. Hartanto et al., Higgs boson production in association with top quarks in the
POWHEG BOX, Phys. Rev. D 91 (2015) 094003, arXiv: 1501.04498 [hep-ph] (cit.
on p. 146).

[209] B. Jager et al., Higgs boson production in association with b-jets in the POWHEG BOX,
Phys. Rev. D 93 (2016) 014030, arXiv: 1509.05843 [hep-ph] (cit. on p. 146).

[210] ATLAS Collaboration, Measurement of Higgs boson production in the diphoton decay
channel in pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS detec-
tor, Phys. Rev. D 90 (2014) 112015, arXiv: 1408.7084 [hep-ex] (cit. on pp. 147,
158).

[211] ATLAS Collaboration, Measurement of the properties of Higgs boson production at√
s = 13 TeV in the H → γγ channel using 139 fb−1 of pp collision data with the

ATLAS experiment, JHEP 07 (2023) 088, arXiv: 2207.00348 [hep-ex] (cit. on
p. 147).

[212] ATLAS Collaboration, Tagging and suppression of pileup jets with the ATLAS detector,
tech. rep., CERN, 2014, URL: https://cds.cern.ch/record/1700870 (cit. on
p. 147).

[213] J. Snoek et al., “Practical Bayesian Optimization of Machine Learning Algo-
rithms”, Advances in Neural Information Processing Systems, ed. by F. Pereira et al.,
vol. 25, Curran Associates, Inc., 2012, URL: https://proceedings.neurips.cc/
paper files/paper/2012/file/05311655a15b75fab86956663e1819cd-Paper.

pdf (cit. on p. 151).

[214] ATLAS Collaboration, Measurement of event shapes at large momentum transfer with
the ATLAS detector in pp collisions at

√
s = 7 TeV, Eur. Phys. J. C 72 (2012) 2211,

arXiv: 1206.2135 [hep-ex] (cit. on p. 152).

[215] L. G. Almeida et al., Substructure of high-pT Jets at the LHC, Phys. Rev. D 79
(2009) 074017, arXiv: 0807.0234 [hep-ph] (cit. on p. 152).

[216] M. Oreglia, A Study of the Reactions ψ
′ → γγψ, Other thesis, 1980 (cit. on p. 158).

[217] ATLAS Collaboration, Measurements of Higgs boson properties in the diphoton decay
channel with 36 fb−1 of pp collision data at

√
s = 13 TeV with the ATLAS detector,

Phys. Rev. D 98 (2018) 052005, arXiv: 1802.04146 [hep-ex] (cit. on p. 158).

https://doi.org/10.1007/JHEP05(2015)140
https://arxiv.org/abs/1501.04637
https://doi.org/10.1007/JHEP02(2010)037
https://arxiv.org/abs/0911.5299
https://doi.org/10.1007/JHEP10(2013)083
https://arxiv.org/abs/1306.2542
https://arxiv.org/abs/1306.2542
https://doi.org/10.1103/PhysRevD.91.094003
https://arxiv.org/abs/1501.04498
https://doi.org/10.1103/PhysRevD.93.014030
https://arxiv.org/abs/1509.05843
https://doi.org/10.1103/PhysRevD.90.112015
https://arxiv.org/abs/1408.7084
https://doi.org/10.1007/JHEP07(2023)088
https://arxiv.org/abs/2207.00348
https://cds.cern.ch/record/1700870
https://proceedings.neurips.cc/paper_files/paper/2012/file/05311655a15b75fab86956663e1819cd-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2012/file/05311655a15b75fab86956663e1819cd-Paper.pdf
https://proceedings.neurips.cc/paper_files/paper/2012/file/05311655a15b75fab86956663e1819cd-Paper.pdf
https://doi.org/10.1140/epjc/s10052-012-2211-y
https://arxiv.org/abs/1206.2135
https://doi.org/10.1103/PhysRevD.79.074017
https://doi.org/10.1103/PhysRevD.79.074017
https://arxiv.org/abs/0807.0234
https://doi.org/10.1103/PhysRevD.98.052005
https://arxiv.org/abs/1802.04146


270 Bibliography

[218] ATLAS Collaboration, Measurement of isolated-photon pair production in pp collisions
at

√
s = 7 TeV with the ATLAS detector, JHEP 01 (2013) 086, arXiv: 1211.1913

[hep-ex] (cit. on p. 160).

[219] Recommendations for the Modeling of Smooth Backgrounds, tech. rep., CERN, 2020,
URL: https://cds.cern.ch/record/2743717 (cit. on p. 162).

[220] G. Avoni et al., The new LUCID-2 detector for luminosity measurement and monitoring
in ATLAS, JINST 13 (2018) P07017, URL: https://cds.cern.ch/record/2633501
(cit. on p. 163).

[221] Evaluating statistical uncertainties and correlations using the bootstrap method, tech.
rep., CERN, 2021, URL: https://cds.cern.ch/record/2759945 (cit. on pp. 165,
176).

[222] LHC Higgs Cross Section Working Group, Website of the LHC Higgs Working
Group, URL: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsXSBR
(cit. on p. 168).

[223] ATLAS Collaboration, Measurements of the Higgs boson inclusive and differential
fiducial cross-sections in the diphoton decay channel with pp collisions at

√
s = 13 TeV

with the ATLAS detector, JHEP 08 (2022) 027, arXiv: 2202.00487 [hep-ex] (cit. on
pp. 168, 232).

[224] ATLAS Collaboration, Measurements of the Higgs boson inclusive and differential
fiducial cross sections in the 4ℓ decay channel at

√
s = 13 TeV, Eur. Phys. J. C 80

(2020) 942, arXiv: 2004.03969 [hep-ex] (cit. on pp. 168, 232).

[225] ATLAS Collaboration, Measurements of inclusive and differential fiducial cross-sections
of tt production with additional heavy-flavour jets in proton-proton collisions at

√
s = 13

TeV with the ATLAS detector, JHEP 04 (2019) 046, arXiv: 1811.12113 [hep-ex]

(cit. on pp. 169, 232).

[226] ATLAS Collaboration, Study of heavy-flavor quarks produced in association with top-
quark pairs at

√
s = 7 TeV using the ATLAS detector, Phys. Rev. D 89 (2014) 072012,

arXiv: 1304.6386 [hep-ex] (cit. on pp. 169, 232).

[227] G. Aad et al., Measurement of the cross-section for W boson production in association
with b-jets in pp collisions at

√
s = 7 TeV with the ATLAS detector, JHEP 06 (2013) 084,

arXiv: 1302.2929 [hep-ex] (cit. on pp. 169, 232).

[228] A. L. Read, Presentation of search results: The CLs technique, J. Phys. G 28 (2002) 2693,
ed. by M. R. Whalley and L. Lyons (cit. on pp. 171, 211).

[229] ATLAS Collaboration, Search for non-resonant Higgs boson pair production in final
states with leptons, taus, and photons in pp collisions at

√
s = 13 TeV with the ATLAS

detector, JHEP 08 (2024) 164, arXiv: 2405.20040 [hep-ex] (cit. on p. 179).

[230] ATLAS Collaboration, Search for non-resonant Higgs boson pair production in the
2b + 2ℓ + Emiss

T final state in pp collisions at
√

s = 13 TeV with the ATLAS detector,
JHEP 02 (2024) 037, arXiv: 2310.11286 [hep-ex] (cit. on p. 179).

[231] U. Ellwanger et al., The Next-to-Minimal Supersymmetric Standard Model, Phys.
Rept. 496 (2010) 1, arXiv: 0910.1785 [hep-ph] (cit. on p. 185).

https://doi.org/10.1007/JHEP01(2013)086
https://arxiv.org/abs/1211.1913
https://arxiv.org/abs/1211.1913
https://cds.cern.ch/record/2743717
https://doi.org/10.1088/1748-0221/13/07/P07017
https://cds.cern.ch/record/2633501
https://cds.cern.ch/record/2759945
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/HiggsXSBR
https://doi.org/10.1007/JHEP08(2022)027
https://arxiv.org/abs/2202.00487
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://doi.org/10.1140/epjc/s10052-020-8223-0
https://arxiv.org/abs/2004.03969
https://doi.org/10.1007/JHEP04(2019)046
https://arxiv.org/abs/1811.12113
https://doi.org/10.1103/PhysRevD.89.072012
https://arxiv.org/abs/1304.6386
https://doi.org/10.1007/JHEP06(2013)084
https://arxiv.org/abs/1302.2929
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1007/JHEP08(2024)164
https://arxiv.org/abs/2405.20040
https://doi.org/10.1007/JHEP02(2024)037
https://arxiv.org/abs/2310.11286
https://doi.org/10.1016/j.physrep.2010.07.001
https://doi.org/10.1016/j.physrep.2010.07.001
https://arxiv.org/abs/0910.1785


Bibliography 271

[232] P. Baldi et al., Parameterized neural networks for high-energy physics, Eur. Phys. J. C
76 (2016) 235, arXiv: 1601.07913 [hep-ex] (cit. on pp. 186, 194).

[233] D. Berdine et al., Breakdown of the Narrow Width Approximation for New Physics,
Phys. Rev. Lett. 99 (2007) 111601, arXiv: hep-ph/0703058 (cit. on p. 187).

[234] A. D. Bukin, Fitting function for asymmetric peaks, 2007, arXiv: 0711.4449 [physic
s.data-an], URL: https://arxiv.org/abs/0711.4449 (cit. on p. 188).

[235] B. Delaunay, Sur la sphère vide, French, Bulletin de l’Académie des Sciences de
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