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This thesis presents searches for Higgs boson pair production in the bb̄bb̄ final state using

data collected by the ATLAS detector from proton-proton collisions at
√
s = 13 TeV during

the entirety of LHC Run 2 and at
√
s = 13.6 TeV over a portion of Run 3. Three distinct

analyses are detailed. The first analysis presents a search for scalar resonances in the asym-

metric production of two scalar bosons using the full ATLAS Run 2 dataset. This Beyond-

the-Standard-Model (BSM) scenario posits the production of a heavy Higgs-like resonance

X via gluon-gluon fusion, which then decays into a Standard Model Higgs boson (H) and a

lighter scalar (S). This study, representing the first ATLAS search in this decay topology,

sets upper limits on the cross section for resonant scenarios with mX between 200 GeV and

3 TeV andmS from 70 GeV to 2.5 TeV. No significant excesses were observed. The resulting

limits are competitive with a corresponding CMS search, which reported its highest excess

with a local significance of 4.1σ (global 2.8σ) at (mX ,mS) = (700, 400) GeV. No such excess

was found in this ATLAS search at a similar mass hypothesis of (mX ,mS) = (750, 400) GeV.

The second analysis targets non-resonant Higgs boson pair production, probing both Stan-

dard Model HH production and potential deviations in the Higgs trilinear self-coupling

using the Run 2 data. No significant evidence for Standard Model HH production is ob-

served, but stringent upper limits on the cross section for Higgs boson pair production via

gluon-gluon fusion and vector-boson fusion are established at 5.4 (8.1) times the Standard



Model prediction for observed (expected) yields. These results mark a substantial improve-

ment in sensitivity relative to earlier Run 2 searches, positioning the bb̄bb̄ final state as

the third most sensitive channel in the ATLAS Run 2 HH combination. Furthermore,

cross section limits are set across a range of Higgs self-coupling values, parameterized by

κλ = λHHH/λ
SM
HHH , with the observed interval −3.9 ≤ κλ ≤ 11.1 (−4.6 ≤ κλ ≤ 10.8 ex-

pected). The third analysis addresses non-resonant HH production through gluon-gluon

fusion in the resolved topology, incorporating both advanced reconstruction and analytical

techniques for the Run 2 dataset and extending to include partial Run 3 data from 2022

and 2023. While this study is ongoing, with further optimization and systematic studies

underway, the core analysis workflow is established. For the most sensitive discriminant,

the expected statistics-only upper limit on the HH production cross section is 2.80 times

the SM prediction, reflecting a notable gain in sensitivity compared to the Run 2 stat-only

result. This corresponds to an 18% improvement beyond what would be anticipated from

the increase in luminosity alone. Cross section limits are again set as a function of κλ,

which is constrained to −2.86 ≤ κλ ≤ 10.02 in the expected, stat-only scenario. Finally,

this thesis also describes new methods and results for deriving dedicated jet calibrations

and systematic uncertainties in the context of ATLAS fast calorimeter simulation.
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Chapter 1 1

INTRODUCTION 2

“Sometimes the smallest things take up the most room in your heart.” 3

– Winnie the Pooh 4

Particle physics studies the fundamental building blocks of nature and the interactions 5

between them that shape our universe. The idea that matter consists of indivisible units 6

dates back to Democritus, who proposed the concept of “atomos” nearly 2,500 years ago. 7

However, it was only in the late 19th and early 20th centuries that experiments began to 8

uncover the subatomic structure of matter. The discovery of the electron by J.J. Thomson 9

in 1897, followed by Rutherford’s atomic model and Chadwick’s identification of the neutron 10

in 1932, challenged the notion that atoms were indivisible. Further research revealed that 11

protons and neutrons are themselves composed of even smaller particles called quarks. These 12

discoveries laid the foundation for the Standard Model, a theoretical framework discussed 13

in Section 2.1 that describes the fundamental particles and their interactions, excluding 14

gravity [1, 2]. 15

Despite its success, the Standard Model is incomplete. It does not account for dark 16

matter, the dominance of matter over antimatter, or the integration of gravity at the quan- 17

tum level [3]. As a result, physicists are not only testing its predictions but also searching 18

for signs of new physics beyond it. The Large Hadron Collider (LHC) at CERN has been 19

instrumental in this effort, most notably with the 2012 discovery of the Higgs boson, which 20

confirmed the mechanism by which particles acquire mass [4, 5]. However, no new funda- 21

mental particles, beyond the Higgs boson, have yet been conclusively detected. Beyond the 22

LHC, international experiments are probing the limitations of the Standard Model. The 23

Deep Underground Neutrino Experiment (DUNE) in the U.S. investigates neutrino proper- 24

ties, while Japan’s Super-Kamiokande and future Hyper-Kamiokande detect neutrinos from 25

cosmic and terrestrial sources [6, 7]. The Belle II and LHCb examine CP violation, which 26
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may help explain the matter-antimatter asymmetry of the universe [8, 9]. These global27

collaborations drive the search for physics beyond the Standard Model.28

Several experimental anomalies hint at new physics. One of the most significant comes29

from the Muon g-2 experiment at Fermilab, where measurements of the muon’s magnetic30

moment deviate from Standard Model predictions, suggesting the presence of unknown31

forces or particles [10]. Meanwhile, astrophysical evidence for dark matter and dark energy32

points to phenomena beyond the Standard Model’s scope [11, 12]. While these results33

are not yet conclusive, they provide compelling motivation for continued experimental and34

theoretical exploration.35

Over the past century, particle physics has not only deepened our understanding of the36

universe but also driven technological advancements with broad societal impact. The field37

has led to the development of transformative technologies such as PET scans, radiation38

therapy, and semiconductor advancements. One of its most influential contributions is the39

creation of the World Wide Web at CERN, originally developed to facilitate data sharing40

among physicists. These innovations underscore the broader significance of particle physics41

beyond fundamental research.42

This thesis presents my contributions to particle physics research as a member of the43

ATLAS Collaboration. My work has focused on the search for Higgs pair production in44

the bb̄bb̄ (4 b-quark) decay channel, where two Higgs bosons are produced in the same45

event and each decays into a pair of bottom quarks. Additionally, I have contributed to46

jet calibration in the fast simulation software, benefiting the collaboration as a whole, and47

explored the future use of simulated quantum chromodynamics (QCD) samples. I have48

also investigated the integration of machine learning (ML) techniques into physics analyses.49

This thesis is structured as follows: Chapter 2 outlines the theoretical motivations behind50

the analyses, Chapter 3 introduces the LHC and the ATLAS Experiment, Chapter 4 details51

my technical work for jet calibrations and systematics, Chapter 5 provides an overview of52

Higgs pair production with its theoretical motivations and experimental results, Chapter53

6 discusses common aspects to HH analyses in a bb̄bb̄ final-state, Chapter 7 presents the54

X → SH → bb̄bb̄ analysis using the ATLAS Run 2 data, Chapter 9 discusses the non-55

resonant HH → bb̄bb̄ analysis using the ATLAS Run 2 data, while Chapter 9 covers the56
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same non-resonant HH → bb̄bb̄ analysis using the ATLAS Run 2 and early Run 3 data, and 57

Chapter 10 summarizes the findings and future directions. 58
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Chapter 259

THEORETICAL FOUNDATIONS60

2.1 The Standard Model61

Our universe is made up of different types of matter which interact through the following62

fundamental forces: gravity, electromagnetism, the weak nuclear force, and the strong nu-63

clear force. These four fundamental forces that govern particle interactions exhibit varying64

strengths and have unique properties, as summarized in Table 2.1. The electromagnetic65

force governs interactions between charged particles, the weak nuclear force is responsible66

for phenomena such as beta decay, and the strong nuclear force binds quarks within com-67

posite particles like protons and neutrons. Given how weak the gravitational force is on68

a particle level, it is generally excluded from consideration when discussing interactions in69

particle physics though it dominates on the cosmological scale in forming planets, solar70

systems, and galaxies.71

Force Force Carrier Interaction Type Relative

Strength

Interaction

Length

Strong Nuclear Gluon (g) Color Charge 1 10−15 m

Electromagnetic Photon (γ) Electric Charge ≈ 10−2 Infinite

Weak Nuclear W±, Z0 bosons Weak Isospin ≈ 10−13 10−18 m

Gravity Graviton† Mass/Energy ≈ 10−38 Infinite

Table 2.1: The four fundamental forces, their corresponding force carriers, the interaction

types they govern, their relative strengths, and their average interaction lengths. † Note

that the graviton is hypothetical.

As previously described, the Standard Model of particle physics is a highly successful72
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theoretical framework that describes the fundamental particles and their interactions, en- 73

compassing three of these four known fundamental forces, namely electromagnetism, the 74

weak nuclear force, and the strong nuclear force [13, 14]. It emerged in the 1970’s and 75

remains the dominant model for making and testing predictions of phenomena in particle 76

physics. It classifies all known elementary particles into two broad categories: fermions, 77

which constitute matter, and bosons, which mediate fundamental interactions (see Figure 78

2.1). These classifications are determined by the quantum number for the spin of the parti- 79

cle, the intrinsic angular momentum. The fermions have half-integer spin numbers and obey 80

the Pauli exclusion principle, which asserts that no two identical fermions can occupy the 81

same quantum state simultaneously. Bosons, on the other hand, have integer spin numbers 82

and can occupy the same quantum state. 83

Figure 2.1: The fundamental particles of the Standard Model illustrating the different classi-

fications and generations of matter and the force carriers that mediate their interactions [15].
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Fermions, the fundamental building blocks of matter, are divided into two families with84

different properties: quarks and leptons. Both families are organized into three genera-85

tions with each successive generation containing heavier and generally less stable particles.86

Quarks are the only fermions that participate in all three fundamental forces of the87

Standard Model: the electromagnetic force, the weak nuclear force, and the strong nuclear88

force. There are six quark flavors: up (u), down (d), charm (c), strange (s), top (t),89

and bottom (b). Each flavor carries electric charge, either +2
3e (up, charm, top) or −1

3e90

(down, strange, bottom), where e is the elementary charge of an electron. Having electric91

charge allows them to interact through electromagnetic forces where same-signed charges92

repel and opposite-signed charges attract. In addition, quarks possess a property called93

color charge, which can be red, green, or blue. This is the source of their interaction94

via the strong nuclear force, mediated by gluons. Due to color confinement, quarks are95

never observed in isolation [16]; instead, they form color-neutral composite particles called96

hadrons, such as protons and neutrons which each consist of the three valence quarks uud97

and udd respectively.98

Leptons, on the other hand, do not carry color charge and thus do not interact via99

the strong force. The six known leptons consist of three charged particles, the electron (e),100

muon (µ), and tau (τ), and their corresponding neutral neutrinos, the electron neutrino101

(νe), muon neutrino (νµ), and tau neutrino (ντ ). The charged leptons carry an electric102

charge of −e, while neutrinos are electrically neutral. All leptons participate in the weak103

interaction, which is the only force capable of changing a particle’s flavor and is a key104

feature in certain decay processes [17, 18, 19]. Like quarks, leptons are grouped into three105

generations, with particles in higher generations being more massive and unstable. Although106

neutrinos were once thought to be massless, experiments have confirmed they have tiny but107

nonzero masses, as evidenced by the phenomenon of neutrino oscillation where the neutrino108

can spontaneously oscillate between its generations [20].109

As stated previously, bosons act as the force carrier for particle interactions and include110

the photon, gluon, W±, Z0, and Higgs bosons. These first four particles are all examples111

of vector bosons, meaning they have a spin of 1 and are associated with vector fields in112

quantum field theory. In contrast, the Higgs boson is a scalar boson with spin 0. It113
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is responsible for giving mass to the W and Z bosons (and to fermions indirectly) via the 114

Brout-Englert-Higgs (BEH) mechanism, or simply the Higgs mechanism. This mechanism 115

operates through spontaneous symmetry breaking in the Higgs field and is discussed in more 116

detail in Section 2.2 [21, 22]. 117

Electromagnetism governs the interactions between electrically charged particles and is 118

mediated by the photon. Here, electric charge refers to a particle’s positive or negative 119

charge, such as the +e of the proton or the −e of the electron. The photon is a massless, 120

electrically neutral boson and represents the quantum of the electromagnetic field. Owing to 121

its zero mass, the photon always travels at the speed of light in a vacuum, which defines the 122

ultimate speed limit for information and energy transfer in the universe. Because photons 123

do not carry electric charge, they do not directly self-interact at the fundamental level. 124

Nevertheless, rare quantum effects allow photons to interact indirectly through processes 125

such as light-by-light scattering, which have been observed experimentally and serve as a 126

precise test of quantum electrodynamics [23]. 127

The strong nuclear force, which binds quarks together to form protons, neutrons, and 128

other hadrons, is mediated by the gluon. Like the photon, the gluon is massless and electri- 129

cally neutral. However, gluons carry color charge, and can interact not only with quarks 130

but also with other gluons. Quarks come in three possible color charges (red, green, and 131

blue) and the strong force acts to ensure that all observable particles are color-neutral com- 132

binations of these. This direct self-interaction among gluons is a key feature of the strong 133

force and gives rise to phenomena such as color confinement, where quarks are never 134

observed in isolation. As a result, the strong force is extremely strong at short distances 135

(on the order of a femtometer) but does not extend beyond the atomic nucleus. 136

The weak nuclear force is mediated by the W+, W−, and Z0 bosons. The W± bosons 137

are electrically charged, while the Z0 is neutral. All three are massive, with the W and Z 138

bosons being among the heaviest known elementary particles. Because of their large masses, 139

these bosons are highly unstable and have very short lifetimes, which is why the weak force 140

operates only over extremely short distances. 141

Unlike the electromagnetic and strong forces, which act only on electric or color charge, 142

the weak interaction couples to a property called weak charge, which is related to a 143
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quantum number known as weak isospin. Only particles with nonzero weak isospin,144

such as left-handed fermions, interact via the charged weak force mediated by the W±
145

bosons. The neutral Z0 boson also couples to particles based on their weak charge, enabling146

weak neutral current interactions. This charge structure gives the weak force its distinctive147

behavior, including the ability to change a particle’s flavor and violate parity symmetry in148

certain processes.149

Gravity, though not incorporated into the Standard Model, is hypothesized to be medi-150

ated by the graviton, a theoretical massless boson of spin 2 [24].151

Antimatter consists of particles that share the same quantum numbers of their counter-152

parts in the Standard Model, but with opposite electric charge. For example, the positron153

is the antiparticle of the electron, so it has the same mass and spin as the electron but154

carries a positive charge instead of a negative one. Similarly, for each quark, there is an155

antiparticle with the opposite charge, such that an antiproton is composed of antiquarks156

(antidown and antiup quarks) and carries a negative charge. An antiparticle is denoted157

either by reversing the electric charge of the corresponding lepton (e.g., e+ for the positron)158

or by placing a bar over the particle symbol (e.g., b̄ for the anti-bottom quark). The exis-159

tence of antimatter was predicted by Paul Dirac in the 1920s and experimentally confirmed160

with the discovery of the positron in 1932. In fact, the reason the universe predominantly161

consists of matter and not antimatter remains one of the unsolved mysteries in physics.162

In addition to fermions, bosons can also have corresponding antiparticles. However, an163

important property of bosons is that neutral ones are their own antiparticles. For example,164

the photon (the mediator of the electromagnetic force) and the gluon (the mediator of the165

strong force) are their own antiparticles.166

2.2 Gauge Symmetry and the Higgs Mechanism167

The Standard Model is built upon the principles of gauge symmetry, where certain trans-168

formations can be applied to a physical system without changing the observable quantities.169

The model is specifically described by the symmetry group:170

SU(3)C × SU(2)L × U(1)Y . (2.1)
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This structure defines the interactions among elementary particles. The SU(3)C group 171

corresponds to quantum chromodynamics (QCD), which governs the strong nuclear force 172

and the interactions of quarks via gluon exchange. The electroweak interaction is described 173

by the SU(2)L × U(1)Y symmetry, which unifies electromagnetism and the weak nuclear 174

force at high energies. A more thorough treatment and explanation for these group theories 175

can be found in [25, 26]. 176

Gauge symmetries dictate the permissible interactions and enforce conservation laws, 177

such as conservation of color charge in QCD and electric charge in electroweak theory. 178

Although the weak and electromagnetic forces appear distinct at low energies, they are 179

fundamentally unified in the Standard Model. However, in nature, the weak force is short- 180

ranged due to the non-zero mass of the W and Z bosons acquired via the Higgs mechanism. 181

The following discussion of this mechanism draws on the principal sources in [27, 28, 29]. 182

In the Standard Model, the Higgs field, a complex scalar doublet Φ, is designed to have 183

a nonzero vacuum expectation value (VEV). The Higgs potential is given by: 184

V (Φ) = µ2Φ†Φ+ λ(Φ†Φ)2, (2.2)

where µ2 and λ are parameters. For µ2 < 0, the Higgs field develops a nonzero VEV: 185

⟨Φ⟩ = 1√
2

0

v

 , (2.3)

where v ≈ 246 GeV is the electroweak scale. This process spontaneously breaks the 186

SU(2)L × U(1)Y symmetry down to U(1)EM , which corresponds to electromagnetism. As 187

a result, the W± and Z0 bosons acquire mass, while the photon remains massless. 188

However, despite this degenerate set of minima, there can only be a single physical vac- 189

uum state, meaning that the symmetry is spontaneously broken. Without loss of generality, 190

we may align our axes such that the physical vacuum state is at: 191

⟨0|ϕ|0⟩ = 1√
2

0

v

 , (2.4)

where we have explicitly chosen a real, nonzero vacuum expectation value for the neutral 192

component of the Higgs doublet to maintain a massless photon. The vacuum itself is not 193

electrically charged. 194
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To describe quantum fluctuations around this vacuum, we expand the Higgs field as:195

Φ =
1√
2

 ϕ1 + iϕ2

v + η(x) + iϕ3

 . (2.5)

Substituting this expansion into the Higgs potential:196

V (Φ) = µ2Φ†Φ+ λ(Φ†Φ)2 (2.6)

= µ2

(∑
i

ϕ2i + (v + η(x))2

)
+ λ

(∑
i

ϕ2i + (v + η(x))2

)2

. (2.7)

Expanding the potential in terms of η and ϕi:197

V (Φ) = −1

4
λv4 + λv2η2 + λvη3 +

1

4
λη4 (2.8)

+
1

2
λ
∑
i

ϕ2i
∑
j

ϕ2j + λvη
∑
i

ϕ2i +
1

2
λη2

∑
i

ϕ2i +
1

4

∑
i

ϕ4i , (2.9)

where we have used the relation µ2 = −λv2.198

From this expression, we identify the mass of η(x) as mη =
√
2λv2. The ϕi fields remain199

massless and correspond to the Goldstone bosons, representing quantum fluctuations along200

the minimum of the potential. The terms λvη3 and 1
4λη

4 describe trilinear and quartic201

self-interactions of the Higgs field.202

Expanding the kinetic term:203

(∂µΦ)
†(∂µΦ) =

1

2

∑
i

(∂µϕi)(∂
µϕi) +

1

2
(∂µη)(∂

µη), (2.10)

we confirm that three massless degrees of freedom correspond to the Goldstone bosons,204

while one massive degree of freedom remains as the Higgs boson. The Goldstone bosons205

are absorbed by the weak gauge bosons via the Higgs mechanism, giving mass to the W±
206

and Z0 bosons, while the photon remains massless due to the unbroken U(1)EM symmetry.207

This mass generation mechanism is critical for ensuring the consistency of the Standard208

Model with experimental observations. Furthermore, the Higgs field couples to fermions via209

Yukawa interactions, generating their masses in proportion to their coupling strengths.210
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2.3 Experimental Verification of the Standard Model 211

While the theoretical structure of the Standard Model was established by the early 1970s, 212

experimental verification unfolded over several decades. The charm quark was first observed 213

in 1974 through the independent discovery of the J/ψ meson at Brookhaven National Lab- 214

oratory and SLAC [30, 31]. Its unexpectedly high mass and narrow width matched predic- 215

tions for a bound state of a charm and anti-charm quark, providing the first strong evidence 216

for quark substructure and sparking what became known as the November Revolution. 217

Evidence for the bottom quark followed in 1977 at Fermilab through the observation of 218

bottomonium (bb̄) states decaying into muon pairs, later confirmed at DESY [32, 33]. 219

The W and Z bosons were discovered in 1983 by the UA1 and UA2 experiments at 220

CERN’s Super Proton Synchrotron [34, 35, 36, 37]. Their measured masses and decay 221

properties confirmed the electroweak unification, with the W boson mediating charged cur- 222

rent interactions and the Z boson mediating neutral current interactions, as predicted by 223

the Standard Model. The gluon, the carrier of the strong force in QCD, was indirectly 224

observed in 1979 at the PETRA collider at DESY through characteristic three-jet events in 225

electron-positron collisions, consistent with gluon bremsstrahlung from quarks [38]. 226

The top quark, the last missing piece of the quark sector, was discovered in 1995 by the 227

CDF and DØ experiments at Fermilab’s Tevatron collider [39]. Distinguished by its excep- 228

tionally large mass of approximately 173 GeV, the top quark decays before hadronization, 229

offering a unique opportunity to study a bare quark. Its large mass also plays a key role in 230

electroweak radiative corrections, making its precise measurement important for global fits 231

of Standard Model parameters. Its discovery confirmed the third generation of quarks and 232

further solidified the framework of the Standard Model. 233

Despite the remarkable success in discovering all other Standard Model particles, the 234

Higgs boson remained elusive. Extensive searches were carried out at CERN’s LEP collider 235

and at Fermilab’s Tevatron, setting progressively stronger exclusion limits on the Higgs 236

boson’s mass. While some hints of Higgs-like signals were seen, no statistically significant 237

discovery could be achieved. The challenge was that the Higgs boson, if it existed within the 238

expected mass range, would have a relatively small production cross-section and branching 239
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ratios into clean final states were rare, requiring higher energy and luminosity to observe.240

It became clear that a new, more powerful collider was needed to probe the Higgs sector241

decisively.242

2.3.1 The Higgs Boson243

A major objective of the LHC and its general-purpose experiments, ATLAS and CMS, was244

the discovery of the Higgs boson and the measurement of its properties. With proton-proton245

collisions at a center-of-mass energy of 7 and 8 TeV during Run 1, both collaborations246

accumulated sufficient integrated luminosity to search for the Higgs across a wide mass247

range. In 2012, both ATLAS and CMS announced the discovery of a new boson with a248

mass around 125 GeV, consistent with the long-sought Higgs boson.249

The discovery was driven primarily by two key decay channels: H → γγ and H →250

ZZ∗ → 4ℓ. The diphoton channel, though having a small branching ratio (∼0.2%), of-251

fered excellent mass resolution, while the four-lepton channel provided an exceptionally252

low-background signature. These channels, illustrated in Figure 2.2, were pivotal for a253

robust and unambiguous discovery.254

Understanding the decay modes and branching ratios of the Higgs boson has been critical255

for both its discovery and subsequent measurements. Figure 2.3 shows the SM predictions256

for branching ratios across a range of possible Higgs masses, guiding the experimental257

strategy for which decay channels to prioritize [42].258

Recent precision measurements by ATLAS and CMS have further refined our under-259

standing. The Higgs mass is now measured to be 125.11±0.11 GeV (ATLAS) and 125.04±260

0.12 GeV (CMS), with indirect constraints placing the Higgs total width below 10.5 MeV261

(95% CL), consistent with the SM prediction of about 4 MeV [43, 44]. The measured262

cross-section for gluon-gluon fusion (ggF), where two gluons interact via a top-quark loop263

to produce a Higgs boson, is 55.5+4.0
−3.8 pb at

√
s = 13 TeV which aligns with theory. Several264

decay modes, such as ττ , bb̄, and tt̄H production have been observed at rates compatible265

with the SM, confirming Higgs couplings to both fermions and bosons [45, 46, 47]. Studies266

of the Higgs boson’s CP properties show no significant deviations from a CP-even scalar267
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(a)
(b)

Figure 2.2: Distributions used in the Higgs boson discovery: (a) the four-lepton invariant

mass m4ℓ from the ATLAS analysis of H → ZZ∗ → 4ℓ, showing data compared to the

background expectation and the signal prediction for a 125 GeV Higgs, combining
√
s = 7

TeV and 8 TeV data; (b) the diphoton invariant mass distribution from the CMS analysis

of H → γγ, with events weighted by S/(S +B) to enhance signal sensitivity [40, 41].

nature, while efforts to probe the Higgs self-coupling via Higgs pair production are ongoing 268

(see Chapter 5). These comprehensive results cement the Higgs boson’s role within the 269

Standard Model, while imposing stringent constraints on new physics beyond it. 270

2.4 Unanswered Questions 271

Following the landmark discovery of the Higgs boson as direct evidence for the Higgs mech- 272

anism, the Standard Model of particle physics was considered complete. This represented 273

a major triumph for modern physics, as the model successfully described three of the four 274

fundamental forces while making precise, testable predictions that have been repeatedly con- 275

firmed in experiments. Yet, despite its extraordinary success, the Standard Model leaves 276

many foundational questions unanswered. 277
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Figure 2.3: SM Higgs branching ratios and their uncertainties for possible Higgs boson

masses in the range from 90 - 200 GeV [42].

One of its well-known shortcomings lies in its treatment of neutrinos. In the original278

formulation, the Standard Model assumes neutrinos to be massless. However, the observa-279

tion of neutrino oscillations, a quantum phenomenon in which neutrinos change flavor as280

they propagate, provides compelling evidence that they possess small, yet nonzero masses.281

This finding necessitates physics beyond the Standard Model, as no mechanism within it282

accounts for neutrino mass.283

The model also explains all forms of ordinary matter such as protons, neutrons, and284

electrons that compose the visible universe. Nevertheless, astronomical and cosmological285

observations reveal the existence of another form of matter: dark matter. This elusive286

substance interacts gravitationally but not electromagnetically, making it invisible to direct287

detection. It is estimated to comprise roughly 26% of the universe’s total energy content [48].288

Despite decades of searching, no dark matter particles have been directly observed, and their289

fundamental nature remains a mystery.290

Another unresolved issue concerns the observed imbalance between matter and antimat-291

ter. The Standard Model predicts that the Big Bang should have produced matter and292
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antimatter in nearly equal quantities. Yet today, the observable universe is overwhelmingly 293

composed of matter, with antimatter present only in trace amounts. The known sources of 294

the violation of CP-symmetry, where the laws of physics should be the same if a particle is 295

interchanged with its antiparticle (C-symmetry) while its spatial coordinates are inverted 296

(P-symmetry), within the Standard Model are insufficient to explain this asymmetry, point- 297

ing to the need for additional mechanisms beyond the current theory. 298

There also remains an open question how to similarly incorporate the strong nuclear 299

force into the Standard Model, similar to how electromagnetism and the weak force were 300

unified in electroweak theory. To this end, physicists have developed Grand Unified The- 301

ories (GUTs), which propose that the electromagnetic, weak, and strong interactions are 302

manifestations of a single force at extremely high energies. Although GUTs are mathemat- 303

ically compelling and have motivated extensive theoretical exploration, they currently lack 304

direct experimental support. 305

Another compelling theoretical framework is supersymmetry (SUSY), which extends the 306

Standard Model by proposing that every known particle has a corresponding supersymmet- 307

ric partner [49]. In this framework, each fermion (such as the electron) is paired with a 308

bosonic counterpart (like the selectron), and each boson with a fermionic partner, differing 309

in spin but sharing other quantum numbers. Supersymmetry offers elegant solutions to 310

several outstanding problems in particle physics, such as the hierarchy problem, but despite 311

extensive searches, no supersymmetric particles have been experimentally detected to date. 312

While these theories provide promising avenues for extending and unifying our under- 313

standing of the fundamental particles and forces, none have yet been confirmed by experi- 314

ment. The search for a more complete theory of nature remains one of the most profound 315

and enduring challenges in modern physics. These and other unresolved questions will be 316

revisited in the context of my work in Chapter 5. 317
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Chapter 3318

THE ATLAS EXPERIMENT319

Modern research in high energy physics relies on large-scale experiments, international320

collaborations, and highly advanced facilities to probe the fundamental nature of matter321

and the universe. At the forefront of this effort is the European Organization for Nuclear322

Research (CERN), located on the Franco-Swiss border near Geneva. CERN is a global323

center for particle physics and supports a wide range of research, from studying antimatter324

to testing predictions of the Standard Model and beyond. Its most prominent facility is the325

LHC, the world’s most powerful particle accelerator, designed to recreate conditions similar326

to those just after the Big Bang and to explore the frontiers of fundamental physics.327

Among the major experiments housed at the LHC is the ATLAS experiment, one of328

four primary detectors alongside CMS, ALICE, and LHCb. ATLAS, along with CMS, is a329

general-purpose detector designed to explore a wide range of physics including searches for330

new particles and high-precision testing of the Standard Model. The experiment is a truly331

global collaboration, comprising over 5,000 scientists, engineers, and students from more332

than 180 institutions across 40 countries. The name ATLAS stands for the A Toroidal333

LHC Apparatus, while also alluding to the Greek titan condemned to bear the weight of334

the heavens which is a fitting metaphor for the scale and ambition of the project. Physically,335

ATLAS is the largest particle detector ever built, measuring 46 meters in length, 26 meters336

in both height and width, and weighing approximately 7,000 tons, roughly the same as the337

Eiffel Tower.338

3.1 The Large Hadron Collider339

The LHC is the centerpiece of CERN’s experimental program and the most powerful particle340

accelerator ever built. Spanning a 27-kilometer ring, the LHC was designed to explore341

fundamental questions in physics by recreating conditions similar to those of the early342
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universe. It accelerates two beams of protons in opposite directions to near light speed, 343

bringing them into head-on collisions at energies up to 6.8 TeV per beam. These extreme 344

energies are necessary to produce the heaviest known particles, such as the Higgs boson and 345

top quark, and to probe rare and previously inaccessible processes that may point toward 346

physics beyond the Standard Model. 347

The energies achieved by protons in the LHC are truly extraordinary by particle physics 348

standards. Using Einstein’s relativistic energy formula, E = γmc2, and the rest mass of the 349

proton (938 MeV/c2), one finds a Lorentz factor of approximately 7000. This corresponds 350

to protons traveling at ultra-relativistic speeds (over 99.999999% of the speed of light). 351

To achieve and maintain such conditions, the LHC accelerates counter-rotating beams of 352

protons in the ring under an ultrahigh vacuum of approximately 1.013×10−10 mbar, nearly 353

as rarefied as the surface of the Moon. The beams are guided by a powerful magnetic 354

field generated by thousands of superconducting electromagnets. Dipole magnets bend the 355

proton paths to keep them on their circular trajectory, while quadrupole magnets focus the 356

beams into tight bunches to maximize collision rates. To sustain superconductivity, the 357

magnets are cooled to −271.3◦C using a cryogenic system based on liquid helium, making 358

the LHC one of the coldest places in the universe. These precisely controlled magnets steer 359

the beams toward designated interaction points (IPs), where detectors such as ATLAS and 360

CMS are positioned to record the resulting high-energy collisions. A schematic view of the 361

LHC tunnel and a cross section of a dipole magnet are shown in Figure 3.1. 362

The operation of the LHC relies fundamentally on the manipulation of charged particles 363

using electric and magnetic fields. This is governed by the Lorentz force law, which describes 364

how a charged particle experiences a force in the presence of electromagnetic fields: 365

F⃗ = q
(
E⃗ + v⃗ × B⃗

)
, (3.1)

where q is the particle’s charge, E⃗ is the electric field, B⃗ is the magnetic field, and v⃗ is the 366

particle’s velocity. 367

Magnetic fields, while incapable of performing work since the magnetic force is always 368

perpendicular to the particle’s velocity, are used to steer the proton beams through the 369
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(a)
(b)

Figure 3.1: A view of the LHC in its underground tunnel, alongside a cross sectional illus-

tration of the beam pipe. The diagram shows the two separate beam pipes, which carry

protons in opposite directions, and highlights the surrounding dipole magnets used to steer

the beams.

circular accelerator. This is achieved through the magnetic component of Eq. 3.1, F⃗ =370

q v⃗ × B⃗, which causes the protons to follow curved trajectories within the beam pipe.371

The actual speed increase or tangential acceleration, on the other hand, is provided372

by electric fields within radiofrequency (RF) cavities placed at key points along the ring.373

These cavities generate oscillating electric fields that act tangentially to the beam’s motion,374

increasing the kinetic energy of the protons. The RF field is precisely synchronized such375

that protons arriving slightly early are decelerated, while those arriving late are accelerated,376

helping to compress the beam into tightly grouped bunches. Over roughly 20 minutes or377

approximately 10 million revolutions of the ring, these cavities boost the proton energy from378

an injection energy of 450 GeV up to the nominal collision energy of 6.5 TeV per beam.379

As Hydrogen gas molecules are made up of two atoms with a proton and electron each,380

a tank of Hydrogen gas in a strong electric field serves as a source of protons for the381

proton-proton collisions. Following the diagram in Figure 3.2, the protons then enter a382

linear accelerator which then fires them into the PS Booster accelerator. These accelerators383
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use the aforementioned RF cavities to accelerate the protons to higher energies while the 384

magnets maintain the curved trajectories. Once at a high enough energy level, the protons 385

enter the Super Proton Synchrotron (SPS) which accelerates them to an even higher energy 386

level. From there, the protons are injected into the two opposing beams of the LHC where 387

they circle the LHC ring over 10,000 times per second. The magnet systems described above 388

guide the proton beams to collision points at specific interaction points (IP), the center of 389

the different detector systems for analyses. During routine operation, the LHC circulates up 390

to nearly 2800 bunches of protons in each beam. These bunches are brought into collision 391

every 25 ns at each interaction point, resulting in a nominal bunch crossing rate of 40 MHz. 392

This high collision frequency is essential for accumulating the large datasets needed to study 393

rare processes such as Higgs boson pair production. 394

Figure 3.2: A general diagram illustrating the path that protons (or lead in the case of

the ion collisions) take to reach the ultra-relativistic velocities for colliding in the CERN

accelerator complex.

When high energy particles collide, they are able to create new, massive particles, the 395

likes of which existed in the early universe. Most of these rare particles aren’t found in 396
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nature, but have to be produced in collision experiments like these. The production is related397

to the principle of energy-mass equivalence which describes mass as one of the portrayals398

of energy and so we are able to produce particles with higher masses as we collide particles399

with higher energies. These particles decay instantaneously from our perspective and cannot400

be observed directly. However, we are able to observe them indirectly by looking for their401

decay products in all of the events that are produced from the collisions. This isn’t an easy402

thing to do as there are other processes which can have the same decay products and so403

our task lies in correctly identifying a maximum number of events that originate from the404

rare process of interest from the other processes that are more common that we don’t care405

about. We call the former our signal and the latter our background.406

3.1.1 LHC Operational Schedule407

Given the immense complexity and scale of the LHC and its experiments, continuous oper-408

ation requires periodic shutdowns for essential maintenance and substantial upgrades. Both409

the accelerator and its detectors, including ATLAS, undergo these scheduled long shutdowns410

to implement technical improvements and ensure sustained high performance. As a result,411

the LHC’s physics program is organized into alternating periods of data-taking, called Runs,412

and extended Long Shutdowns (LS) for upgrades. This structured schedule allows the LHC413

to remain at the cutting edge of experimental high-energy physics. Analyses in this thesis414

utilize data from both Run 2 and (partial) Run 3 of the ATLAS experiment.415

• Run 1 (2010–2013): The initial data-taking period, with collisions at 7 TeV (2010–2011)416

and 8 TeV (2012–2013), culminating in the discovery of the Higgs boson in 2012.417

• Long Shutdown 1 (LS1, 2013–2015): Major upgrades to the accelerator complex418

and detectors to prepare for higher energy collisions.419

• Run 2 (2015–2018): Data-taking resumed at 13 TeV, expanding searches for new420

physics and enabling precision measurements of the Higgs boson and Standard Model421

processes.422
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• Long Shutdown 2 (LS2, 2019–2021): Further upgrades to increase luminosity, 423

enhance detector performance, and accommodate higher data rates. 424

• Run 3 (2022–2026): Ongoing data-taking at 13.6 TeV, with improved detector 425

capabilities and higher instantaneous luminosity. 426

• Long Shutdown 3 (LS3, expected 2026–2029): Preparations for the High- 427

Luminosity LHC (HL-LHC) including major enhancements to the accelerator and 428

detectors. 429

• High-Luminosity LHC (HL-LHC, expected 2030–2041): Operation at 14 TeV, 430

with an expected tenfold increase in integrated luminosity, enabling precision studies 431

of the Higgs boson, rare processes, and potential new physics. 432

A central quantity in collider physics is the luminosity, which determines the rate of 433

collisions and thus the potential to observe rare processes. The instantaneous luminosity L 434

is given by: 435

L = f Nb
n1n2
A

, (3.2)

where f is the revolution frequency, Nb is the number of bunches per beam, n1 and n2 are 436

the number of protons per bunch in each beam, and A is the effective transverse area of the 437

beam overlap. The units of instantaneous luminosity are cm−2 s−1. 438

The total integrated luminosity Lint is the time integral of the instantaneous luminosity 439

and quantifies the total dataset size collected: 440

Lint =

∫
L dt. (3.3)

The expected number of events for a given process with cross section σ is then N = σ×Lint. 441

Luminosity is especially critical in the search for rare processes, such as Higgs boson pair 442

production, which have extremely small cross sections compared to common background 443

processes. Increasing both the instantaneous and integrated luminosity directly enhances 444

the potential to observe these rare events and to perform precision measurements. Over 445

the course of its operation, the LHC has steadily increased its luminosity, often exceeding 446
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its original design parameters as shown in Table 3.3. For example, during Run 2, the447

instantaneous luminosity regularly surpassed 2× 1034 cm−2 s−1, nearly double the original448

design value. The ongoing Run 3 continues this trend with further increases in collision449

energy and luminosity, see Figure 3.4.450

Run Period Integrated Luminosity (fb−1)

Run 1 2010 0.04

Run 1 2011 5.46

Run 1 2012 22.8

Run 2 2015 4.2

Run 2 2016 38.5

Run 2 2017 50.2

Run 2 2018 63.3

Run 3 2022 38.5

Run 3 2023 31.7

Run 3 2024 125.0

Figure 3.3: Total integrated luminosity delivered by the LHC to ATLAS in Runs 1, 2, and 3

(to date) for the pp collisions. Each row corresponds to the total luminosity collected during

the respective data-taking years: 2010–2012 (Run 1), 2015–2018 (Run 2), and 2022–2024

(Run 3 to date) [50].

Looking ahead, the High-Luminosity LHC (HL-LHC) will provide a transformative in-451

crease in dataset size, aiming for an integrated luminosity roughly ten times greater than452

all previous runs combined. This will enable unprecedented sensitivity to rare processes453

and subtle effects in the Higgs sector and beyond, making luminosity the key to future454

discoveries in particle physics.455
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Figure 3.4: Cumulative luminosity versus day delivered to ATLAS during stable beams and

for high energy pp collisions for each data-taking year. Note that data-taking for 2025 is

ongoing [51].

3.1.2 Coordinate System 456

In the context of the LHC, a right-handed Cartesian coordinate system is employed where 457

the z-axis is aligned along the beam direction, representing the longitudinal axis of the 458

accelerator. The y-axis points vertically, typically referred to as “up”, while the x-axis 459

lies in the horizontal plane, pointing inward toward the center of the ring and outward. 460

This standard (x, y, z) coordinate system is adapted to describe particle trajectories in the 461

collider, but for tracking, detection, and analysis purposes, a cylindrical coordinate system 462

is often more convenient due to the geometry of the LHC and its detectors. 463

In this cylindrical system, the coordinates are described in terms of transverse momen- 464

tum, pseudorapidity, and the azimuthal angle. The transverse plane, perpendicular to the 465

beam axis, is particularly important in collider physics, where transverse momentum (pT ) 466

is the primary measurable component of a particle’s momentum. Instead of directly using 467

polar coordinates (r, θ, ϕ), the pseudorapidity η is often employed as a convenient variable 468
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for the longitudinal component of particle motion. The pseudorapidity is related to the469

polar angle θ by the following expression:470

η = − ln

(
tan

θ

2

)
(3.4)

This formula is useful in high-energy physics because it simplifies the kinematic analysis471

of particle motion, especially when particles have high energies, where η can be a good472

approximation to rapidity. The overall coordinate system, including η, is crucial for the473

accurate tracking of particles as they move through the LHC detectors, as depicted along474

with the overall coordinate system in Figure 3.5.475

(a)

(b)

Figure 3.5: The typical coordinate system used in analyzing collisions at the LHC in 3.5a

based on the four-vector of (pT , η, ϕ,m). The pseudorapidity, η, is related to the polar angle

in 3.5b.

Additionally, particles are characterized by a four-vector in the space defined by trans-476

verse momentum pT , pseudorapidity η, azimuthal angle ϕ, and mass m. Here, pT represents477

the magnitude of the momentum projected onto the transverse plane (the x-y plane) and478

it serves as a key observable in collider experiments. The importance of pT stems from479

the fact that it is easily measurable using the tracking and calorimeter detectors which are480
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designed to capture the transverse components of particle motion. Notably, pT is the most 481

relevant momentum component for detecting hard collisions and high-energy interactions. 482

Furthermore, the concept of “missing transverse energy” (Emiss
T ) arises when there is an 483

imbalance in the transverse momentum of detected particles. This imbalance is indicative 484

of particles that are undetectable by the experiment, such as neutrinos, or even new, hypo- 485

thetical particles that could point to new physics beyond the Standard Model. This system 486

of using transverse momentum and pseudorapidity is not only convenient but also essential 487

for analyzing events in high-energy particle colliders like the LHC, where many phenomena 488

are best understood in the transverse plane. 489

3.2 The ATLAS Detector 490

To fully exploit the large number of high energy particle collisions generated by the LHC, a 491

highly sophisticated and precise detection system is required in order to identify, measure, 492

and reconstruct the resulting particles and their interactions. This essential role is fulfilled 493

by the ATLAS detector. Designed to capture and analyze collision events with exceptional 494

spatial and temporal resolution, ATLAS enables researchers to probe a broad spectrum of 495

physics phenomena. The detector is cylindrical in shape with large endcap components 496

on either side to ensure near-complete solid-angle coverage around the interaction point as 497

illustrated in Figure 3.6. 498

Precise tracking of charged particles is a fundamental component of event reconstruction 499

in high-energy physics experiments. It enables accurate measurements of particle momenta, 500

the identification of decay vertices, and plays a critical role in distinguishing particle types. 501

In the ATLAS detector, this function is performed by the Inner Detector (ID), which op- 502

erates within the pseudorapidity range |η| < 2.5. The ID is composed of three nested 503

subsystems: the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Ra- 504

diation Tracker (TRT), each contributing complementary information to the reconstruction 505

of particle trajectories. 506

The innermost component, the Pixel Detector, consists of four concentric layers of high- 507

resolution silicon pixels. Charged particles traversing these layers deposit small amounts 508

of energy, producing signals that are measured with a spatial resolution of approximately 509
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(a)

(b)

Figure 3.6: A layout of the ATLAS subdetector systems in 3.6a with two people shown left

for size. In 3.6b is myself standing in front of the ATLAS Detector during one of the winter

shutdowns when cavern visits are allowed.

10 µm in the transverse plane and about 115 µm along the beam direction [52]. This510

exceptional granularity is made possible by over 92 million pixels and allows for precise511

reconstruction of particle origins, impact parameters, and short-lived decay vertices. Sur-512

rounding the Pixel Detector is the SCT, which includes 4,088 modules of silicon microstrips513

totaling about 6 million sensing elements. The SCT provides a spatial resolution of about514

17 µm in the r–ϕ plane and 580 µm in the z direction [53]. The layers are arranged such515

that most particles pass through at least four distinct measurement planes. The curvature516

of these particle trajectories in the presence of a magnetic field reveals both their charge517

(based on direction) and momentum (inversely related to curvature radius), enabling de-518

tailed kinematic reconstruction. The outermost tracking layer is the TRT, composed of519

approximately 300,000 gas-filled drift tubes, or “straws.” The TRT provides a hit reso-520

lution of about 130 µm per straw and enhances the overall tracking capability as well as521

provides electron identification via detection of transition radiation [54, 55].522
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Surrounding the Inner Detector is the Central Solenoid Magnet, shown in Figure 3.7, 523

which provides a uniform axial magnetic field of 2 T. This magnetic field enables the mea- 524

surement of charged particle momenta with a resolution of approximately 1% for tracks with 525

pT ∼ 10 GeV in the central region, rising to about 10% at pT ∼ 1 TeV [56]. Constructed us- 526

ing niobium-titanium superconducting wire embedded in aluminum stabilizers, the solenoid 527

ensures the curvature of charged particle tracks necessary for momentum measurements. 528

Beyond the solenoid lie three large toroidal magnet systems: two End-Cap Toroids and the 529

Barrel Toroid, which is the largest toroidal magnet ever constructed. This barrel magnet 530

is composed of eight massive superconducting coils arranged symmetrically around the de- 531

tector and plays a crucial role in bending muon trajectories in the outermost regions of the 532

ATLAS detector. 533

(a)

(b)

Figure 3.7: Overview of ATLAS tracking and magnet systems. (a) The Inner Detector (ID),

composed of the Pixel Detector, Semiconductor Tracker (SCT), and Transition Radiation

Tracker (TRT), provides high-precision tracking of charged particles. (b) The eight super-

conducting coils of the Barrel Toroid magnet, part of the ATLAS toroidal system, generate

a magnetic field used primarily to bend muon trajectories in the outer detector region. To-

gether with the Central Solenoid, these systems are essential for tracking and identifying

particles across a wide momentum range.
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After passing through the Inner Detector, particles enter the calorimeters, which are cru-534

cial components of the ATLAS detector. Calorimeters are specifically designed to measure535

the energy of particles by detecting the cascades of secondary particles, known as particle536

showers, that result when high-energy particles interact with dense materials. These show-537

ers are categorized into two main types: electromagnetic showers and hadronic showers,538

each of which follows distinct physical processes and requires different detection strategies.539

Electromagnetic showers occur through the combination of electron-positron pair pro-540

duction and braking radiation. For example, when high-energy photons interact with the541

calorimeter material through pair production, they create an electron-positron pair. These542

electrons and positrons then undergo bremsstrahlung (braking radiation), emitting addi-543

tional photons and further contributing to the cascade of particles. This process results544

in a shower of particles that deposit their energy in a relatively compact region, making545

electromagnetic showers well-suited to precise energy measurements.546

As such, the first calorimeter in the ATLAS detector is the Electromagnetic Calorimeter547

(EM Calorimeter), which is optimized to measure the energy of electrons and photons548

with high accuracy. The EM Calorimeter consists of alternating layers of metal, as shown549

in Figure 3.8a, which absorb the incoming particles and produce secondary particles that550

ionize the liquid argon between the layers. These ionizations generate an electric current551

that is measured, allowing for precise energy measurements from the interaction of particles552

in different cells. The EM Calorimeter achieves an energy resolution of553

σE
E

≈ 10%√
E [GeV]

⊕ 0.7%

for isolated electrons and photons, where E is the particle energy [57].554

In contrast, hadronic showers involve particles that interact strongly with atomic nu-555

clei, making these showers more complex and involving a broader range of processes. The556

heavier hadrons produced in these interactions do not undergo significant bremsstrahlung557

and instead primarily ionize the material as they pass through it. These interactions, with558

varying radiation lengths depending on the process, generate a shower of secondary particles559

that deposit energy over a larger volume compared to electromagnetic showers.560

The second calorimeter in the ATLAS detector, the Tile Hadronic Calorimeter, is de-561
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(a) (b)

Figure 3.8: Illustrations of the two main calorimeter systems in the ATLAS detector. (a)

View of the accordion-shaped structure of alternating absorber and readout layers of the

Electromagnetic Calorimeter. (b) View of the Tile Hadronic Calorimeter, which consists

of alternating layers of steel and plastic scintillator tiles. This system is optimized for

measuring the energy of hadrons and forms the largest and most massive component of the

calorimeter system.

signed to measure the energy of hadrons. This calorimeter consists of alternating layers 562

of steel and plastic scintillator tiles, as shown in Figure 3.8b, with over 420,000 plastic 563

scintillator tiles forming the largest and heaviest part of the detector. When hadronic par- 564

ticles strike the steel layers, they create a secondary shower of particles, which then interact 565

with the scintillator tiles. The resulting interactions produce photons that are converted 566

into an electric current, which is detected by photomultiplier tubes. The intensity of this 567

current is proportional to the energy of the incoming hadron, allowing for precise energy 568

measurements. The hadronic calorimeter achieves an energy resolution of approximately 569

σE
E

≈ 50%√
E [GeV]

⊕ 3%

for isolated hadrons [58]. 570

The electromagnetic and hadronic calorimeters together provide comprehensive coverage 571

of particle energy measurement across the full range of interactions. 572
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At this stage, all stable particles of the Standard Model would have been detected by the573

calorimeters and Inner Detector, with the notable exceptions of muons and neutrinos. To574

address this, the ATLAS detector includes a specialized Muon Spectrometer, located just575

before the endcaps, which is designed to detect muons, particles that are highly penetrating576

and can pass through the calorimeter and Inner Detector without significant energy loss.577

The Muon Spectrometer consists of a toroidal magnet and three layers of precise drift cham-578

bers, as shown in Figure 3.9. The system achieves a momentum resolution of about 3% for579

muons with pT = 10 GeV in the central region, increasing to 10% at pT = 1 TeV, depending580

on the track angle and position [59, 60]. This system allows for accurate measurement of581

the muons’ momentum and trajectory, crucial for studying their behavior and interactions582

in particle collisions.583

(a) (b)

Figure 3.9: ATLAS Muon Spectrometer overview. (a) Schematic of the spectrometer, show-

ing the toroidal magnet system and layered drift chambers surrounding the calorimeters.

(b) Diagram of the alignment system that ensures precise chamber positioning for accurate

momentum measurements.

Neutrinos, on the other hand, present a unique challenge. As neutral, nearly massless584

particles that interact only via the weak nuclear force, they cannot be directly detected by585

the ATLAS detector. However, their presence can be inferred through the concept of missing586
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transverse energy. When neutrinos are produced in particle collisions, they carry away 587

energy and momentum that cannot be detected directly by any of the subdetector systems 588

as shown in Figure 3.10. By applying the principles of energy and momentum conservation, 589

the missing energy in the transverse plane can be calculated, providing indirect evidence 590

of the neutrinos’ existence and enabling researchers to reconstruct their properties. This 591

method is crucial for many physics analyses, including those involving processes that are 592

sensitive to neutrinos, such as certain decay modes and the search for new physics. 593

Figure 3.10: A 2D slice of the ATLAS Detector showing the different subdetector systems

and how they function for object reconstruction in the events. The dashed lines indicate

the neutrinos that pass through undetected.

3.2.1 Phase-1 Upgrades 594

The transition from Run 2 to Run 3 of the LHC brought a substantial increase in both 595

luminosity and collision energy, necessitating a suite of targeted upgrades to the ATLAS 596

detector during Long Shutdown 2 (LS2, 2019–2021). Key developments during this Phase-1 597
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upgrade period included the enhancement of pixel and tracking electronics in the Insertable598

B-Layer which strengthened tracking performance in the inner detector. The endcap re-599

gions of the muon spectrometer were equipped with the New Small Wheel (NSW) system,600

which significantly boosted muon triggering efficiency and momentum resolution, particu-601

larly under high-background conditions. In addition, the calorimeter and forward detector602

readout systems were modernized with advanced electronics to reliably handle the elevated603

data throughput expected with higher collision rates [61, 62].604

3.2.2 Phase-2 Upgrades605

The advent of the High-Luminosity LHC (HL-LHC) will usher in an unprecedented leap606

in instantaneous luminosity, as well as a modest increase in collision energy. To meet the607

demanding conditions expected during this era, a comprehensive set of upgrades, collec-608

tively referred to as Phase-2, will be implemented during Long Shutdown 3 (LS3, projected609

for 2026–2029) [63]. The most transformative change will be the complete replacement of610

the current inner detector with the all-silicon Inner Tracker (ITk), featuring extended ge-611

ometric coverage, increased granularity, and enhanced resilience to radiation. The muon612

spectrometer will undergo further modernization of its detectors and trigger systems, while613

the calorimeter electronics will be replaced with faster, more robust components to support614

substantially higher data rates [64, 65]. A major innovation will be the introduction of615

the High-Granularity Timing Detector (HGTD) in the forward region, designed to provide616

precision timing measurements for each track with a target time resolution better than617

30 ps [66]. This capability will significantly improve the ability to distinguish between in-618

teractions occurring within the same bunch crossing (pile-up). Together, these upgrades619

will ensure that ATLAS retains its sensitivity to rare processes and new physics, even under620

the challenging conditions of the HL-LHC.621

3.3 Trigger and Data Storage622

The ATLAS detector is capable of observing up to 1.7 billion proton-proton collisions per623

second, generating approximately 60 million megabytes of data each second. Given the sheer624

volume of these events, most of which are not relevant for the research goals, a sophisticated625
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trigger and data acquisition system is essential to efficiently select the most promising 626

events that could lead to new discoveries [67, 68]. The selection process begins with the 627

first-level hardware trigger, which operates in real-time within just 2.5 microseconds. This 628

initial trigger filters events using a subset of information from the calorimeters and Muon 629

Spectrometer to identify potentially interesting collisions. The data from these events is 630

then transferred to a storage buffer, capable of handling up to 100,000 events per second, 631

for a second round of screening. 632

In the second stage, the software trigger comes into play. This trigger is executed by 633

a large farm of about 40,000 CPU cores, where a more detailed analysis of each event is 634

performed in approximately 200 microseconds. Using more complex algorithms, the second- 635

level software trigger identifies the top 1000 events per second, which are then recorded 636

in the data storage system. These selected events are preserved for offline analysis by 637

ATLAS physicists, who conduct deeper investigations into the fundamental physics behind 638

the collisions. Overall, the data-taking process achieves an impressive efficiency of 95%, 639

ensuring that only the most relevant data is retained for further analysis and discovery. 640

3.4 Processing of Simulated and Real Data 641

Simulation is a critical component of ATLAS analyses, providing the foundation for un- 642

derstanding both signal and background processes. By generating synthetic data based on 643

theoretical models and simulating the detector’s response, it becomes possible to interpret 644

experimental observations, optimize event selection strategies, and estimate background 645

contributions with high precision. Accurate simulations are essential for quantifying sys- 646

tematic uncertainties and ensuring reliable measurements in the complex environment of 647

the LHC. 648

The simulation workflow consists of four main stages: event generation, detector simu- 649

lation, digitization, and reconstruction [69]. 650

• Event Generation: The process begins with generating the underlying physics 651

events based on theoretical models. This involves simulating the interactions of quarks 652

and gluons within the colliding protons, governed by the Standard Model or beyond- 653



34

the-Standard Model (BSM) theories. Event generators such as Pythia, Herwig,654

and MadGraph are commonly used to model the hard scattering process, parton655

showers, hadronization, and decays of unstable particles [70]. The output is a detailed656

kinematic description of all final-state particles produced in the collision.657

• Detector Simulation: The next step involves simulating the passage of these par-658

ticles through the ATLAS detector. Tools such as Geant4 are used to model the659

interactions between particles and detector materials, including processes like ioniza-660

tion, bremsstrahlung, multiple scattering, Compton scattering, and nuclear interac-661

tions [71]. A realistic and detailed geometry of the detector is used to ensure that662

the response is accurately represented. This stage produces simulated detector signals663

such as energy deposits, hit times, and spatial locations.664

• Digitization: In the next stage, the simulated detector signals are converted into665

a format that mimics the raw data collected during real data-taking. This process666

involves modeling the electronics response of the detector, including digitized outputs667

like voltages, currents, and time stamps. The result is a simulated dataset that can be668

processed by the same reconstruction and analysis algorithms used for real collision669

data.670

• Reconstruction: Finally, both the digitized simulated data and the actual raw col-671

lision data are passed through the same reconstruction algorithms. These algorithms672

translate detector signals into high-level physics objects including tracks, jets, elec-673

trons, muons, and missing transverse energy which can then be used for analysis. The674

reconstruction step ensures that simulated events can be directly compared to experi-675

mental data and are subject to the same object identification criteria, calibration, and676

selection procedures [72].677

Together, these simulation stages provide a consistent and controlled environment for678

evaluating the performance of the detector and analysis algorithms. They also enable the679
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construction of control and signal regions, validation of background models, and interpre- 680

tation of observed data within a theoretical framework. 681
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Chapter 4682

JET CALIBRATION IN FAST SIMULATION683

4.1 Jet Definitions684

The ATLAS detector is capable of observing all Standard Model particles either directly or685

indirectly through decay products or missing energy signatures. Each particle type interacts686

differently with the detector subsystems allowing for specialized identification strategies as687

discussed in the preceding chapter. Among the most commonly produced in proton-proton688

collisions are quarks and gluons which are collectively known as partons. Due to the property689

of color confinement in quantum chromodynamics (QCD), partons cannot exist in isolation.690

Instead, they hadronize, forming bound color-neutral states.691

When high-energy quarks or gluons are produced, they rapidly fragment into collimated692

sprays of hadrons, a process known as hadronization. These sprays, referred to as jets, are693

observed in the detector as clusters of energy deposits and tracks aligned along the original694

parton’s trajectory. An important exception is the top quark, which decays via the weak695

interaction before it can hadronize.696

In a typical LHC event, multiple partons may be produced simultaneously, complicating697

the association between observed energy deposits and their partonic origin. Consequently,698

sophisticated reconstruction algorithms are employed to define and identify jets in a way699

that is both efficient and robust to experimental effects like pile-up, additional pp collisions700

occurring in the same or nearby bunch crossings.701

4.1.1 An Aside on Pile-Up702

An essential consideration in jet reconstruction is the effect of pile-up, since these additional703

interactions can introduce significant background activity that overlaps with the primary704

hard-scatter event under study [74]. Pile-up arises in two forms: in-time pile-up, which refers705

to multiple collisions occurring within the same bunch crossing, and out-of-time pile-up,706
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Figure 4.1: The different stages of jet development going from the pp collision to the pro-

duced partons to stable particle jets to track jets and then the final calorimeter jets. Figure

taken from [73].

resulting from interactions in adjacent bunch crossings that affect the detector response due 707

to finite readout times. This is particularly relevant for subdetectors like the calorimeters, 708

which have relatively long integration windows. 709

The impact of pile-up is widespread. It contributes spurious tracks and calorimeter en- 710

ergy deposits, distorts the measurement of missing transverse momentum, and complicates 711

the identification of physics objects [75]. Most critically for jet reconstruction, pile-up can 712

lead to incorrect clustering of energy deposits, degradation of jet energy and mass resolution, 713

and misidentification of jet substructure. To mitigate these effects, modern jet algorithms 714

incorporate pile-up suppression techniques at both the object reconstruction and jet clus- 715

tering stages. As such, pile-up mitigation is an integral part of defining and calibrating jets 716

in the high-luminosity environment of the LHC. 717

The level of pile-up is typically characterized by the average number of interactions per 718

bunch crossing, ⟨µ⟩. During Run 2 (2015–2018), ATLAS operated with ⟨µ⟩ values typically 719

between 20 and 40, with peak values exceeding 60 in the later years of the run, see Figure 720

4.2. In Run 3, the increased instantaneous luminosity has led to ⟨µ⟩ values in the range of 721

40 to 60 and the trend is expected to continue upwards. Looking ahead to Run 4 and the 722

HL-LHC, pile-up conditions will become significantly more challenging with ⟨µ⟩ projected 723

to reach 140–200 [76]. These extreme conditions will place even greater demands on pile-up 724

mitigation strategies and detector technology, making effective pile-up suppression a central 725
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challenge for precision measurements and new physics searches in the HL-LHC era.726

0 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

0

100

200

300

400

500

600

/0
.1

]
-1

R
ec

or
de

d 
Lu

m
in

os
ity

 [p
b

Online, 13 TeVATLAS -1Ldt=146.9 fb∫
> = 13.4µ2015: <
> = 25.1µ2016: <
> = 37.8µ2017: <
> = 36.1µ2018: <
> = 33.7µTotal: <

2/19 calibration

(a)

0 10 20 30 40 50 60 70 80

Mean Number of Interactions per Crossing

0

100

200

300

400

500

600

700

800

900

1000

/0
.1

]
-1

R
ec

or
de

d 
Lu

m
in

os
ity

 [p
b OnlineATLAS

-1 = 13.6 TeV, 183 fbs

 = 42/50
MPV

µ/〉µ〈2022: 
 = 51/58

MPV
µ/〉µ〈2023: 

 = 58/63
MPV

µ/〉µ〈2024: 
 = 54/63

MPV
µ/〉µ〈Total: 

7/24 calibration

(b)

Figure 4.2: The average number of interactions per bunch crossing, ⟨µ⟩, illustrating the

pile-up density profiles for the data-taking years of Run 2 (4.2a) and Run 3 (4.2b) [50, 51].

The energy resolution for traditional calorimeter-based (EMTopo) jets is typically around727

5–15% for jets with pT of a few hundred GeV, and mass resolution is even worse, especially728

in the presence of pile-up. The need for better resolution and pile-up resilience motivates729

the development of more advanced jet algorithms.730

4.1.2 Jet Clustering731

Jet reconstruction in ATLAS begins with clustering algorithms that group together individ-732

ual particles or energy deposits into composite objects interpreted as jets. The most widely733

used algorithm is the anti-kt algorithm, a sequential clustering method that operates on a734

set of input constituents using a distance metric defined by their transverse momentum and735

angular separation [77]. In ATLAS, jets are typically categorized by the radius parameter736

R used in the anti-kt algorithm, where R =
√
∆η2 +∆ϕ2. Small-R jets refer to jets clus-737

tered with R = 0.4, optimized for the reconstruction of individual quark and gluon jets from738

the hard scatter. Large-R jets use a larger radius parameter of R = 1.0 and are particu-739

larly suited for capturing the decay products of highly boosted heavy particles, such as top740
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quarks or W , Z, and Higgs bosons. The choice of radius parameter is analysis-dependent 741

and balances capturing all relevant energy while minimizing contamination from unrelated 742

activity. 743

The anti-kt algorithm defines a distance metric based on the transverse momentum and 744

angular separation between particles and then iteratively combines the closest pairs until 745

all are assigned to a jet. Its tendency to cluster around high-pT particles makes it especially 746

effective in complex hadronic environments. While it is robust and computationally efficient, 747

it also may obscure internal jet substructure and can be challenged by nearby or overlapping 748

jets. 749

4.1.3 Electromagnetic Topological Jets (EMTopo) 750

The earliest jet definitions in ATLAS were based solely on calorimeter information. Elec- 751

tromagnetic Topological (EMTopo) jets are reconstructed from topological clusters built at 752

the electromagnetic (EM) energy scale in the calorimeter [78]. This approach represents a 753

direct measurement of the energy deposited in the calorimeter, before full jet calibration 754

is applied. EMTopo jets served as a baseline for many physics analyses during Run 1 of 755

the LHC. However, as the LHC’s luminosity increased, the limitations of calorimeter-only 756

jets, such as their susceptibility to pile-up and relatively coarse spatial resolution, became 757

a significant factor in high-precision measurements. This spurred the development of more 758

sophisticated jet definitions that combine information from both the calorimeter and the 759

tracking system. 760

4.1.4 Electromagnetic Particle Flow Jets (EMPFlow) 761

A major advancement in jet reconstruction came with the introduction of Electromagnetic 762

Particle Flow (EMPFlow) jets, which are built from Particle Flow Objects (PFOs) [79]. 763

This method leverages the strengths of both the inner tracking system and the calorime- 764

ter: the high-resolution tracking detector provides precise momentum measurements for 765

charged particles, while the calorimeter measures the energy of neutral particles. The core 766

of the PFlow algorithm lies in a sophisticated process of combining these measurements 767
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and mitigating double-counting. Specifically, the energy deposited by charged tracks in the768

calorimeter is subtracted from the corresponding topological clusters, and the remaining769

energy is attributed to neutral particles. These PFOs are then clustered into jets using an770

algorithm such as anti-kt.771

The EMPFlow approach offers substantial improvements over EMTopo jets, particu-772

larly for low- and moderate-momentum jets. EMPFlow jets achieve an improved jet energy773

resolution of approximately 8–10% and a mass resolution of 15–20% at pT ∼ 200 GeV,774

compared to 10–15% and 20–25% respectively for EMTopo jets [79]. Furthermore, they775

are more resilient to pile-up due to techniques like Charged Hadron Subtraction (CHS),776

which removes tracks not originating from the primary vertex. These improvements make777

EMPFlow jets better suited for analyses requiring high-precision measurements of jet prop-778

erties and substructure.779

4.1.5 Track-CaloClusters (TCCs)780

Another method to combine information from the inner detector and calorimeter is the781

Track-CaloClusters (TCCs) approach [80]. TCCs are composite objects created by matching782

charged particle tracks to nearby calorimeter topological clusters. This association allows783

for the precise momentum of the track to be combined with the energy and shower shape784

information from the calorimeter. This is particularly effective in dense environments,785

where it helps resolve ambiguities from overlapping particle showers. Unmatched tracks and786

calorimeter clusters are also retained as TCCs, ensuring a comprehensive representation of787

the event.788

While the TCC procedure is a type of particle flow, it is distinct from the EMPFlow789

algorithm. The primary difference lies in how energy is shared and corrected. The TCC790

approach uses the spatial coordinates from the tracker to guide the energy clustering but791

relies on the calorimeter’s energy scale. In contrast, the EMPFlow algorithm uses an en-792

ergy subtraction method that allows the tracking detector measurements to fully correct793

the 4-vector of charged particles [81]. TCCs were specifically optimized for improving jet794

substructure in high-momentum jets, making them complementary to the EMPFlow ap-795
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proach which excels at lower momenta. Both methods, however, share the common goal of 796

combining tracker and calorimeter information to enhance the understanding of hadronic 797

showers and improve jet performance. 798

4.1.6 Unified Flow Object Jets (UFOs) 799

The latest evolution in jet reconstruction in ATLAS is the Unified Flow Object (UFO) 800

approach, which combines the strengths of both Particle Flow Objects and TCCs into a 801

single, cohesive framework [80]. This is a sophisticated refinement of the PFlow technique, 802

where neutral PFOs are further subdivided and repositioned based on their associated 803

tracks. The UFO algorithm correlates low-level objects, including tracks and individual 804

calorimeter energy deposits, before any jet finding algorithms are run. This hybrid strategy 805

takes advantage of the inner detector’s superior angular resolution and the calorimeter’s 806

precise energy measurements, providing optimal performance across a wide kinematic range. 807

UFO jets significantly outperform both EMTopo and EMPFlow jets, particularly in 808

terms of jet mass, angular, and substructure resolution. For instance, UFO jets achieve 809

a jet mass resolution as low as 10% at pT ∼ 200 GeV, a substantial improvement over 810

EMPFlow jets, and about 9% at pT = 500 GeV, compared to 13% for EMTopo jets [80]. 811

Their robust pile-up mitigation strategy, which combines Constituent Subtraction (CS) with 812

the SoftKiller (SK) algorithm, ensures stable performance under the challenging conditions 813

of high-luminosity runs [82]. This two-step process estimates the pile-up energy density and 814

dynamically subtracts it from jet constituents, minimizing contamination and stabilizing jet 815

energy measurements. As a result, UFO jets are becoming a new standard for large-radius 816

jet reconstruction in ATLAS, providing an ideal foundation for high-precision measurements 817

in Run 3 and the High-Luminosity LHC era. 818

Although multiple jet definitions are maintained within ATLAS for different use cases, 819

EMPFlow and UFO jets represent modern advancements that integrate tracking and calorime- 820

ter data for improved performance. The optimal choice of jet definition depends on the 821

specific requirements of a physics analysis including balancing resolution, pile-up resilience, 822

and sensitivity to jet substructure features. Calibration procedures, which further refine jet 823
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energy and mass measurements, are addressed in the following section.824

4.2 AtlFast3 Simulation825

AtlFast3 (AF3) is the newest fast simulation framework used in the ATLAS experiment826

to model particle interactions with the detector while significantly reducing computational827

requirements [83, 84]. It follows a top-down approach focusing on improving the slowest828

parts of ATLAS simulation, the calorimeters. Unlike full Geant4 simulations (FullSim) [85,829

86], which track every particle interaction in detail, AF3 uses parameterized models for830

certain detector responses, accelerating simulation while maintaining high accuracy. This831

allows researchers to simulate large datasets efficiently, which is crucial for physics analyses832

requiring extensive Monte Carlo statistics.833

A key advancement in AF3 is its incorporation of machine learning, particularly in834

calorimeter simulation, which is the most computationally intensive part of full simula-835

tion. The framework combines two approaches: FastCaloSim V2, a parametric model that836

simulates electromagnetic and hadronic showers using predefined energy distributions, and837

FastCaloGAN, a Generative Adversarial Network (GAN)-based model that improves the838

simulation of complex hadronic showers [87]. The GANs learn from detailed Geant4 simula-839

tions to reproduce correlated fluctuations in the energy distribution, especially for medium-840

energy hadrons. This combination allows AF3 to achieve a balance between speed and841

accuracy with machine learning models ensuring that the simulated calorimeter responses842

closely match those of Geant4 while drastically reducing CPU consumption [88].843

Fast simulation is particularly critical due to the enormous computational demands at844

the LHC. A full Geant4 simulation can take minutes per event, making it impractical for845

datasets containing billions of collisions. AF3 reduces this significantly which enables large-846

scale studies within manageable computing time. With the upcoming High-Luminosity847

LHC (HL-LHC) upgrade, which will increase collision rates and event complexity, the need848

for optimized fast simulation tools like AF3 is more pressing than ever [89].849

CERN’s computing infrastructure must handle petabytes of data annually, requiring a850

distributed Grid Computing system with thousands of processing nodes [92]. Even with this851

vast resource, balancing precision and efficiency is essential, as computational costs continue852
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Figure 4.3: The mean CPU time per event simulated in Fast Simulation (AF3) and Full

Simulation measured in standardized HS23 seconds for six different physics processes in

4.3a. Figure 4.3b show projected CPU consumption for the ATLAS experiment from 2020

to 2036 varies based on R&D investment [90, 91].

to grow. The integration of fast simulation methods helps ensure that large-scale physics 853

analyses remain feasible while maintaining the necessary accuracy for discoveries in particle 854

physics. Figure 4.3 illustrates both the faster simulation time when using AF3 instead of 855

FullSim for reconstructing photons and the future CPU needs in the ATLAS Experiment. 856

While AF3 generally provides modeling performance comparable to FullSim, notable 857

discrepancies remain in specific observables. In particular, reconstructed jets in AF3 tend 858

to exhibit higher transverse momentum (pT ) than those in FullSim, with the deviation 859

increasing at higher pT , as illustrated in Figure 4.4. Additionally, the reconstructed pseu- 860

dorapidity (η) distribution shows localized mismodeling in certain regions of the detector. 861

These discrepancies are most pronounced near the calorimeter transition boundaries, where 862

the parametric reconstruction struggles to accurately capture the complex detector geome- 863

try and material distribution. For example, non-closure effects in η are correlated with the 864

interface between the hadronic and forward calorimeters, as shown in Figure 4.5. These lim- 865
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Figure 4.4: Comparison of reconstructed small-R PFlow jet distributions in AF3 and Full-

Sim for simulated Pythia dijet events. (a) The jet transverse momentum (pT ) distribution,

showing that AF3 tends to overestimate pT , particularly at high energies. (b) The jet pseu-

dorapidity (η) distribution, highlighting discrepancies near calorimeter transition regions

due to limitations in the parametric modeling. These examples illustrate key non-closure

effects in AF3, motivating further improvements in jet reconstruction performance.

itations highlight areas where further refinement of the AF3 parametrizations is necessary866

to improve accuracy in jet reconstruction.867
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Figure 4.5: A two-dimensional slice of the ATLAS detector showing the calorimeter geome-

tries at specific pseudorapidities along the beam axis. The poor modeling of jet η in AF3

tends to occur near the calorimeter boundaries [84].

4.2.1 AF3 Derived small-RJet Calibrations 868

Jet calibration in ATLAS is a multi-step process that corrects reconstructed jet energies 869

to match particle-level truth jets, ensuring accurate measurements for physics analyses. 870

This procedure involves an initial set of simulation-based corrections, followed by in situ 871

adjustments using real collision data to refine the jet energy scale [93]. The overall process 872

for small-R jets is defined in Figure 4.6. 873

My work involved taking the reconstructed small-R jets provided in the AF3 samples 874

and deriving the pile-up corrections, absolute MC-based calibration, and the global calibra- 875

tion for the small-R UFO jets as will be shown hereafter. All calibrations and systematic 876

uncertainty studies in this work are based on simulated dijet (pp→ jets) samples generated 877

with Pythia8 and the A14 tune, produced in both the mc20 and mc23 Monte Carlo cam- 878

paigns. The mc20 campaign corresponds to Run 2 data-taking conditions (2015–2018) at a 879

center-of-mass energy of 13 TeV, while mc23 reflects Run 3 conditions (2022 onward) with 880

an updated detector geometry and a center-of-mass energy of 13.6 TeV. For each campaign, 881

the full range of JZ slices (JZ0–JZ12) was used, covering the full pT spectrum relevant for 882

jet analyses. Each JZ slice represents a different jet pT range, ensuring good statistical 883

precision across all kinematic regions. The analysis uses the derived DAOD JETM1 format 884
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with Small- and Large-R UFO and PFlow jets for all years.885

Figure 4.6: Jet calibration sequence for small-R jets in the ATLAS experiment. Starting

from reconstructed jets, successive corrections are applied: pile-up subtraction, a residual

pile-up correction, an absolute Monte Carlo–based calibration (also known as η-JES correc-

tions), a Global Sequential Calibration to improve resolution and reduce flavor dependence,

and a final in situ correction to align data with simulation [93].

The calibration begins with pile-up corrections to remove contamination from multiple886

proton-proton interactions occurring within the same or nearby bunch crossings. A jet-area-887

based correction is first applied, estimating the additional energy from pile-up by measuring888

the transverse momentum density across the event and subtracting the excess energy based889

on each jet’s area. A residual pile-up correction, Equation 4.1, further refines the jet energy890

by accounting for dependencies on the number of reconstructed primary vertices and the891

average number of interactions per event.892

pcorrT = precoT − ρ×A︸ ︷︷ ︸
pT -density-based
pile-up correction

−α× (NPV − 1)− β × µ︸ ︷︷ ︸
residual

pile-up correction

(4.1)

The correction factors are defined as α = ∂pT
∂NPV

and β = ∂pT
∂µ and are initially calculated893

in bins of |η| and applied to their corresponding jets, they are then recalculated. If the894

second calculation of correction factors yields values less than 0.03, then this is deemed895

to be acceptable as can be seen in the pre and post-application of the correction factors896
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in Figure 4.7. These steps help mitigate pile-up effects, which can artificially inflate jet 897

energies and degrade resolution. 898
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Figure 4.7: Residual pile-up correction factors for AF3-simulated jets as a function of |η| us-

ing Pythia dijet samples from the MC20 campaign. (a) Correction factors α and β obtained

from the first iteration, before applying any residual pile-up correction. (b) Correction

factors recalculated after the initial correction is applied. Values below 0.03 across all |η|

regions indicate that pile-up effects have been effectively mitigated.

Next, an absolute jet energy scale (JES) calibration is applied to align the reconstructed 899

jet energy and direction with those of truth jets from MC simulations. This correction 900

accounts for non-compensating calorimeter response, energy losses in passive material, and 901

out-of-cone effects. It works by evaluating the mean jet response in a 2D-binning of η and 902

Etrue and fitting the jet response as a function of Etrue with a polynomial fit and a p-spline. 903

Then a numerical inversion, ENI = Ereco×R(η,Etrue), is evaluated and fitted to determine 904

the calibration function C(Ereco) which should provided closure where C(Ereco) = 1 = Ecalib
Etrue

. 905

When applied to the small-R UFO jets, there is great closure in the average energy response 906

in the central detector, |η| < 2.5, as demonstrated in Figure 4.11a. 907
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Figure 4.8: Jet energy response before and after applying the absolute JES calibration for

small-R UFO jets in AF3 simulation. (a) Mean jet energy response, defined as Ereco/Etruth,

as a function of jet energy and |η| prior to calibration, showing significant deviations from

unity across the detector. (b) Response after applying the JES correction function C(Ereco)

obtained from numerical inversion and polynomial fitting. Closure is achieved in the central

region (|η| < 2.5), indicating that the calibrated jet energies now accurately match the

corresponding truth-level energies.

Additionally, either a global sequential calibration (GSC) or a newer global neural net-908

work calibration (GNNC) is performed to improve jet energy resolution and reduce sys-909

tematic dependencies. The GSC applies multiplicative corrections based on jet observables910

such as the fraction of energy deposited in different calorimeter layers, the number of asso-911

ciated charged-particle tracks, and information from muon chambers. On the other hand,912

the GNNC uses a deep neural network with these same observables as inputs to leverage all913

the information. In either case, these observables help address variations due to jet flavor,914

energy leakage, and shower development within the calorimeter [94].915

For the small-R UFO jets in AF3, the newer GNNC is used and greatly improves both916

the pT response and pT resolution in Figure 4.9. As an example, the Gaussian distributions917

of pT response are shown in Figure 4.10 to further illustrate the improvement.918
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Figure 4.9: The jet pT resolution for AF3 small-R UFO jets with the application of the

global neural network calibration (GNNC) after the previous MC-JES calibration for the

Pythia dijets in MC20 as shown for the η ranges of 0.0-0.2 in 4.9a, 0.2-0.7 in 4.9b, 0.7-1.3 in

4.9c, and 1.3-1.8 in 4.9d. All areas of the phase space see great improvement in pT response

and resolution.
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Figure 4.10: The jet pT response distribution for AF3 small-R UFO jets with the application

of the global neural network calibration (GNNC) after the previous MC-JES calibration for

the Pythia dijets in MC20 as shown for the jets with 17 GeV < pT < 30 GeV and |η| < 0.2

in 4.10a, 30 GeV < pT < 50 GeV and 1.8 < |η| < 2.5 in 4.10b, 300 GeV < pT < 400 GeV

and 0.2 < |η| < 0.7 in 4.10c, and 800 GeV < pT < 1000 GeV and |η| < 0.2 in 4.10d. All

areas of the phase space see great improvement in pT response and resolution.

Following simulation-based calibrations, in situ corrections are applied to account for919

residual differences between data and MC simulations. These corrections are derived us-920
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ing well-measured reference objects, ensuring that jets in real collision data have the same 921

calibrated energy as those in simulations. Several balancing techniques are used, including 922

dijet balance, where the transverse momentum asymmetry of back-to-back jets is measured 923

to correct response variations across detector regions [95, 96]. The Z/γ+jet method cal- 924

ibrates jets by comparing their momentum balance against well-reconstructed photons or 925

Z-bosons, while the multijet balance (MJB) technique uses a system of low-pt jets to cali- 926

brate a high-pt jet. Additionally, an eta intercalibration aligns the jet energy scale across 927

different detector regions, ensuring uniform response across the calorimeter. As these cali- 928

brations are complicated, there is a dedicated subgroup for the in-situ calibrations and these 929

are still in progress for the small-R UFO jets. 930

This comprehensive calibration strategy is essential for maintaining high precision in jet 931

energy measurements, reducing systematic uncertainties, and ensuring consistency between 932

simulation and experimental data. By refining the jet energy scale at multiple levels, ATLAS 933

ensures that reconstructed jets accurately reflect the underlying physics, which is crucial 934

for both Standard Model precision measurements and searches for new physics. 935

4.2.2 large-R Jet Calibrations 936

While my work focused on dedicated calibrations for small-R UFO jets in AF3 samples, 937

the general calibration strategy for large-R jets in ATLAS follows a similar sequence of 938

simulation-based and in situ corrections. The main differences are that large-R jets undergo 939

an initial grooming step (such as trimming) to reduce pile-up and soft radiation and require 940

additional calibration for the jet mass as well as the energy. In situ corrections for large- 941

R jets also target both the energy and mass scales, often using boosted W , Z, or top 942

quarks as reference objects. In some analyses, calibrations of jet substructure variables are 943

performed as well. Despite these differences, the overarching goal remains the same: to 944

ensure that reconstructed jets accurately reflect the underlying particle-level jets in both 945

data and simulation. 946
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4.2.3 AF3 Systematic Uncertainties for FullSim Calibrations947

Dedicated calibrations for AF3 samples always provide the best results, but unfortunately,948

there isn’t always time or person-power to derive such calibrations. When AF3 calibrations949

are needed quickly with less precision, the next easiest option is to apply the FullSim950

calibrations and add additional systematics with jet energy scale (JES) and jet energy951

response (JER) uncertainties for the small-R jets or even additional jet mass scale (JMS)952

and jet mass response (JMS) uncertainties for the large-R jets.953

The JES and JMS uncertainties are calculated as the difference between the average pT954

or mass response (R) or resolution (σR where σR = σ
R) between AF3 and FullSim,955

RFullSim −RAF3

RFullSim
, (4.2)

while the JMR uncertainty is956

σR,FullSim − σR,AF3

σR,FullSim
, (4.3)

and the JER uncertainty is957

σR,FullSim − σR,AF3. (4.4)

The Jet Energy Resolution (JER) and Jet Mass Resolution (JMR) uncertainties are958

derived using different propagation tools, resulting in distinct treatment for each. The JER959

uncertainty is modeled by applying a Gaussian smearing function to the jet energy, while960

the JMR uncertainty is calculated using a dedicated jet mass smearing tool that employs961

the Forward-Folding technique [97]. Due to differences in implementation and formatting962

between these tools, they require separate input formats and procedures for uncertainty963

propagation.964

I performed the derivation of jet energy scale (JES) and jet energy resolution (JER)965

uncertainties for small-R particle-flow (PFlow) jets using AF3-simulated dijet samples from966

the mc20 and mc23 Monte Carlo campaigns. For large-R PFlow jets in AF3 (mc20), I also967

evaluated the JES, JER, jet mass scale (JMS), and jet mass resolution (JMR) uncertainties.968

These systematic uncertainty evaluations are essential for accurately modeling jet-related969

observables under the corresponding data-taking conditions. The AF3 non-closure uncer-970

tainties for the aforementioned large-R jets are shown in Figures 4.11 and 4.13, while com-971
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Figure 4.11: Jet energy uncertainties as a function of jet η and pT , derived by comparing

FullSim and AF3 Pythia DiJet samples for large-R PFlow jets in the mc20 campaign. (a) Jet

Energy Scale (JES) uncertainty, calculated according to Equation 4.2, indicates a general

overestimation of the response in AF3 relative to FullSim. (b) Jet Energy Resolution (JER)

uncertainty, defined in Equation 4.4, tends to increase with higher pT at fixed η. Irregular

features at high pT and in forward regions are attributed to limited MC statistics.

parisons of JES uncertainties with other methods are presented in Figure 4.12. In several 972

kinematic regions, these AF3-specific uncertainties dominate, reinforcing the need for ded- 973

icated calibrations such as those introduced in Section 4.2.1. 974
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Figure 4.12: AF3 JES non-closure uncertainties for PFlow jets in the central region

(0.0 < |η| < 0.2). (a) JES uncertainties dominate for high-pT jets above 200 GeV. (b)

For jets with 80 < pT < 100 GeV, the uncertainties are particularly large in the forward

region, highlighting AF3’s degraded performance near subdetector boundaries, as discussed

in Section 4.2.
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Figure 4.13: Jet mass uncertainties as a function of jet mass and pT for large-R PFlow jets

in AF3 (mc20). (a) Jet Mass Scale (JMS) uncertainty, from Equation 4.2, remains generally

small except at low jet mass and high pT . (b) Jet Mass Resolution (JMR) uncertainty, from

Equation 4.3, is largest at low pT and high jet mass. Irregular features in the distributions

reflect limited MC statistics in sparsely populated regions of phase space.
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Chapter 5 975

HIGGS BOSON PAIR PRODUCTION 976

5.1 Theoretical Motivations 977

Higgs boson pair production is a crucial process for probing the scalar sector and testing 978

the Standard Model’s predictions. This process investigates events where two Higgs bosons 979

are produced simultaneously in the proton-proton collisions, providing a direct probe of the 980

Higgs self-coupling which appears in the cubic term of the Higgs potential from Equation 2.8. 981

This self-coupling plays a central role in shaping the Higgs potential, as shown in Figure 5.1, 982

and it directly relates to the stability of our universe and the mechanism for electroweak 983

symmetry breaking. 984

Figure 5.1: The Higgs potential, featured on the left, for µ2 < 0. Choosing any of the

points at the bottom of the potential spontaneously breaks the rotational U(1) symmetry.

Quantum corrections, featured on the right, can change the shape of the Higgs potential

indicating whether the universe is stable or metastable. Here, the minimum of our vacuum

is taken at |ϕ| = v√
2
. [98]

A central concept in this framework is the vacuum expectation value (VEV) of the Higgs 985

field, denoted by v. The VEV represents the average value that the Higgs field acquires in 986
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its lowest energy (vacuum) state. Unlike most fields in the Standard Model, the Higgs field987

has a nonzero VEV, filling all of space even in the absence of particles. This nonzero VEV988

is what spontaneously breaks the electroweak symmetry through the Brout–Englert–Higgs989

mechanism, giving rise to the masses of elementary particles such as the W and Z bosons,990

while the photon remains massless. Thus, the VEV is not merely a parameter, but the991

cornerstone of the entire mass-generation mechanism in the Standard Model.992

The value of the Higgs VEV is not a theoretical prediction, but rather is determined ex-993

perimentally from the precisely measured Fermi constant (GF ), which governs the strength994

of weak interactions in processes such as muon decay. This relationship is given by995

v = (
√
2GF )

−1/2 ≈ 246 GeV.

Unlike the Higgs VEV, the Standard Model predicts specific values for the Higgs self-996

couplings, which arise from the Higgs potential997

V (H) = µ2H†H + λ(H†H)2,

where λ is the dimensionless quartic coupling. After electroweak symmetry breaking, this998

leads to effective Higgs boson interaction terms, most notably the trilinear and quartic999

self-couplings.1000

The trilinear Higgs self-coupling, denoted λHHH , governs the three-Higgs vertex and has1001

units of mass:1002

λHHH = 3
m2

H

v
≈ 190 GeV, (5.1)

where mH ≈ 125 GeV is the Higgs boson mass. This coupling is directly accessible via1003

processes such as Higgs boson pair production, and any measured deviation from the Stan-1004

dard Model prediction would provide vital insight into physics beyond the Standard Model,1005

potentially pointing to extended scalar sectors, composite Higgs scenarios, or modifications1006

to the Higgs potential relevant for electroweak baryogenesis.1007

Similarly, the quartic Higgs self-coupling, λHHHH , governs the four-Higgs vertex and is1008

related to the dimensionless quartic coupling as1009

λHHHH = 3λ =
3m2

H

2v2
≈ 0.78, (5.2)
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and is therefore dimensionless. 1010

The precise measurement of these couplings is crucial for understanding the shape of the 1011

Higgs potential, the mechanism of electroweak symmetry breaking, and the overall stability 1012

of the vacuum of our universe. 1013

5.2 Production Modes 1014

5.2.1 Non-resonant Searches 1015

Higgs boson pair production can occur through both resonant and non-resonant processes. 1016

Non-resonant Higgs boson pair production refers to the direct production of two Higgs 1017

bosons from contributions from an exchange of virtual or off-shell particles [99]. This process 1018

is highly sensitive to the Higgs boson’s self-coupling and provides a fundamental test of the 1019

Standard Model’s predictions where any significant deviation could suggest new physics. 1020

There are two main processes for non-resonant Higgs boson pair production. The first 1021

and dominant process is through gluon-gluon fusion (ggF), where two gluons combine with 1022

enough center-of-mass energy to create a Higgs boson pair final state via a top-loop-mediated 1023

process [100]. This occurs through two competing Feynman diagrams shown in Figure 5.2: 1024

the triangle diagram, which involves the Higgs self-coupling, and the box diagram, which 1025

does not. Notably, these two diagrams interfere destructively, reducing the overall ggF 1026

production cross section, as shown in Figure 5.3. Since the Higgs self-coupling is exactly 1027

predicted by the Standard Model, we often refer to κλ, the measured self-coupling modifier 1028

normalized to the SM expectation, where: 1029

κλ =
λ

λHHH
. (5.3)

As such, the SM predicts that κλ = 1. 1030

The second and subdominant production process occurs through vector boson fusion 1031

(VBF), where two weak bosons scatter off each other to produce a di-Higgs final state. 1032

Although its cross section is significantly smaller than ggF, VBF provides a complementary 1033

probe of Higgs interactions due to its unique kinematic features and sensitivity to new 1034

physics scenarios that could modify Higgs couplings. 1035
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Figure 5.2: The Feynman diagrams for the non-resonant Higgs boson pair production

through gluon-gluon fusion (ggF) where the triangle diagram in 5.2a works through a top

loop process including the Higgs self-coupling while the box diagram in 5.2b does not in-

clude the self-coupling. These diagrams destructively interfere [101, 102].
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Figure 5.3: The destructive interference between the triangle and box diagrams of the ggF

Higgs boson pair production showing how the distribution for mHH , the invariant mass of

the di-Higgs system, changes depending on the Higgs self-coupling value. The green line in

5.3b where κλ = 1 indicates the distribution for the Standard Model prediction [103].
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Figure 5.4: Feynman diagrams illustrating the three main contributions to non-resonant

Higgs pair production via vector boson fusion (VBF). The process proceeds through: 5.4a

a diagram involving the Higgs self-coupling, proportional to κλ; 5.4b a diagram featuring a

direct coupling of two Higgs bosons to vector bosons, governed by κ2V ; 5.4c a diagram with

a single-Higgs coupling to vector bosons, proportional to κV [102].

Both ggF and VBF di-Higgs production are sensitive to modifications in the Higgs 1036

boson’s couplings. In addition to the Higgs self-coupling modifier κλ, which quantifies 1037

deviations from the Standard Model prediction, other important coupling modifiers include 1038

κt (top quark Yukawa coupling), κV (Higgs–vector boson coupling), and κ2V (quartic Higgs– 1039

vector boson interaction). These parameters are defined as 1040

κλ =
λ

λHHH
, κt =

yt

ySMt
, κV =

gHV V

gSMHV V

, κ2V =
gHHV V

gSMHHV V

, (5.4)

where yt is the top Yukawa coupling, gHV V is the Higgs boson–vector boson coupling, and 1041

gHHV V is the quartic coupling between two Higgs bosons and two vector bosons. Di-Higgs 1042

events directly probe these couplings, while κt and κV can also be constrained through 1043

measurements of single Higgs boson production and decay. By combining information from 1044

both production modes, one can perform stringent tests of the Standard Model and enhance 1045

sensitivity to new physics. 1046

The Standard Model predicts cross sections for Higgs boson pair production via ggF and 1047

VBF of approximately 30.8+2.0
−7.1 fb (34.1+2.2

−7.9 fb) and 1.69+0.05
−0.05 fb (1.87+0.05

−0.05 fb), respectively, 1048

for pp collisions at
√
s = 13 TeV (

√
s = 13.6 TeV) [104]. By comparison, single Higgs boson 1049
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production cross sections through ggF and VBF are 48.57 pb and 3.78 pb at
√
s = 13 TeV,1050

more than a thousand times larger than their di-Higgs counterparts. This stark contrast,1051

summarized in Table 5.1, highlights the exceptional rarity of Higgs boson pair production.1052

With the full ATLAS Run 2 dataset (139 fb−1), one would expect only about 4,550 di-Higgs1053

events in total. Consequently, precise measurements of the di-Higgs production cross section1054

and the Higgs self-coupling will require the increased statistics of the High-Luminosity LHC,1055

unless we discover that new physics significantly enhances the production rate.1056

Production Mode σ(pp→ H +X) [pb] σ(pp→ HH +X) [fb]

ggF 48.57 31.05

VBF 3.782 1.73

Table 5.1: Production mode and cross section of SM single Higgs and Higgs pair production

for pp collisions at
√
s = 13 TeV.

Following production, each Higgs boson decays according to its Standard Model branch-1057

ing fractions as illustrated in Figure 5.5. The bb̄bb̄ final state, arising from the dominant1058

H → bb̄ decay (∼ 58% branching ratio), constitutes nearly 34% of di-Higgs events, making1059

it a statistically significant channel for studying Higgs boson pair production. This thesis1060

primarily focuses on this channel despite the significant challenge of reconstructing and dis-1061

tinguishing Higgs bosons from quantum chromodynamics (QCD) multijet backgrounds. To1062

enhance selection efficiency and improve signal-to-background discrimination, advanced ma-1063

chine learning techniques, such as boosted decision trees, neural networks, and transformers,1064

are frequently employed as a multi-variate analysis (MVA) discriminant.1065

5.2.2 Resonant Searches1066

In contrast to non-resonant di-Higgs production, resonant di-Higgs production occurs when1067

two Higgs bosons are produced via an intermediate particle which could be a heavy scalar or1068

other new particle predicted by Beyond-the-Standard Model (BSM) theories. Such a process1069
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Figure 5.5: The branching ratios of the possible decay channels for Higgs pair production

for pp collisions at
√
s = 13 TeV. The bb̄bb̄ decay channel has the largest branching ratio at

34% [105].

would lead to a characteristic resonant peak in the di-Higgs production rate with the peak 1070

mass corresponding to the mass of the intermediate particle. Detecting such a resonance 1071

could offer crucial insights into the existence of new particles or interactions beyond the 1072

Standard Model. 1073

Symmetric Di-Higgs Production via Resonance 1074

Symmetric di-Higgs production refers to events in which both produced Higgs bosons are 1075

Standard Model-like, each with a mass of approximately mH = 125 GeV. Several Beyond 1076

Standard Model (BSM) theories predict the existence of a new heavy resonance that can 1077

decay into two such Higgs bosons. One common framework is the Two-Higgs-Doublet 1078

Model (2HDM), which extends the Standard Model Higgs sector by introducing a second 1079

scalar doublet [106, 107]. This leads to a richer Higgs spectrum containing five physical 1080

Higgs bosons: two CP-even neutral scalars (h, H), one CP-odd pseudoscalar (A), and a 1081

pair of charged Higgs bosons (H±). The additional scalar degrees of freedom allow for the 1082

possibility of resonant di-Higgs production through the decay of a heavy CP-even Higgs 1083
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boson (H → hh), where h is identified as the observed 125 GeV Higgs.1084

A particularly well-motivated and constrained realization of a 2HDM arises in the Min-1085

imal Supersymmetric Standard Model (MSSM), which imposes supersymmetry on the par-1086

ticle spectrum and structure of interactions. In the MSSM, the Higgs sector must include1087

two Higgs doublets to provide masses to both up- and down-type fermions and to cancel1088

anomalies in the supersymmetric theory [108]. The resulting Higgs bosons in the MSSM1089

form a Type-II 2HDM with specific relationships among the parameters, tightly constrain-1090

ing the phenomenology. In this context, the heavy CP-even scalar (H) can decay into two1091

SM-like Higgs bosons (h), producing a resonant di-Higgs signature.1092

Other theories, such as models with extra spatial dimensions, also predict resonant di-1093

Higgs production. For example, spin-2 Kaluza-Klein gravitons may couple to Standard1094

Model particles and decay into Higgs boson pairs. However, no significant excess in di-1095

Higgs production has been observed in either scenario in the latest ATLAS Run 2 analyses,1096

as discussed further in Section 5.3.2 [105, 109].1097

Resonance Production for Asymmetric Di-Higgs1098

In extended scalar sectors, there are also possibilities for asymmetric di-Higgs production1099

where a heavy resonant scalar boson can decay into a SM-like Higgs boson and another1100

Higgs-like scalar boson having its own unique mass. Several theories posit extensions to the1101

scalar sector of the Standard Model that would help explain these phenomena. These exten-1102

sions often include additional scalar bosons but with different masses or symmetries [110].1103

Such BSM theories could further explain electro-weak phase transition and baryogene-1104

sis [111]. These BSM theories provide strong theoretical motivation for analyses searching1105

for large scalar resonances decaying into a Standard Model Higgs boson and a lighter or1106

heavier scalar boson. In this case, the scalar resonance X would decay into a lighter scalar1107

S and an SM Higgs H, so this asymmetric di-Higgs process occurs in the decay X → SH.1108

The Higgs field is the sole member of the SM scalar sector and is formed from a complex1109

doublet under the weak isospin SU(2) symmetry [112]. To extend this scalar sector, singlet1110

and doublet extensions are common, both of which can be explored at the LHC through1111
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precise measurements of the SM Higgs boson signal rates and scalar mixing structures. 1112

These extensions could also open the possibility of discovering new decay modes of the SM 1113

Higgs boson, or they could provide direct searches for new scalar particles that would reveal 1114

the existence of other scalar bosons. 1115

While the Two-Higgs-Doublet Models (2HDMs) introduce an additional SU(2) doublet, 1116

further extending them by a scalar singlet leads to 2HDM+S models. These models allow 1117

for a rich scalar spectrum, including multiple CP-even and CP-odd neutral scalars. If the 1118

singlet does not acquire a vacuum expectation value (VEV), it can also act as a dark matter 1119

candidate [113]. In scenarios where the singlet mixes with the doublets, asymmetric di-Higgs 1120

decays such as X → SH can occur, providing characteristic signals at the LHC. 1121

Another important model is the Next-to-Minimal Supersymmetric Standard Model (NMSSM),1122

which introduces an additional complex scalar singlet along with the additional SU(2) com- 1123

plex doublet from the MSSM, thereby adding five neutral and two charged Higgs bosons to 1124

the SM [111]. In the NMSSM, both neutral and charged Higgs bosons can decay into one 1125

another or into other Higgs states, provided these processes are kinematically allowed. This 1126

leads to a rich phenomenology with various possible cascade decays among the extended 1127

scalar sector. Though the parameter space of the MSSM has largely been excluded, the 1128

parameter space of the NMSSM is less constrained [110]. 1129

Another model of interest is the Two-Real-Scalar-Singlet Model (TRSM), which adds 1130

two real scalar singlets to the SM [114]. This extension reduces the number of scalar 1131

potential parameters and predicts three CP-even neutral scalar bosons, one of which is 1132

identified as the SM Higgs boson. The singlets interact with the SM Higgs boson through 1133

the scalar potential and can mix with the SM Higgs boson if they acquire a non-zero VEV. 1134

This interaction gives rise to new scalar fields that could potentially be discovered at the 1135

LHC, especially through their asymmetric decays, where one of the singlets decays into the 1136

SM Higgs boson and another scalar field. Such decays could provide valuable insights into 1137

the structure of the scalar sector and open up new avenues for searching for BSM physics. 1138
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Table 5.2: Summary of selected BSM theories extending the scalar sector of the Standard

Model.

Model Extension to SM Dark Matter

Candidate

Scalar Sector

Singlet Extension Adds one (real or com-

plex) scalar singlet

Possible One additional neutral

scalar boson

2HDM (Two Higgs Doublet

Model)

Adds a second SU(2)

Higgs doublet

Possible 2 CP-even, 1 CP-odd, and

2 charged Higgs bosons

2HDM + Singlet (2HDM+s) 2HDM extended with a

scalar singlet

Possible 3 CP-even, 2 CP-odd, and

1 charged Higgs bosons

NMSSM (Next-to-Minimal

Supersymmetric SM)

MSSM plus an additional

complex scalar singlet

Possible 3 CP-even, 2 CP-odd, and

2 charged Higgs bosons

TRSM (Two Real Scalar Sin-

glet Model)

Adds two real scalar sin-

glets to the SM

Possible 3 CP-even neutral Higgs

bosons

5.3 Experimental Results1139

5.3.1 Non-resonant Results1140

Both ATLAS and CMS have performed extensive searches in a variety of final states while1141

combining the results to maximize their sensitivity. Each decay channel presents a distinct1142

trade-off between signal branching fraction, background complexity, and mass resolution.1143

For example, high-branching channels such as bb̄bb̄ (34%) have large statistical power but1144

face enormous QCD backgrounds, while rare channels such as bb̄γγ (0.26%) feature excellent1145

mass resolution and background rejection, albeit with limited event yields. Intermediate1146

channels, such as bb̄τ+τ− (7.3%), bb̄W+W− (25%), bb̄ℓ+ℓ− + Emiss
T (2.9%), and various1147

multilepton final states (6.5%), further complement the overall sensitivity since each channel1148

is subject to a different mixture of backgrounds and systematics [115, 116, 117, 118, 119].1149
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Figure 5.6: (a) Expected values (dashed lines) of the test statistic −2 lnΛ as a function

of κλ, shown for the bb̄γγ (purple), bb̄τ+τ− (green), multilepton (cyan), bb̄bb̄ (blue), and

bb̄ℓℓ+ Emiss
T (brown) channels, as well as their combination (black). Observed values from

the combined data are indicated by the solid black line [120].

(b) Observed and expected 95% CL upper limits on the signal strength for inclusive ggF

HH and VBF HH production from the bb̄τ+τ−, bb̄γγ, bb̄bb̄, multilepton, and bb̄ℓℓ+ Emiss
T

decay channels, and their combination. The expected limit and its ±1σ and ±2σ bands

assume no HH production and profile all nuisance parameters to the observed data [120].

ATLAS has combined the following channels for the Run 2 results: HH → bb̄bb̄ (dis- 1150

cussed in Chapter 8), HH → bb̄τ+τ−, HH → bb̄γγ, HH → bb̄ ℓ+ℓ− + Emiss
T , and HH → 1151

multi-lepton [120]. The observed (expected) 95% CL upper limit on the non-resonant HH 1152

signal strength is 1153

µobsHH = 2.9
(
2.4
)
× SM ,

with an observed (expected) significance of 0.4σ (1.0σ). Compared to the previous publi- 1154

cation [101], this represents a 17% overall improvement in sensitivity, with 13% arising from 1155

refinements in the bb̄ bb̄, bb̄ τ+τ− and bb̄ γγ analyses, and a further 4% from the inclusion 1156
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of the multi-lepton and bb̄ ℓ+ℓ− + Emiss
T channels. The dominant systematic uncertainties1157

remain the theoretical cross section predictions and background modeling.1158

CMS has also published results from Run 2 with the non-resonant HH production1159

in the following channels: bb̄bb̄, bb̄τ+τ−, bb̄γγ, bb̄W+W−, multilepton, γγτ+τ−, bb̄ZZ, 4l,1160

and WWγγ with their combination as well [121, 122, 123, 124, 125, 126, 127, 128, 129].1161

The combined CMS result gives an observed (expected) 95% CL upper limit on the HH1162

signal strength that is similar to ATLAS, with small differences in sensitivity reflecting the1163

different detector designs and analysis strategies. The order of channel sensitivities also1164

varies between the experiments.1165

These combined results can be interpreted as constraints on the Higgs trilinear self-1166

coupling modifier, κλ. For the combination of Run 2 analyses, ATLAS obtains1167

κλ ∈ [−1.2, 7.2] @ 95% CL (expected [−1.6, 7.2]) ,

while CMS reports1168

κλ ∈ [−1.39, 7.02] @ 95% CL (expected )[−1.02, 7.19] .

The results from ATLAS and CMS are thus highly consistent, both excluding large devia-1169

tions from the Standard Model prediction of κλ = 1. The remaining allowed regions reflect1170

the limited sensitivity of Run 2 and the impact of systematic uncertainties, particularly1171

those associated with background modeling in the bb̄bb̄ final state.1172

5.3.2 Resonant Results1173

Symmetric Resonant Decays1174

ATLAS and CMS have also both conducted extensive searches for resonant Higgs boson pair1175

production in various final states. These analyses target new heavy resonances decaying1176

into pairs of Standard Model Higgs bosons, with particular focus on scenarios motivated by1177

spin-0 heavy scalar theories discussed previously.1178

A recent ATLAS combination of resonant HH analyses was performed in the bb̄bb̄,1179

bb̄τ+τ−, and bbγγ final states under the heavy spin-0 hypothesis [109]. This combination1180
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Figure 5.7: (a) The 95% CL upper limits on the inclusive HH cross section as a function of

κλ when all other couplings are set to values predicted by the SM. The inner (green) band

and the outer (yellow) band indicate the 68% and 95% CL intervals [129].

(b) Observed and expected 95% CL upper limits on the signal strength for inclusive ggFHH

and VBF HH production from the bb̄bb̄, bb̄τ+τ−, bb̄γγ, bb̄W+W−, multilepton, γγτ+τ−,

bb̄ZZ, 4l, and W+W−γγ decay channels, and their combination. The expected limit and

its ±1σ and ±2σ bands assume no HH production and profile all nuisance parameters to

the observed data [129].

provides among the highest sensitivity to gluon–gluon fusion (ggF) production modes. Each 1181

decay channel contributes in different regions of resonance massmX : the bb̄γγ channel offers 1182

strong sensitivity at low masses due to excellent diphoton mass resolution and efficient 1183

triggering and reconstruction, while the bb̄bb̄ channel dominates at high mass, particularly 1184

in the boosted regime, where the Higgs bosons are highly Lorentz-boosted and reconstructed 1185

as merged jets. The results of the combination are shown in Figure 5.8, which includes (a) 1186

the local p-value scan across mX , where the p-value quantifies the probability of observing a 1187
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deviation at least as extreme as the one seen in data under the background-only hypothesis,1188

and (b) the observed and expected upper limits at 95% confidence level on the cross section1189

of resonant Higgs boson pair production.1190
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Figure 5.8: (a) Local p-value and (b) observed and expected upper limits at the 95% CL on

the resonant Higgs boson pair production cross section as a function of the resonance mass

mX [109].

Asymmetric Resonant Decays1191

ATLAS has published searches for asymmetric resonant di-Higgs decays in the X → SH →1192

V V τ+τ−, X → SH → V V γγ, and X → SH → bb̄γγ channels, though no combination has1193

yet been performed [130, 131, 132]. In all channels, no significant excess above Standard1194

Model expectations is observed. The analyses set upper limits at 95% CL on the produc-1195

tion cross section times branching ratio, while excluding values down to a few tenths of a1196

femtobarn over a broad resonance mass range.1197

CMS has also published similar searches for heavy and lighter scalar resonances in the1198

bb̄bb̄, bb̄γγ, bb̄τ+τ−, and γγτ+τ− through ggF production [133, 134, 135]. They typically1199

refer to the S scalar boson as Y in their literature. Results for the 95% CL observed upper1200
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limits are shown in Figure 5.9 for the ATLAS X → SH → bb̄γγ Run 2 analysis and the 1201

CMS boosted X → Y H → bb̄bb̄ Run 2 analysis. 1202

(a)
(b)

Figure 5.9: (a) Observed 95% CL upper limits on the signal cross section times branching

fraction for theX → SH → bb̄γγ signal in the ATLAS Run 2 analysis, in the (mX, mS) plane

with the points show where the limits were evaluated [132]. (b) Observed 95% CL upper

limits on the signal cross section times branching fraction for the boosted X → Y H → bb̄bb̄

signal in the CMS Run 2 analysis, in the (mX, mS) plane with the boundaries of the excluded

regions of the NMSSM and TRSM included [133].

While most asymmetric resonance searches have not observed significant deviations from 1203

Standard Model expectations, one notable exception is the CMS resolved X → Y H → bb̄bb̄ 1204

analysis using the Run 2 data, which reported a local (global) significance of 4.1σ (2.8σ) 1205

at (mX ,mY ) = (700, 400) GeV [136]. The broader program of resonant Higgs boson pair 1206

production searches, including asymmetric decays of the formX → SH, continues to expand 1207

across multiple final states and kinematic regimes, combining model independence with 1208

sensitivity to a range of well-motivated BSM scenarios. The ATLAS resolved-channel search 1209

for X → SH → bb̄bb̄, detailed in Chapter 7, is a key component of this effort, targeting a 1210

region of phase space where future discoveries may yet arise. 1211
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Chapter 61212

COMMON ASPECTS TO bb̄bb̄ ANALYSES1213

This chapter outlines the common methodological components underlying the analyses1214

presented in the following chapters. These analyses focus on searches for both resonant1215

(X → SH → bb̄bb̄) and non-resonant (HH → bb̄bb̄) Higgs boson pair production through1216

ggF using the ATLAS Run 2 dataset, as well as a combined Run 2 and partial Run 3 dataset1217

for the non-resonant search. To avoid redundancy, the discussion here centers on elements1218

shared by these analyses, including flavor tagging, bb̄bb̄ analysis topologies, background com-1219

position, and data-driven background estimation strategies. While specific implementations1220

of these strategies may differ, they are all based on the same underlying principles. This1221

chapter also provides a general overview of systematic uncertainties, statistical modeling,1222

and limit-setting procedures. The detailed results are presented in subsequent chapters.1223

Here, the focus is on establishing the methodological foundation for Higgs pair analyses in1224

the bb̄bb̄ final state.1225

6.1 b-Tagging1226

Since both analyses target final states with four bottom quarks, the ability to identify jets1227

originating from b-quarks is fundamental to the event selection. This is achieved through a1228

process known as flavor tagging, which refers to the identification of the flavor of the quark1229

that initiated a jet. Among the different types of flavor tagging, b-tagging plays a central1230

role in distinguishing b-jets from jets initiated by lighter quarks or gluons.1231

Flavor tagging relies on a variety of observables derived from the substructure of jets1232

and the properties of tracks and secondary vertices reconstructed in the ATLAS detec-1233

tor [137]. Jets that are likely to have originated from a b-quark are referred to as b-tagged1234

jets as shown in Figure 6.1. Since the origin of a jet cannot be directly observed, ded-1235

icated b-tagging algorithms are trained using simulated Monte Carlo samples containing1236
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jets of known flavors. These algorithms utilize machine learning techniques such as boosted 1237

decision trees or deep neural networks to learn distinguishing features of b-jets. Common 1238

inputs include the presence of displaced secondary vertices, impact parameter significances 1239

of tracks, and the number of associated tracks with high transverse momentum [138, 139]. 1240

Figure 6.1: A b-jet can be identified by tracks that originate from a displaced secondary

vertex due to the relatively long lifetime of b-hadrons. These tracks have a large transverse

impact parameter (d0), unlike those in light-flavour jets, which typically come directly from

the primary vertex [140].

Each b-tagging algorithm is associated with one or more working points (WPs), which 1241

correspond to fixed operating thresholds chosen to achieve specific efficiencies for correctly 1242

identifying b-jets. These working points are typically defined by the fraction of true b- 1243
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jets that are correctly tagged (efficiency), and are tuned to balance signal retention with1244

background rejection. For example, a 70% WP implies that 70% of true b-jets are correctly1245

identified, while maintaining a low misidentification rate for light- or charm-quark jets.1246

B-tagging is particularly important both for the analyses described here and for high-1247

energy physics more broadly, because many processes of interest feature b-jets in the final1248

state. In these types of analyses, requiring multiple b-tagged jets greatly enhances sensitivity1249

to the signal by suppressing backgrounds that predominantly contain jets from light quarks1250

or gluons.1251

Some of the main indicators of a b-tagged jet include:1252

• Long-lived B-hadrons: B-hadrons produced in b-quark fragmentation have rela-1253

tively long lifetimes (∼ 1.5 ps), resulting in displaced decay vertices several millimeters1254

from the primary vertex.1255

• High-mass secondary vertices: The decay products of B-hadrons often reconstruct1256

to a significant invariant mass, which helps distinguish them from lighter quark jets.1257

• Multiple associated tracks: Jets from b-quarks typically contain several charged1258

particle tracks with large impact parameters.1259

• Soft leptons: Semileptonic decays of B-hadrons can produce low-energy (soft) lep-1260

tons, which are another discriminating feature.1261

Altogether, b-tagging provides a powerful tool for enhancing signal-to-background dis-1262

crimination in searches involving b-jets and is a crucial component of the event selection1263

strategy in the following analyses.1264

The most advanced b-tagging algorithm currently used in ATLAS is the GN2 tag-1265

ger [141]. GN2 stands for the second-generation Graph Neural Network tagger, an evolution1266

from the earlier GN1 model. Unlike previous taggers based on dense neural networks, such1267

as DL1, DL1r (a retrained version optimized for Run 2), and DL1d (a DL1r variant tuned1268

for improved data–MC agreement and stability), GN2 leverages a graph-based architecture1269
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enhanced with transformer layers. This architecture allows GN2 to process information 1270

from a variable number of tracks and associated objects within a jet. It performs multi- 1271

ple tasks simultaneously: jet flavor classification, partitioning of tracks into vertices, and 1272

prediction of the physical origin of each track. GN2 demonstrates significant performance 1273

improvements over both GN1 and earlier DL1 variants, achieving higher b-jet identification 1274

efficiency, while substantially reducing misidentification rates for charm- and light-flavor 1275

jets at fixed working points, as shown in Figure 6.2. 1276

(a)

(b)

Figure 6.2: The c-jet and light-jet rejections of the different ATLAS flavor tagging algo-

rithms over time in the tt̄ MC simulation in Figure 6.2a provided at the 70% efficiency

b-tagging working point where the improvement is normalized to the DL1 tagger. The

background rejection is also plotted against b-jet efficiency for the same samples in Figure

6.2b where the ratio for the different taggers is taken according to the DL1d tagger [141].

The analyses in Chapters 9 and 7 both employ the GN2v01 tagger to identify small-R 1277

jets originating from b-quarks. Two working points (WPs) are used: the 77% and 85% b- 1278

tagging efficiency WPs, corresponding to the fraction of true b-jets correctly identified by the 1279

tagger. At these WPs, the GN2v01 tagger achieves substantial suppression of background 1280
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jets. Specifically, the light-flavor jet rejection factors are 92.33 and 29.36, and the charm-jet1281

rejection factors are 5.88 and 3.08 for the 77% and 85% WPs, respectively.1282

These rejection rates quantify the algorithm’s ability to distinguish b-jets from non-b jets.1283

Formally, the rejection rate R is defined as the inverse of the misidentification efficiency ϵ1284

for a given jet flavor:1285

R =
1

ϵmistag
.

For example, a light-jet rejection rate of 92.33 at the 77% WP means that only about 1 in 921286

light-flavor jets is misidentified as a b-jet. Higher rejection values indicate greater purity in1287

the selected b-jet sample, which is critical for suppressing backgrounds in analyses targeting1288

final states with multiple b-jets. The GN2v01 tagger thus offers excellent performance across1289

a wide range of jet kinematics, enabling robust flavor tagging essential for the sensitivity of1290

the analyses that follow.1291

6.2 Analysis Topologies1292

In searches for di-Higgs production in the bb̄bb̄ final state, a critical challenge is the correct1293

reconstruction of the event topology. Since the signal involves two scalar bosons decaying1294

into four b-quarks, the analysis strategy must account for the different kinematic configu-1295

rations in which these quarks may appear as they depend on the momentum of the Higgs1296

bosons.1297

The first reconstruction approach is the resolved topology, which targets events where1298

the Higgs bosons are produced with relatively low transverse momentum. In this scenario,1299

the four b-quarks hadronize into well-separated, narrow jets that can be individually recon-1300

structed as small-radius (R = 0.4) jets. Events are selected by requiring the presence of at1301

least four b-tagged small-R jets where each jet corresponds to a distinct b-quark from the1302

decay.1303

However, not all di-Higgs events present this resolved topology. When one or both1304

Higgs bosons are produced with substantial transverse momentum (boosted), their decay1305

products can become collimated such that the two resulting b-quarks form a single, large-1306

radius (R = 1.0) jet with substructure consistent with a two-prong decay. These large-R jets1307
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are often double b-tagged to reflect their Higgs origin and are reconstructed using advanced 1308

substructure techniques. 1309

In the intermediate topology, one Higgs boson is reconstructed in a resolved con- 1310

figuration with two small-R b-jets, while the other is sufficiently boosted to form a single 1311

large-R jet that is double b-tagged. In the fully boosted topology, both Higgs bosons 1312

are reconstructed as large-radius jets each being double b-tagged. These complementary 1313

categories extend the analysis sensitivity to a wider range of Higgs boson kinematics. 1314

By classifying events into these different topologies, namely resolved, intermediate, 1315

and boosted, analyses are able to maximize sensitivity to the wide range of possible di- 1316

Higgs kinematics. This approach enables more comprehensive coverage of signal phase space 1317

and improves the ability to distinguish signal from background in each regime. An example 1318

of these topologies is shown in Figure 6.3 for the resonant X → SH → bb̄bb̄ analysis where 1319

each topology is used. The following chapters will discuss my work in the resolved topologies 1320

of the non-resonant HH → bb̄ and resonant X → SH → bb̄ analyses. 1321

𝐻 → 𝑏𝑏 resolved 𝐻 → 𝑏𝑏 boosted

𝑆 → 𝑏𝑏
resolved 𝑏

𝑏 𝑏

𝑏

𝑏
𝑏𝑏

𝑏

𝑆 → 𝑏𝑏
boosted 𝑏

𝑏 𝑏
𝑏

Figure 6.3: Illustration of possible topological configurations for the bb̄bb̄ final state in the

SH → 4b analysis. In the resolved topology, all four b-quarks hadronize into separate, indi-

vidually reconstructed small-R jets. In the intermediate topology, one bb̄ pair is sufficiently

boosted that both quarks are reconstructed within a single large-R jet. In the boosted

topology, both bb̄ pairs are sufficiently boosted that they are reconstructed within two sep-

arate large-R jets.

As my analyses deal with the resolved topology, pairing algorithms are needed to pair the 1322
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small-R jets to correctly reconstruct the intermediate scalar bosons. For a final state of four1323

small-R jets, there are six possible permutations for the different pairings for the asymmetric1324

case where the two intermediate scalars are unique and three possible permutations for the1325

symmetric case where the two scalars are identical as shown in Figure 6.4. This is a vital1326

part of resolved analyses in correctly reconstructing the signal and each analysis for the1327

resolved topology has a dedicated pairing algorithm.1328

Figure 6.4: There are six possible ways to reconstruct four small-R jets into two unique

scalars and three possible ways to reconstruct them into two identical scalars.

6.3 Background Composition1329

In both the resonant X → SH → bb̄bb̄ and non-resonant HH → bb̄bb̄ analyses, the dominant1330

background arises from QCD multi-jet production, which accounts for approximately 90–1331

95% of the total background across much of the relevant di-Higgs phase space. The precise1332

fraction depends on the kinematic selections applied, particularly those designed to suppress1333

other backgrounds.1334

The composition of the QCD background in terms of jet flavor is a key consideration for1335

analysis optimization. As shown in Figure 6.5, the majority of QCD events in the signal1336

region consist of genuine b-jets, although contributions from charm and light-flavor jets are1337

non-negligible. The bin-by-bin flavor breakdown highlights the effectiveness of b-tagging1338

requirements in shaping the background composition. Notably, the transition from the1339

DL1r b-tagger in Run 2 to the GN2 tagger in Run 3 has significantly improved the rejection1340

of misidentified jets, enhancing the purity of the selected b-jet sample and improving overall1341

signal sensitivity.1342
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Figure 6.5: (a) Flavor composition of the QCD background in the 4b signal region of the

HH → bb̄bb̄ analysis. (b) Bin-by-bin normalized version of (a), showing the fractional

contribution of different jet flavors.

The second most significant background arises from top quark pair production (tt̄). To 1343

suppress this background, both analyses have at times a top veto discriminant known as 1344

XWt, defined as: 1345

XWt =

√(
10(mW − 80.4 GeV)

mW

)2

+

(
10(mt − 172.5 GeV)

mt

)2

(6.1)

This variable is computed for all valid jet triplets in an event, where two jets form a 1346

W boson candidate and a third, b-tagged jet forms the top quark candidate. Among all 1347

combinations, the triplet yielding the smallest XWt is taken as the event-level discriminant. 1348

This technique is particularly effective in identifying and rejecting top-like jet configurations 1349

in multi-jet final states. 1350

Figure 6.6 highlights the effectiveness and (some) limitations of the XWt discriminant. 1351

Subfigure (a) presents its distribution for tt̄ background events and several X → SH → bb̄bb̄ 1352

signal hypotheses. While applying a cut of XWt > 1.5 significantly suppresses top quark 1353
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Figure 6.6: (a) Distribution of the top veto discriminant XWt for simulated tt̄ background

and X → SH → bb̄bb̄ signal hypotheses, showing reduced separation when mS is near the

top quark or W boson mass. (b) Reconstructed W boson and top quark candidate masses

in the non-resonant HH → bb̄bb̄ Control Region (2018 data), using the jet combination with

minimum XWt (see Eq. 6.1). The ellipse marks the region excluded by the XWt cut.



79

contamination, it also leads to substantial signal loss for mass points with mS = 70 or 1354

170 GeV which are regions where the reconstructed masses for the signal are close to the 1355

true W and top quark masses. As a result, this cut was ultimately not used in the resonant 1356

X → SH → bb̄bb̄ analysis to preserve signal efficiency. In contrast, subfigure (b) shows 1357

the two-dimensional mass plane of reconstructed W and top candidates with at least four 1358

reconstructed b-jets of a defined control region where the red ellipse indicates the kinematic 1359

regime where the tt̄ decays are predominantly populated. The non-resonant HH → bb̄bb̄ 1360

analysis retains the XWt cut, as its signal hypotheses remain largely unaffected by this 1361

selection. 1362

Other Standard Model processes, including Z → bb̄ and single Higgs production via 1363

gluon-gluon fusion (ggF) or vector boson fusion (VBF), contribute only marginally to the 1364

total background in these analyses. Their yields have been evaluated using Monte Carlo 1365

simulation and are found to be negligible after final selections. 1366

6.4 Background Estimation Method 1367

Given the overwhelming contribution of QCD multi-jet events to the background in 4b final 1368

state analyses, a purely simulation-based modeling approach is not feasible due to the in- 1369

herent difficulty in accurately describing such processes. Instead, both the X → SH → bb̄bb̄ 1370

and HH → bb̄bb̄ analyses employ data-driven techniques to estimate the background. His- 1371

torically, these types of analyses have relied on reweighting strategies—including both tra- 1372

ditional and neural network-based methods—to extrapolate the background shape from a 1373

control region (CR) to a signal region (SR), under the assumption that the two regions are 1374

kinematically similar. While this approach has been widely used, it is limited by the assump- 1375

tion of transferability between regions and often suffers from large statistical uncertainties 1376

in the reweighting functions. 1377

In contrast, the analyses presented in this thesis utilize a more flexible and expressive 1378

generative modeling framework based on the combination of normalizing flows andGaus- 1379

sian processes. This method avoids the assumption of shared kinematic structure between 1380

CR and SR by directly learning the multivariate event distributions in the CR and using this 1381

to construct a predictive model of the SR. Specifically, normalizing flows are first trained 1382
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on events in the control region to model the full multivariate distribution of higher-level1383

event kinematics, conditioned on variables that define the phase space of interest. Then,1384

Gaussian processes are used to interpolate the distribution of the conditioning variables into1385

the blinded signal region. Finally, the trained normalizing flow models are applied using the1386

interpolated signal region conditions to generate synthetic event kinematics, which together1387

define the predicted background in the SR.1388

This generative modeling strategy is conceptually distinct from traditional reweighting.1389

Rather than learning a transfer function between CR and SR, it directly synthesizes events in1390

the SR by sampling from a learned probability distribution. This provides greater modeling1391

flexibility and statistical precision, and aligns closely with modern developments in machine1392

learning, where generative models are increasingly used to capture complex high-dimensional1393

data distributions.1394
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Figure 6.7: A general illustration of the data-driven background estimation method em-

ployed in the X → SH → bb̄bb̄ analysis. Further technical details of the method and the

results will follow in the subsequent chapters.

Figure 6.7 illustrates the basic idea of this method employed in the X → SH → bb̄bb̄ 1395

analysis as a general introduction. The technical implementation of this method, including 1396

the training configurations of the normalizing flows and Gaussian processes, as well as vali- 1397

dation and uncertainty estimation strategies, is discussed in detail in the chapters dedicated 1398

to each analysis. 1399

6.4.1 Normalizing Flows 1400

Normalizing flows are a class of generative models used to learn complex, high-dimensional 1401

probability distributions from data. They operate by transforming a simple base distribution 1402

(typically a multivariate Gaussian) into the target data distribution through a series of 1403

invertible, differentiable mappings. Formally, one defines a mapping T such that a data 1404
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point x⃗ is expressed as x⃗ = T (z⃗), where z⃗ ∼ pz(z⃗) is drawn from the base distribution.1405

The key property of normalizing flows is that the transformation is invertible, allowing1406

the probability density of the target distribution to be computed exactly using the change1407

of variables formula:1408

p(x⃗) = pz(z⃗) |det JT (z⃗)|−1 , (6.2)

where JT is the Jacobian matrix of the transformation. The model is trained by mini-1409

mizing the Kullback–Leibler (KL) divergence between the empirical data distribution and1410

the model prediction. This is equivalent to maximizing the likelihood of the data under the1411

model:1412

L(θ⃗) = −Epdata(x⃗)

[
log pmodel(x⃗; θ⃗)

]
, (6.3)

where θ⃗ denotes the parameters of the flow model.1413

In the analyses presented here, conditional normalizing flows are employed. These extend1414

the above framework to learn the conditional distribution p(x⃗ | y⃗), where x⃗ represents higher-1415

level event kinematic variables and y⃗ is a set of conditioning variables that define regions1416

of phase space relevant to the analysis. The model is trained exclusively on data from the1417

control region, where the kinematic distributions are known, and later applied to signal1418

region configurations inferred via Gaussian processes.1419

A statistical ensemble of independently trained flows is used to account for model un-1420

certainty that include variations due to random initialization and finite training statistics.1421

The final background prediction is taken as the mean prediction across the ensemble, with1422

the standard deviation providing an associated uncertainty.1423

6.4.2 Gaussian Processes1424

To predict the distribution of the conditioning variable(s) in the signal region, both analyses1425

employ Gaussian processes (GPs). GPs are non-parametric Bayesian models that define a1426

prior over functions and, once trained on data, provide a posterior distribution over possible1427

fits. This probabilistic framework naturally yields both a central prediction (the posterior1428
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mean function) and an associated uncertainty (the posterior standard deviation), making 1429

GPs well-suited for extrapolating distributions with quantified confidence. 1430

In general, a GP models a function f(x) ∼ GP(m(x), k(x, x′)), where m(x) is the mean 1431

function (typically taken as zero) and k(x, x′) is the kernel function, which encodes the 1432

correlation between inputs x and x′. In this analysis, the kernel of choice is the widely-used 1433

radial basis function (RBF), also known as the squared exponential kernel: 1434

k(xi, xj) = exp

(
−d(xi, xj)

2

l2

)
, (6.4)

where d(xi, xj) is the Euclidean distance between inputs xi and xj , and l is the char- 1435

acteristic length scale that controls the smoothness of the interpolation. A shorter length 1436

scale yields a model more sensitive to local fluctuations in the training data, while a longer 1437

length scale enforces smoother behavior. 1438

The GP is trained using histogrammed data from the control region, where the x-values 1439

correspond to the centers of the bins in the conditioning variable(s), and the y-values are 1440

standardized bin counts. This standardization ensures numerical stability and centers the 1441

data for improved convergence: 1442

N ′ =
N − µ

σ
, (6.5)

where N is the raw bin count, µ is the mean of all bin counts in the control region, and 1443

σ is the corresponding standard deviation. 1444

Once trained, the GP is used to predict the shape and normalization of the conditioning 1445

variable(s) in the signal region. The posterior mean of the GP provides the expected value 1446

of the distribution, while the uncertainty band gives a measure of confidence in the extrap- 1447

olation. To obtain continuous samples from the distribution within each bin, a smearing 1448

procedure is applied by uniformly sampling from the width of the bin corresponding to 1449

the GP prediction. This ensures that downstream applications of the conditioning variable 1450

receive a smooth and continuous input distribution. 1451

Crucially, the total predicted normalization in the signal region, as inferred from the GP, 1452

is used to rescale the output of the normalizing flow to yield the final background estimate. 1453
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In this way, the GP plays a dual role: it informs the shape of the conditioning variable1454

distribution and governs the total event yield in the region of interest.1455

6.5 Systematic Uncertainties1456

Systematic uncertainties in collider analyses generally fall into two main categories: nor-1457

malization uncertainties, which affect the expected event yields, and shape uncertain-1458

ties, which affect the kinematic distributions of events. Both types of uncertainties are1459

critical, as they significantly influence the sensitivity and interpretation of analyses.1460

6.5.1 Normalization Uncertainties1461

• Integrated Luminosity: The uncertainty on the total integrated luminosity affects1462

all simulated processes uniformly. Typical values range from 1–2%, varying slightly1463

by data-taking year during the LHC Run 2 period (2015–2018).1464

• Theoretical cross sections: cross section uncertainties affect the predicted yields1465

for signal and background processes. These uncertainties arise primarily from higher-1466

order QCD corrections, the choice of PDF sets, and scale uncertainties in theoretical1467

calculations. Depending on the process, they typically range from a few percent up1468

to around 20%. When multiple signal production modes contribute within the same1469

signal region, variations in their cross sections alter the signal composition and can1470

affect both the normalization and shape of kinematic distributions.1471

6.5.2 Shape Uncertainties1472

• Jet Energy Scale (JES) and Jet Energy Resolution (JER): As detailed in1473

Chapter 4 concerning the AF3 simulated samples, uncertainties in jet energy cali-1474

bration and measurement significantly affect reconstructed jet-related variables. JES1475

uncertainties typically range from 2–4% per jet, while JER uncertainties are larger,1476

around 5–15%.1477

• Flavor Tagging (b-tagging): The identification efficiency for jets originating from1478
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b-quarks introduces notable shape uncertainties. Mis-tagging rates for charm or light- 1479

flavor jets also contribute. In bb̄bb̄ analyses, these uncertainties are typically among 1480

the largest shape-related contributions, often on the order of 2–10% per jet. 1481

• Trigger Efficiency: Trigger uncertainties arise from imperfect knowledge of the ratio 1482

between trigger efficiencies in data and simulation. These scale factors are applied to 1483

simulated events, and systematic variations are derived by shifting the scale factors up 1484

and down by one standard deviation. The variations are informed by measurements 1485

of per-jet online reconstruction and b-tagging efficiencies, which are then propagated 1486

to the event level. The resulting uncertainty is applied as an overall event weight 1487

variation in the simulation. 1488

• Background Estimation Uncertainties: The primary background in the resolved 1489

bb̄bb̄ decay channel arises from multijet QCD processes, typically estimated from data- 1490

driven methods. The uncertainties associated with this estimation are generally sub- 1491

stantial and can affect both normalization and shape. 1492

Careful treatment of systematic uncertainties, especially those related to jet and flavor 1493

tagging calibrations and precise background modeling, is essential for achieving optimal 1494

sensitivity in searches for Higgs boson pair production. More detailed discussions of these 1495

uncertainties are provided in the corresponding chapters for each analysis. 1496

6.6 Limit Setting 1497

This section outlines the statistical framework employed in both the X → SH → bb̄bb̄ 1498

and HH → bb̄bb̄ analyses to set exclusion limits on potential signals of new physics. The 1499

statistical interpretation begins with a binned profile likelihood fit to the reconstructed 1500

invariant mass spectrum of the heavy resonance candidate in the signal region. While 1501

the likelihood formalism provides an exact approach, practical calculations often rely on 1502

asymptotic approximations for computational efficiency, as detailed below. 1503

To improve the stability of the statistical fits, a bin-merging algorithm is applied to the 1504

mass distribution using the pyhf [142] framework. The binning is determined by maximizing 1505
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a bin-merging score defined as:1506

Z = zb
nb
Nb

+ zs
ns
Ns

, (6.6)

where nb and ns are the background and signal yields in a given bin, and Nb and Ns are the1507

total background and signal yields, respectively. The coefficients zb and zs are user-defined1508

parameters that control the relative importance of background and signal when determining1509

bin boundaries, with the constraint zs + zb = Nbins.1510

A likelihood-based approach is adopted for the statistical inference. The likelihood1511

function for a given signal strength parameter µ and nuisance parameters θ is defined as:1512

L (µ,θ) =

N∏
j=1

(µsj + bj)
nj

nj !
e−(µsj+bj)

M∏
k=1

umk
k

mk!
e−uk , (6.7)

where nj is the observed count in bin j, and sj and bj are the expected signal and background1513

counts, respectively. The second product accounts for auxiliary measurements that constrain1514

nuisance parameters through observed counts mk and expected values uk(θ).1515

To evaluate the compatibility of the observed data with different hypotheses, a test1516

statistic is constructed from the profile likelihood ratio:1517

λ (µ) =
L
(
µ,

ˆ̂
θ(µ)

)
L
(
µ̂, θ̂

) , (6.8)

where µ̂ and θ̂ are the maximum likelihood estimates (MLEs) from the unconditional fit,1518

and
ˆ̂
θ(µ) are the conditional MLEs given µ. This ratio ranges between 0 and 1, with values1519

close to 1 indicating better agreement between the model and data.1520

A commonly used form of the test statistic is:1521

tµ = −2 log λ(µ), (6.9)

where larger values of tµ indicate decreasing compatibility of the hypothesis µ with the1522

observed data.1523

The p-value for a given test statistic tµ is then computed as:1524

pµ =

∫ ∞

tobs

f(tµ|µ), (6.10)
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where f(tµ|µ) is the probability density function of tµ under the assumption of signal 1525

strength µ, and tobs is the observed value of the test statistic. 1526

For setting exclusion limits, a modified test statistic qµ is defined as: 1527

qµ =


−2 log λ(µ) if µ̂ ≤ µ,

0 if µ̂ > µ,

(6.11)

which ensures that only upward fluctuations in the signal-like direction contribute to the 1528

exclusion limit. 1529

Limits are set using the CLs method [143, 144], defined as: 1530

CLs =
ps+b

pb
, (6.12)

where ps+b is the p-value under the signal-plus-background hypothesis, and pb is the p-value 1531

under the background-only hypothesis: 1532

ps+b = P (qµ > qobs|s+ b), (6.13)

pb = P (qµ > qobs|b). (6.14)

A signal hypothesis is excluded at the 95% confidence level if CLs < 0.05. 1533

While the exact distributions of these test statistics can be determined through repeated 1534

pseudo-experiments, in practice, analytic asymptotic formulae are often used to approximate 1535

the distribution of tµ in the large-sample limit. This approach provides computationally 1536

efficient p-values and confidence intervals, and is widely adopted in LHC analyses. 1537

In the analyses described in this thesis, model-independent limits are typically placed 1538

assuming a reference cross section of σ(pp → X → SH → bb̄bb̄) = 1 fb. This allows 1539

for reinterpretation across a range of theoretical models, since specific branching ratios and 1540

production cross sections can vary with the details of the extended Higgs sector or resonance 1541

structure under consideration. 1542
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Chapter 71543

RESONANT X → SH → bb̄bb̄ WITH RUN 2 DATA1544

Having established the theoretical motivation for resonant asymmetric Higgs boson de-1545

cays in Chapter 5, this chapter presents the search for such processes in the X → SH → bb̄bb̄1546

final state with the ATLAS Run 2 dataset. In this model-independent analysis, a heavy1547

Higgs-like resonance X decays into a Standard Model Higgs boson (H) and a second scalar1548

boson (S), where both X and S can have variable masses. The asymmetric decay arises1549

from the mass difference between H and S. Both scalars subsequently decay to bb̄, yielding1550

four b-quarks in the final state. The H → bb̄ decay follows the Standard Model branching1551

ratio of approximately 58%, while no specific branching fraction is assumed for S → bb̄,1552

preserving model independence.1553

7.1 Data and Monte Carlo Datasets1554

The signal Monte Carlo (MC) samples used in this analysis simulate the production of a1555

heavy resonance X via gluon-gluon fusion, with subsequent decays X → SH → bb̄bb̄, as1556

illustrated in Figure 7.1. The samples span a wide range of mass hypotheses, with mX1557

varying from 200 GeV to 6 TeV and mS from 70 GeV to 5 TeV. All signal samples were1558

generated under the narrow-width approximation, setting the widths of both the X and1559

S scalar bosons to a fixed value of 10 MeV. Event generation and parton showering are1560

performed using Pythia 8 interfaced with EvtGen and the NNPDF23LO PDF set. Detector1561

simulation is carried out with AF3, with additional JES and JER uncertainties included to1562

account for differences relative to Geant4, as discussed in Chapter 4. This thesis focuses on1563

the resolved channel, which has its own specific set of mass pairs and a unique recombination1564

scheme in the mixed channel. The relevant signal mass pairs for the resolved channel are1565

indicated in Figure 7.1b.1566

The data used in this analysis was collected by the ATLAS detector during Run 2 of1567
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Figure 7.1: The Feynman diagram in (a) for the production of the heavy scalar resonance

X from gluon-gluon fusion as it decays into a lighter scalar S and a Standard Model Higgs

boson, where the S and Higgs bosons each decay into a pair of b-quarks. All signal mass

pairs in (b) for the SH4b analysis are shown for the different channels in which they are

reconstructed. The resolved channel has its own unique mass pairs analyzed and is also

included in a combination scheme with the mixed channel for other mass pairs. See the

SH4b Internal Note [145].
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the LHC in proton-proton collisions at a center-of-mass energy of
√
s = 13 TeV. The total1568

integrated luminosity utilized for the analysis employing small-R b-jet triggers is 126.9 fb−1.1569

Data collected in 2015 were excluded due to differences in b-tagging algorithms and minimal1570

impact relative to resources required. Additionally, a portion of 2016 data was excluded due1571

to b-jet trigger inefficiencies caused by a bug in the online vertex finding algorithm, which1572

was fixed only from data-taking period J onward. A small loss (1.5%) in total luminosity1573

occurred across Run 2 due to invalid beamspot positions at the start of some runs [140].1574

Table 7.1: Integrated luminosities of each data-taking year for the resolved analysis which

uses b-jet triggers.

Year Luminosity (fb−1)

2016 24.9

2017 44.0

2018 58.0

Total 126.9

7.1.1 Signal MC Validation1575

Before formal approval to begin the X → SH → bbbb analysis, a dedicated signal Monte1576

Carlo (MC) validation was required as part of the ATLAS analysis pre-approval process.1577

This validation step serves to confirm that the requested signal samples are both techni-1578

cally correct and physically meaningful. Specifically, the procedure involves checking that1579

the event generator configuration accurately reflects the desired physics process, inspect-1580

ing truth-level kinematic distributions (such as masses, transverse momenta, and angular1581

separations), and verifying that the sample contains sufficient statistics for all signal mass1582

points of interest. I produced truth-level signal MC samples across the grid of (mX ,mS)1583

mass pairs and inspected key kinematic variables to ensure that the mass peaks appeared1584

in the expected regions and that the shapes of transverse momentum distributions matched1585

theoretical expectations. This process allowed us to catch potential configuration errors or1586
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filtering issues at an early stage, and provided assurance that the samples could support a 1587

robust analysis. 1588

An example of this validation is shown in Figure 7.2, which displays the mass and 1589

transverse momentum distributions of the scalar boson S for signal events withmX = 3 TeV. 1590

Such checks were essential for demonstrating the viability of the analysis and played a critical 1591

role for beginning the analysis. 1592

(a) (b)

(c) (d)

Figure 7.2: Truth-level distributions from the signal MC validation: (a) mass and (b)

transverse momentum of the scalar boson S in addition to (c) |∆ηSH | and (d) the transverse

momentum of the Higgs boson for all signal mass pairs at mX = 3 TeV. These checks were

used to verify correct event generation and kinematic coverage for the X → SH → bbbb

analysis.
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7.2 Triggers1593

Trigger studies for the resolved analysis were performed using events containing at least1594

four jets that satisfy the following offline selection criteria:1595

• pT > 40 GeV1596

• |η| < 2.51597

• b-tagged using the GN2v00NewAliasWP algorithm at the 77% working point1598

• Passing the Neural Network Jet Vertex Tagger (NN JVT)1599

The selected jets are ordered in decreasing transverse momentum. Both individual1600

trigger efficiencies and trigger bucketing strategies were evaluated using simulated signal1601

events across a range of mass hypotheses which span mX = 200–3000 GeV. Two primary1602

trigger bucket schemes were investigated. In this context, a trigger bucket strategy refers to1603

the grouping of events based on which trigger(s) fired and allows for a consistent treatment1604

of overlapping triggers with varying thresholds and efficiencies.1605

Bucket Strategy 1, the nominal trigger bucket scheme used in this analysis as illustrated1606

in Figure 7.5, employs two triggers: the 2b+1j and 2b+2j triggers. The 2b+1j trigger,1607

which exhibits higher individual efficiency for most mass points, is applied in the first bucket1608

defined by offline selections requiring the first jet to have pT > 170 GeV and the third jet1609

to have pT > 70 GeV, implicitly ensuring the second jet also meets this threshold. This1610

region targets the efficiency turn-on of the 2b+1j trigger. Events failing the first bucket1611

selection but passing the 2b+2j trigger are collected in the second bucket. This trigger1612

strategy maximizes efficiency, as the 2b+2j trigger uniquely selects events not captured by1613

the 2b+1j trigger.1614

Bucket Strategy 1, used previously in the non-resonant HH → 4b Run 2 analysis, was1615

ultimately chosen as the nominal trigger strategy for this analysis due to its combination1616

of simplicity and high efficiency. Other bucket strategies based on the resonant HH → 4b1617

Run 2 analysis in addition to individual triggers were checked, but these all had worse1618

performance.1619
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Figure 7.3: The nominal trigger bucket strategy (Bucket Strategy 1) employed that uses

both 2b+1j and 2b+2j triggers and results in the highest efficiency across the phase space

of the resolved channel. See the SH4b Internal Note [145].
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(a) (b)

Figure 7.4: (a) Total trigger efficiency of Bucket Strategy 1 as a function of mX for mS = 70

GeV, showing the contribution from each individual bucket. Bucket 1 provides higher

efficiency at large mX values, while Bucket 2 is more efficient at lower mX values. (b) Total

efficiency of Bucket Strategy 1 for all signal mass pairs considered up to mX = 3000 GeV.

See the SH4b Internal Note [145].
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7.3 Event Selection and Reconstruction 1620

The event selection is designed to efficiently reconstruct the SH topology while suppressing 1621

contributions from the background processes discussed in Section 6.3. In the resolved chan- 1622

nel of the 4b final state, events are required to contain at least four small-R jets (R = 0.4, 1623

anti-kt) with transverse momentum pT > 40 GeV and |η| < 2.5. The pT threshold ensures 1624

compatibility with the trigger requirements, while the |η| cut reflects the acceptance of the 1625

ATLAS inner tracking detector, which is essential for b-tagging performance (see Chap- 1626

ter 3). Jets must also pass b-tagging requirements using the GN2v01 tagger at the 85% 1627

efficiency working point. Additionally, each jet is required to pass the NN JVT, a machine 1628

learning-based algorithm that associates jets with the correct primary vertex and effectively 1629

suppresses jets originating from pileup interactions. 1630

Figure 7.5: Schematic representation of the event selection criteria in the resolved channel

of the SH4b analysis. Events are required to contain at least four small-R (R = 0.4) jets

satisfying the specified kinematic and tagging requirements.

If more than four jets satisfy all selection criteria, only the four jets with the highest 1631

pT are retained for analysis. A 3b validation region is constructed using the same selection 1632

criteria as the nominal 4b region, with the exception of the b-tagging requirement: exactly 1633

three of the four jets must satisfy the b-tag working point, while the remaining jet must fail 1634

it. In this case, the four jets are chosen by first prioritizing b-tagging status and then by 1635

descending pT . 1636
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7.3.1 Pairing1637

After the event selection, the primary challenge is to correctly pair the four leading jets1638

in order to reconstruct the SH → bb̄bb̄ signal, as outlined in Section 6.2. In this analysis,1639

the nominal pairing method is based on a Boosted Decision Tree (BDT), which is used for1640

the background estimation, systematic uncertainty evaluation, and the final results. How-1641

ever, much of the development and optimization focused on a neural network (NN)–based1642

pairing method. Due to the central role of the pairing algorithm in the analysis sensitivity,1643

additional details on the BDT setup and training are provided in Appendix B, while this1644

section details the motivations and strategies behind the grouping and comparison of the1645

two methods.1646

The kinematic diversity of the signal, driven by the wide range of resonance masses1647

considered, necessitates a tailored approach to jet pairing. Because the mass of the SM1648

Higgs boson is fixed, the event topology is predominantly determined by the mass difference1649

between the heavy resonance X and the lighter scalar S. When mX is only slightly greater1650

than mS + mH , the limited available phase space results in both the S and H bosons1651

being produced nearly at rest. This “compressed” regime, characterized by mX
mS+mH

< 1.33,1652

leads to final-state b-jets that are close in angle, making correct jet pairing particularly1653

challenging.1654

Conversely, when the mass splitting is large, the S and H bosons are highly boosted.1655

In these cases, the two b-jets from each boson are close in angular distance to each other1656

but are well separated from the other pair, simplifying the pairing task. Not all signal mass1657

points fall neatly into these groups; some are intermediate and display kinematics that blend1658

features of both regimes. These observations motivate the definition of kinematic groups1659

for the ML-based pairing algorithms. For the NN, three groups are defined: “compressed,”1660

“separated,” and “middle,” corresponding to small, large, and intermediate mass splittings,1661

respectively. The BDT method uses nearly identical training groups, defined as “com-1662

pressed” and “non-compressed.” The “non-compressed” group is functionally equivalent to1663

the NN’s “separated” group, with the addition of the signal points grouped as “middle” by1664

the NN. Figure 7.6 illustrates the assignment of mass points to these groups for both algo-1665
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rithms. The convergence of independent studies toward similar groupings across different 1666

kinematic regimes demonstrates the robustness and physical motivation of this approach. 1667

Dividing the signal samples in this way allows each ML pairing model to be optimized for 1668

the unique challenges of its respective kinematic regime, ultimately improving the pairing 1669

performance across the full signal phase space. 1670
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Figure 7.6: Assignment of signal mass points to the training groups of the NN (a) and

the BDT (b). The compressed group consists of signal points where the mass difference

between X and S +H is small, resulting in S and H being produced nearly at rest. The

non-compressed group in the BDT and the separated group in the NN contain signal points

where both scalars are significantly boosted. The NN includes an additional group, referred

to as the middle group, representing mass points whose kinematics are intermediate between

the compressed and separated groups.

NN Training 1671

To construct the NN (and BDT) jet pairing training set in the resolved SH → bb̄bb̄ channel, 1672

additional criteria are imposed beyond the nominal event selection: 1673

• ∆Rbb > 1.0 between the two b-quarks originating from the H boson at truth level, 1674
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• ∆Rbb > 1.0 between the two b-quarks from the S boson at truth level,1675

• Truth matching: Each truth-level b-quark must be uniquely matched to a recon-1676

structed small-R jet within ∆R(jet, b-quark) < 0.4.1677

These requirements ensure that the training set contains events where each b-quark can be1678

reconstructed as a single jet and reliably matched to the truth information.1679

All signal MC samples with mX between 200 and 3000 GeV are used for NN training1680

and validation. For each selected event, the three possible pairings of the four b-tagged1681

jets are constructed and included among the training variables. Crucially, both the NN1682

and the BDT treat the two jet pairs symmetrically, without explicitly assigning jets to S1683

or H, in order to avoid sculpting background distributions and introducing analysis biases,1684

a problem observed in earlier NN pairing prototypes. Correct jet pairings are assigned1685

by matching reconstructed b-jets to generator-level b-quarks using the minimum angular1686

distance criterion, ensuring unbiased training.1687

To maximize the use of available data and prevent overfitting, a five-fold cross-validation1688

scheme is employed for NN training [146, 147]. Events are partitioned into five folds based1689

on their event number modulo five. For each fold, the NN is trained on the remaining four1690

folds and validated on the held-out fold. In this way, every event is ultimately evaluated by1691

a network that was not trained on it, and a consistent approach can be applied to both MC1692

and data.1693

The NN is trained on a set of 27 kinematic variables, including ∆ηjj , ∆ϕjj , and ∆Rjj1694

for both pairs and all three possible pairings (18 variables), along with ∆ηSH , ∆ϕSH , and1695

∆RSH for the S and H candidates of each pairing (9 variables). Table 7.2 summarizes1696

these variables. Early stopping and a grid search over network hyperparameters (number1697

of layers, neurons, normalization, batch size, activation functions, learning rate) were used1698

to prevent overfitting and optimize model performance.1699

The final neural network architecture comprises an input layer with 64 neurons, followed1700

by dense layers of 32, 16, and 3 neurons, respectively. The last three output neurons1701

represent the probability that each respective pairing is correct. The network is trained1702

with a batch size of 2000, input normalization, a learning rate of 0.003, and uses a softmax1703
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Table 7.2: List of neural network training variables and their descriptions. Variables

are computed from four jets labeled {i, j, k, l} for all three pairings [{1,2,3,4}, {1,3,2,4},

{1,4,2,3}]. The S and H candidates are treated symmetrically; the S/H assignment is

independent of the training.

NN Training Variable Description

∆ηij Difference in η between i-th and j-th jet

∆ϕij Difference in ϕ between i-th and j-th jet

∆Rij Angular distance between i-th and j-th jet

∆ηkl Difference in η between k-th and l-th jet

∆ϕkl Difference in ϕ between k-th and l-th jet

∆Rkl Angular distance between k-th and l-th jet

∆ηSH Difference in η between Sij and Hkl candidates

∆ϕSH Difference in ϕ between Sij and Hkl candidates

∆RSH Angular distance between Sij and Hkl candidates

output with a categorical cross-entropy loss. While this is a relatively simple architecture, 1704

it is well suited for the pairing task, balancing efficiency and background modeling, which is 1705

essential for robust data-driven background estimation. The performance of the NN pairing 1706

is demonstrated in Figure 7.8, which shows the reconstructed mass distributions for S and 1707

H in a representative mass scenario. 1708

Comparison of NN and BDT Performance 1709

Both the NN and BDT algorithms provide robust jet pairing performance across the con- 1710

sidered mass range. The BDT pairing employs a variable set similar to the NN, with the 1711

addition of mass and pT differences between the reconstructed bosons for the different pair- 1712

ings, as described in Appendix B. This additional information allows the BDT to achieve 1713

superior mass reconstruction, particularly at highmS . By contrast, the NN pairing produces 1714

a slightly more accurate background model with reduced modeling uncertainties. 1715
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(a) (b) (c)

Figure 7.7: Distributions of key NN training inputs for the separated group: (a) ∆ηjj , (b)

∆ϕjj , and (c) ∆Rjj , for S and H candidates. The signal corresponds to correctly paired

jets, while the background consists of incorrect pairings. The histograms are normalized to

account for the fact that there are twice as many incorrect pairings as correct pairings per

event.
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Figure 7.8: Reconstructed mass distributions using the NN pairing for mX = 400 GeV: (a)

mH and (b) mS . Clear mass peaks are observed, with a small excess near 125 GeV in (b)

due to events where jets are correctly paired but S and H assignments are swapped.
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The final choice of pairing method for the nominal analysis was determined by a com- 1716

parison of the expected statistical-only 95% confidence level limits for the X → SH → bb̄bb̄ 1717

decay, as shown in Figure 7.9. While the NN-based pairing yields marginally improved 1718

sensitivity for some lower-mass signal points, the BDT-based pairing offers a significant 1719

sensitivity improvement at higher masses. Consequently, the BDT pairing was selected as 1720

the default for the resolved channel analysis and all the results in the following sections use 1721

the BDT pairing. 1722

Figure 7.9: Ratio of statistical-only 95% confidence level upper limits for X → SH →

bb̄bb̄ between the NN and BDT pairing methods, evaluated using resolved signal samples.

The NN pairing shows slightly better sensitivity for some low-mass points, while the BDT

provides a substantial improvement at higher masses.
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7.3.2 Assignment of S and H Candidates1723

As this is an asymmetric decay, the intermediate scalar bosons S and H are not identical,1724

making it essential to correctly assign each reconstructed b-jet pair to its parent boson1725

after the BDT determines the best pairing. This assignment leverages a key kinematic1726

correlation observed in MC studies: the pair of b-jets with the larger angular separation1727

∆Rbb often originates from the heavier scalar boson, since the more massive particle is1728

typically less boosted and its decay products are more widely separated. This trend is1729

illustrated for various mass hypotheses in Figure 7.10, where the ∆R distribution is shown1730

for b-quark pairs from both S and H. The efficiency of the S and H assignment is nearly1731

100% when mS and mH are well separated, but drops to as low as 60% for signal samples1732

with mS = 100 GeV, where the masses are closer together.1733
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Figure 7.10: Distribution of ∆R between the two b-quarks from the decays of the scalar S

(dashed) and the SM Higgs boson (solid) for signal samples with mX = 750 GeV and mS

as indicated in each panel. See the SH4b Internal Note [145].

The assignment procedure is therefore straightforward: for each event, after selecting1734

the optimal b-jet pairing, the pair with the larger ∆Rbb is assigned to the heavier boson, and1735
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the pair with the smaller ∆Rbb is assigned to the lighter boson. This method is robust across 1736

different mass combinations and efficiently exploits the differences in kinematics between 1737

the S and H decays. Figure 7.11 provides a schematic of this assignment strategy. 1738

Figure 7.11: Illustration of the assignment of S and H candidates to the two b-jet pairs

based on their angular separation. The pair with smaller ∆R is assigned to the lighter

scalar boson for a given signal mass pair.

Depending on the signal mass hypothesis, events are grouped both by the BDT train- 1739

ing group (compressed or non-compressed) and by whether S or H is lighter (denoted as 1740

“minS” or “minH”). Each resulting configuration—compressed minS, compressed minH, 1741

non-compressed minS, and non-compressed minH—defines a unique background group for 1742

the analysis, ensuring a tailored treatment for all relevant kinematic regions. 1743
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7.3.3 Background Reduction1744

Background processes present a major challenge in analyses with 4b final-states, particu-1745

larly due to the overwhelming presence of multijet QCD and tt̄ production, as discussed in1746

Section 6.3. To enhance signal purity, additional selection criteria are applied based on the1747

reconstructed kinematics of the S and H candidates.1748

A key variable used to suppress background is the pseudorapidity separation between1749

the reconstructed S and H bosons, denoted as ∆ηSH . Signal events, particularly those1750

from the asymmetric decay topology considered here, tend to produce S and H bosons1751

with relatively small separation in η, whereas background processes, such as QCD multijet1752

production, often produce more widely separated jets. For this reason, a requirement of1753

|∆ηSH | < 1.5 is imposed. This cut was determined to provide an optimal balance between1754

signal efficiency and background rejection across the full range of signal mass points.1755

In addition to ∆ηSH , other discriminating variables were considered for further back-1756

ground reduction. One example is the top veto discriminant, XWt, which is designed to1757

reject events consistent with hadronic tt̄ decays as defined in Equation 6.1. However, in the1758

present analysis, imposing a cut on XWt was found to reduce signal acceptance, especially1759

for signal models with masses near the W boson or top quark mass (approximately 80.41760

GeV and 173 GeV, respectively). For lower mX and mS values, this selection would remove1761

a significant fraction of signal events as shown in Figure 7.12, so it is not included in the1762

nominal resolved analysis.1763

The overall strategy is thus to apply a ∆ηSH requirement to increase the signal-to-1764

background ratio while preserving high acceptance for a broad range of signal hypotheses.1765

The effects of this selection on signal acceptance and efficiency are illustrated in Figure 7.131766

for representative mass points.1767

7.3.4 Kinematic Region Definition1768

Accurate definition of the signal and control regions is crucial for maximizing sensitivity and1769

ensuring a robust background estimation. In the resolved channel, the regions are defined1770

based primarily on the reconstructed mass of the Higgs boson candidate, mH , in each1771
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(mX GeV,mS GeV): (300,70), (400,70), (400,170) and the simulated tt̄. Requiring that

XWt > 1.5 as an additional kinematic cut would result in a significant loss in signal events

for these samples despite the background reduction.

Total Triggers >= 4 b-jets  < 1.5
SH

η∆  > 1.6SHX

SR Cuts

1−10

1

10

210

 E
ffi

ci
en

cy
×

A
cc

ep
ta

nc
e 

-1
Ldt = 126 fb∫ = 13 TeV, s

 jets, R = 0.4tanti-k

bbb b→ S H →ggF X 
b4

 InternalATLAS
 = 400

S
 = 1000, mXm

(a)

Total Triggers >= 4 b-jets  < 1.5
SH

η∆  > 1.6SHX

SR Cuts

1−10

1

10

210

 E
ffi

ci
en

cy
×

A
cc

ep
ta

nc
e 

-1
Ldt = 126 fb∫ = 13 TeV, s

 jets, R = 0.4tanti-k

bbb b→ S H →ggF X 
b4

 InternalATLAS
 = 500

S
 = 1000, mXm

(b)

Total Triggers >= 4 b-jets  < 1.5
SH

η∆  > 1.6SHX

SR Cuts

1−10

1

10

210

 E
ffi

ci
en

cy
×

A
cc

ep
ta

nc
e 

-1
Ldt = 126 fb∫ = 13 TeV, s

 jets, R = 0.4tanti-k

bbb b→ S H →ggF X 
b4

 InternalATLAS
 = 750

S
 = 1000, mXm

(c)

Figure 7.13: Acceptance × efficiency plots obtained for the trigger, 4b selections, QCD

background rejection (∆ηSH) selections in SRs defined by XSH < 1.6, when using the

BDT-paired jets for mX = 1000 GeV and (a) mS = 400 GeV, (b) mS = 500 GeV, (c) mS =

750 GeV. See the SH4b Internal Note [145].

event. A one-dimensional blinding strategy is implemented along the mH axis. The signal 1772

region (SR) is centered at the known Higgs boson mass, m′
H = 125 GeV, with boundaries 1773
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determined by the parameter β = 0.16, a value obtained from optimization studies that1774

maximizes the expected sensitivity based on statistics-only limits. The SR is defined as1775

follows:1776

m′
H

1 + β
< mH <

m′
H

1− β
(7.1)

This choice yields a symmetric interval around the Higgs mass and is consistent with1777

the kinematic properties of the signal. Control regions (CRs) are defined as sidebands to1778

the SR and are used for data-driven background modeling and validation. The width of the1779

CRs is controlled by the parameter αCR, set to 1.6, resulting in the following boundaries:1780

Left sideband (CR): 59.3 GeV < mH < 107.8 GeV

Signal region (SR): 107.8 GeV < mH < 148.8 GeV

Right sideband (CR): 148.8 GeV < mH < 190.7 GeV

(7.2)

For each signal hypothesis, sub-signal regions (sub-SRs) are constructed in the two-1781

dimensional mH–mS plane. These sub-SRs are defined as elliptical regions, or ”ovals,”1782

around each S mass point to account for the variable resolution of the reconstructed S1783

mass. The boundaries of the sub-SRs are set according to the variable XSH :1784

XSH =

√(
mH −m′

H

rf,H ·mH

)2

+

(
mS −m′

S

rf,S ·mS

)2

< 1.6 (7.3)

Here, m′
H is fixed at 125 GeV, and rf,H = 0.1 is the Higgs mass resolution factor. The1785

center m′
S and resolution rf,S for the S candidate are obtained from the distributions of1786

the reconstructed mS of the signal samples, as summarized in Table 7.3, to optimize signal1787

coverage for each mass point.1788

This approach ensures that the signal region is tightly matched to the kinematic prop-1789

erties of each signal hypothesis, maximizing the fraction of signal events retained while1790

minimizing contamination from background. The resulting SRs and CRs are illustrated1791

in the mH–mS plane in Figure 7.15. This kinematic region definition forms the basis for1792

subsequent background estimation and statistical analysis.1793
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Figure 7.14: Example reconstructed mass distributions for selected signal points. The pink

solid line shows the median after the 4b selection, with the pink dashed line indicating

the same for the initial selection. The blue solid line marks the innermost 68% quantile,

while the blue dashed line shows its median. The black dashed line represents the average

median across all signals with the same mS . Orange indicates BDT-paired events with the

∆ηSH < 1.5 selection, while the green filled area shows the 1D signal region after the XSH

selection. a displays mS for mX = 750 GeV, mS = 400 GeV, and b displays mH for the

same mass point. See the SH4b Internal Note [145].

7.3.5 Analysis Categorization 1794

To enhance the sensitivity of the search for scalar resonances, the signal region is subdivided 1795

into analysis categories, where the main discriminant is separated into different subdivisions 1796

of other observables. This approach follows the strategy used in the Run 2 non-resonant 1797

HH → 4b analysis and leverages additional kinematic information to improve discrimination 1798

between signal and background. 1799

Two key variables are used to define the categories: |∆ηSH |, the pseudorapidity separa- 1800

tion between the reconstructed S and H bosons, and XSH , the elliptical variable described 1801

in Section 7.3.4 that defines the sub-signal regions in themH–mS mass plane. Both variables 1802

already serve critical roles in background rejection and signal region definition. By catego- 1803
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Table 7.3: The optimal values for the center of the oval of each sub-SR and the width of

the ellipse along mS for all the 13 signal regions that are used in the search for the 56 signal

mass points.

True m′
S Reconstructed m′

S rf,S

70 71.7 0.1

100 98.2 0.1

170 158.1 0.1

200 183.6 0.1

250 224.7 0.2

300 266.7 0.2

400 346.8 0.2

500 424.6 0.2

750 626.6 0.2

1000 823.7 0.2

1500 1200.9 0.2

2000 1571.6 0.3

2500 1952.0 0.3

rizing events along these axes, it is possible to target regions of phase space with distinct1804

signal-to-background characteristics and thereby improve overall analysis sensitivity.1805

Figure 7.16 displays the distributions of |∆ηSH | and XSH in the signal region for events1806

reconstructed with the BDT pairing method, shown for m′
S = 300 GeV. In both panels,1807

the estimated background distribution from the normalizing flow method is compared to1808

the expected distributions from two representative signal mass points, each normalized to1809

a reference cross section of 1 fb. This visualization illustrates how event categorization in1810

these two variables enhances the ability to distinguish signal from background.1811

By dividing the analysis into categories based on |∆ηSH | and XSH , the search maximizes1812
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non-compressed region for a selected number of m′
S mass points considered in the resolved

analysis. a shows the mH -mS mass plane and kinematic regions for m′
S > 125 GeV and b

shows this for m′
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Figure 7.16: Distribution of |∆ηSH | in (a) and XSH in (b) for the BDT-reconstructed S

and H candidates in the signal region for m′
S = 300 GeV. The background estimate from

the normalizing flow method (brown) is compared with two simulated signal mass points,

each normalized to 1 fb.
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sensitivity across a broad range of signal kinematics and mass hypotheses, ensuring that1813

regions with varying signal-to-background ratios contribute optimally to the final statistical1814

analysis.1815

In total, we have 6 analysis categories defined as follows:1816

• Category 0: 0.0 < |∆ηSH | < 0.5, 0.0 < XSH < 0.951817

• Category 1: 0.5 < |∆ηSH | < 1.0, 0.0 < XSH < 0.951818

• Category 2: 1.0 < |∆ηSH | < 1.5, 0.0 < XSH < 0.951819

• Category 3: 0.0 < |∆ηSH | < 0.5, 0.95 < XSH < 1.61820

• Category 4: 0.5 < |∆ηSH | < 1.0, 0.95 < XSH < 1.61821

• Category 5: 1.0 < |∆ηSH | < 1.5, 0.95 < XSH < 1.61822

7.3.6 Small Standard Model Backgrounds1823

While the dominant backgrounds in the bb̄bb̄ final state arise from QCD multijet and tt̄1824

production, several smaller Standard Model (SM) processes can also contribute to the event1825

yield in the signal region. These subdominant backgrounds includeH → bb̄ decays produced1826

via gluon-gluon fusion (ggF) and vector boson fusion (VBF), as well as Z → bb̄ production.1827

The cross sections for these processes are provided in Table 7.4.1828

Although these backgrounds make up only a few percent of the total, it is important1829

to assess both their event yields and kinematic distributions to ensure that they do not1830

introduce significant biases or localized resonances within the signal regions defined for the1831

analysis. In particular, care must be taken to confirm that these backgrounds are properly1832

modeled by the data-driven background estimation techniques used in this analysis.1833

The treatment of these backgrounds follows the same reconstruction and categoriza-1834

tion steps applied to the signal and primary backgrounds. Specifically, events are paired1835

using the BDT method for both compressed and non-compressed regions, and the assign-1836

ment between the S and H bosons is performed according to the angular separation of the1837
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Table 7.4: Cross sections for H → bb̄ and Z → bb̄ SM processes.

Sample σ (pb)

ggF H → bb̄ 28.30

VBF H → bb̄ 2.18

Z → bb̄ 137.74

paired b-jets, resulting in four configurations: compressed/minH, compressed/minS, non- 1838

compressed/minH, and non-compressed/minS. Table 7.5 summarizes the expected yields of 1839

these SM backgrounds in the blinded signal band for each configuration and data-taking 1840

year. The event yields are found to be negligible compared to the QCD and tt̄ backgrounds, 1841

with even the largest contributions from Z → bb̄ amounting to only a few percent of the 1842

total background in specific regions. 1843

The mH versus mS distributions for Z → bb̄, shown in Figure 7.17, further confirm 1844

that no significant resonant structure is present in the signal region. The smooth kinematic 1845

behavior of these backgrounds means they are readily absorbed into the overall background 1846

estimate as it interpolates from the control to the signal region. 1847

Although H → bb̄ and Z → bb̄ processes are present, their contribution to the total 1848

background is negligible both in rate and in their impact on the discriminating variables. 1849

The data-driven background estimation method used in this analysis is well-equipped to 1850

model their residual effect without introducing bias or spurious structure in the search for 1851

X → SH → bb̄bb̄. 1852

7.4 Background Estimation 1853

The background estimation in the resolved analysis is performed using a fully data-driven 1854

generative modeling framework through the method of normalizing flows and Gaussian pro- 1855

cesses discussed in Section 6.4, leveraging the statistical power of data in the control regions 1856
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Figure 7.17: Distributions of mH versus mS for Z → bb̄ production, shown in the

four BDT pairing configurations: (a) compressed/minH, (b) compressed/minS, (c) non-

compressed/minH, and (d) non-compressed/minS. The signal band (encompassing all sub-

signal regions) and control region are indicated. These distributions demonstrate that the

Z → bb̄ background is smoothly distributed across the mass plane and does not introduce

any problematic resonance within the signal region.
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Table 7.5: Signal band yields for the ggF H → bb̄, VBF H → bb̄, and Z → bb̄ processes,

shown for different event categories and years. Uncertainties are statistical only.

Process Pairing Selection 2016 2017 2018 Total

ggF H → bb̄

Compressed minH 23.0± 3.69 33.32± 8.93 50.96± 13.83 107.28± 16.86

Compressed minS 21.14± 3.30 33.70± 9.08 48.93± 13.27 103.77± 16.41

Non-compressed minH 12.50± 2.01 17.68± 4.56 33.51± 8.88 63.69± 10.18

Non-compressed minS 17.69± 2.78 31.05± 8.25 43.23± 11.78 91.97± 14.65

VBF H → bb̄

Compressed minH 2.14± 0.06 3.57± 0.15 5.39± 0.30 11.10± 0.34

Compressed minS 1.92± 0.05 3.09± 0.12 3.95± 0.22 8.96± 0.26

Non-compressed minH 1.47± 0.04 2.55± 0.11 4.08± 0.23 8.10± 0.26

Non-compressed minS 1.71± 0.05 2.94± 0.12 4.64± 0.26 9.29± 0.29

Z → bb̄

Compressed minH 886.9± 58.2 1460.9± 84.5 2029.1± 108.5 4376.9± 147.9

Compressed minS 903.9± 64.3 1652.3± 98.5 2240.2± 117.4 4796.4± 166.2

Non-compressed minH 742.2± 55.4 1151.7± 77.1 1911.4± 107.4 3805.3± 143.3

Non-compressed minS 905.2± 62.7 1505.2± 95.8 2196.1± 116.4 4606.5± 166.3

(CRs) and minimizing dependence on Monte Carlo simulation. This approach is essential 1857

given the complexity of QCD multi-jet backgrounds and the limitations of simulation in the 1858

4b phase space. 1859

The central objective is to predict the multivariate distribution of background events in 1860

the blinded signal region (SR), using only the observed data in the CRs. This is accom- 1861

plished by training the normalizing flows to learn the joint distribution of relevant kinematic 1862

variables for the S and H candidates, conditioned on the Higgs candidate mass (mH) and 1863

the data-taking year. The generative model thus captures both the event-level correlations 1864

and the year-to-year variations in detector performance. 1865

The variables used in flow training, conditioning, and reconstruction are summarized in 1866
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Table 7.6. Specifically, the flows are trained to model1867

pt(x⃗ | y⃗)

where x⃗ includes pT,H , pT,S , ηH , ηS , ∆ϕSH , mS , and XWt, while y⃗ comprises mH and the1868

data-taking year. Event-level observables such as mSH and ∆ηSH are reconstructed from1869

the sampled flow outputs via four-vector addition.1870

Table 7.6: Kinematic variables used in normalizing flow training, conditioning, and down-

stream reconstruction for the background estimate.

Flow Training Variables Description

pT,H Transverse momentum of Higgs candidate

pT,S Transverse momentum of scalar S candidate

ηH Pseudorapidity of Higgs candidate

ηS Pseudorapidity of scalar S candidate

∆ϕSH Difference in ϕ between S and H candidate

mS Scalar S candidate mass

XWt Top veto variable

Flow Conditioning Variables Description

mH Higgs candidate mass

Year Data collection year

Reconstructed Variables Description

mSH SH system mass

pT,SH SH system transverse momentum

∆ηSH Difference in η between S and H candidate

The normalizing flows utilize rational quadratic spline coupling layers [148]. The hy-1871

perparameters shown in Table 7.7 define the flexibility and training configuration of the1872

model. Specifically, the number of transformation layers (L) and residual blocks per layer1873

(nb) control the depth and expressivity of the network, while the number of hidden nodes1874
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per residual block (H) determines the network’s capacity for learning non-linear features. 1875

The number of spline bins (K) sets the granularity of the spline used for each coupling trans- 1876

formation. The learning rate (ϵ) is chosen to ensure stable convergence and the dropout 1877

rate (p) helps prevent overfitting. These hyperparameters were optimized to provide robust 1878

modeling and reliable background predictions across both signal and control regions. 1879

Table 7.7: Hyperparameters and configuration settings used to train the normalizing flows.

Parameter Description Value

L Number of transformation layers 10

nb Number of residual blocks per layer 1

H Number of hidden nodes per residual block 32

K Number of spline bins 4

ϵ Learning rate 0.001

p Dropout rate 0.1

To quantify the modeling uncertainty due to neural network initialization and stochastic 1880

training, an ensemble of 25 normalizing flows is independently trained. The final background 1881

prediction is taken as the ensemble mean, with the spread (standard deviation) representing 1882

the associated uncertainty in relevant plots, such as the Figures 7.18 and 7.19 below which 1883

demonstrate the modeling of the normalizing flows in the CR of the compressed and non- 1884

compressed BDT pairing with the minH assignment. 1885

7.4.1 Signal Region Prediction Using Gaussian Processes 1886

As the normalizing flows are conditioned on mH , an accurate prediction of the mH dis- 1887

tribution in the SR is required. This is provided by a Gaussian process (GP) regression, 1888

which is trained on the binned mH distribution observed in the CR for each category 1889

and pairing (compressed/non-compressed, minH/minS, and year). The GP, defined as 1890

f(x) ∼ GP(0, k(x, x′)) with an RBF kernel (see Eq. 6.4 in Chapter 6), yields a central 1891

value and associated uncertainty band for the mH spectrum in the blinded region. 1892
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Figure 7.18: Distributions of kinematic variables of the S and Higgs candidate bosons for

the predictions from the normalizing flows in the Control Region for the compressed and

non-compressed BDT pairings when mS > mH .
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Figure 7.19: Distributions of kinematic variables of the SH candidates and event level

variables XSH and XWt for the predictions from the normalizing flows in the Control Region

for the compressed and non-compressed BDT pairings when mS > mH .
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The fitted GP is evaluated within the boundaries of the SR, providing the predicted mH1893

normalization and shape. This mH spectrum is then sampled as input to the normalizing1894

flow, enabling generation of background events in the SR with both correct normalization1895

and associated uncertainty. Figure 7.20 shows example GP fits for the non-compressed and1896

compressed minH pairings in 2018 4b data. The band reflects the uncertainty from the1897

spread in the distribution of the 25 predictions. The normalization of the background in1898

the SR is determined directly from the integral of the GP prediction in the blinded region.1899
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Figure 7.20: Gaussian process regression for the Higgs candidate mass (mH) distribution

in the (a) non-compressed minH and (b) non-compressed minS selection for the nominal 4b

data in 2018. Points show data in the CR and SR, while the shaded band show the GP

prediction and its uncertainty.

In summary, the background estimate in the X → SH → bb̄bb̄ resolved analysis proceeds1900

as follows:1901

1. Train conditional normalizing flows on CR data from the sidebands of the mH distri-1902

bution to model the joint kinematics of S and H, conditioned on mH and year.1903
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2. Train a Gaussian process on the mH distribution in the CR, and use it to predict the 1904

mH distribution in the blinded SR. 1905

3. Generate high-statistics synthetic background events in the SR by sampling from the 1906

trained flows while using the GP prediction for mH . 1907

4. Assign systematic and statistical uncertainties from the ensemble, the GP regression, 1908

and normalization, and propagate them into the statistical analysis. 1909

This approach provides a robust, flexible, and high-precision background estimate an- 1910

chored in data, well-suited to the high-dimensional, limited phase space. Further details 1911

on the systematics, performance, and closure of this method are presented in the following 1912

sections. 1913

7.5 Background Systematics 1914

Accurately quantifying uncertainties in the background estimate is essential to the integrity 1915

of this search. The main sources of systematic uncertainty in the data-driven background 1916

prediction arise from: (1) the modeling flexibility and initialization of the neural network 1917

architectures (normalizing flows and Gaussian processes) used for background estimation, 1918

and (2) residual mismodeling, or non-closure, observed in data control samples. 1919

7.5.1 Shape Uncertainties from Deep Ensembles 1920

As the background estimation in this analysis leverages two neural network models (normal- 1921

izing flows and GPs), systematic uncertainties arising from both models must be rigorously 1922

propagated to the final background prediction. To achieve this, a deep ensemble approach 1923

is employed [149, 150]. Twenty five independent normalizing flows are trained, each condi- 1924

tioned on a random realization of the GP mH spectrum for the signal region. This ensures 1925

that both the stochastic fluctuations in the neural network training (initialization, opti- 1926

mization) and the statistical uncertainty from the GP background shape are consistently 1927

propagated to the flow predictions. The resulting ensemble of mSH predictions for a rep- 1928
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resentative non-compressed signal point, mX = 400 GeV, mS = 200 GeV, is illustrated in1929

Fig. 7.21.1930
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Figure 7.21: Twenty five predictions of the categorized mSH distributions from the nor-

malizing flows, each conditioned on a different GP sample for the non-compressed signal

region (mX = 400 GeV, mS = 200 GeV). The average prediction is shown in red. See the

SH4b Internal Note [145].

To quantify the correlated bin-by-bin uncertainties for use in the statistical analysis, a1931

principal component analysis (PCA) [151] is performed on the ensemble predictions. The1932

first step is to construct the sample covariance matrix Q from the normalized binned pre-1933

dictions of the ensemble:1934

Qjk =
1

n+ 1

n∑
i=1

(
bij − b̄j

) (
bik − b̄k

)
, (7.4)

where bij is the value in the j-th bin of the i-th normalized ensemble prediction, and b̄j is1935

the mean over all n predictions in bin j.1936

The next step is to diagonalize Q by eigen-decomposition, yielding eigenvalues λ and1937

corresponding eigenvectors vλ, which represent the principal components (directions of max-1938
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imum variance in the prediction space): 1939

Q = PDPT , (7.5)

D = diag(λ1, ..., λm), (7.6)

where the columns of P are the principal component eigenvectors vλ. 1940

The principal components with the largest eigenvalues represent the dominant shape 1941

variations, while those with small eigenvalues are treated as statistical noise. As only a 1942

limited number of principal components have corresponding eigenvalues significantly larger 1943

than zero, we retain only a subset of the eigenvariations to capture the most significant 1944

uncertainty structure, with the remaining components treated as noise [151]. To deter- 1945

mine the optimal number of principal components to use as systematic shape uncertainties, 1946

an autocorrelation-based approach is employed. Autocorrelation quantifies the similarity 1947

between a series and a lagged version of itself. For each eigenvector, the autocorrelation 1948

function is computed, and the resulting correlation coefficients are combined in quadrature 1949

to yield a single scalar metric. This metric serves as an indicator of whether the eigenvector 1950

exhibits systematic patterns or behaves more like uncorrelated noise. A threshold criterion 1951

is applied to classify the eigenvectors: those with autocorrelation sums exceeding a certain 1952

threshold are designated as systematic shape uncertainties, while those below the threshold 1953

are treated as uncorrelated uncertainties. This method ensures that the number of shape 1954

uncertainties retained is data-driven and avoids overfitting the background model to random 1955

fluctuations. 1956

The systematic uncertainty variation for each principal component is constructed as 1957

sλ = N
√
λ vλ, (7.7)

where N is the ensemble normalization factor, λ is the eigenvalue, and vλ is the correspond- 1958

ing eigenvector. 1959

Figure 7.22 shows the eigenvalue spectrum, while Figure 7.23 displays the principal 1960

component shape variations for the mSH distribution for the SR of mX = 400 GeV, 1961

mS = 200 GeV. These principal component variations are implemented as correlated shape 1962
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systematics in the statistical model, ensuring that the fit is sensitive to the true uncertainty1963

structure of the flow and GP-based background estimate.1964
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Figure 7.23: Leading principal component variations in the mSH distribution from the

deep ensemble for the non-compressed region (mX = 400 GeV, mS = 200 GeV). The

shaded envelope indicates the standard deviation across the 25 ensemble predictions in each

bin. See the SH4b Internal Note [145].
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7.5.2 Background Non-Closure Uncertainty1965

To further guard against possible mismodeling of the background, an additional non-closure1966

uncertainty is included. This is derived by comparing the background prediction to observed1967

data in the 3b kinematic region, which serves as an independent validation sample not used1968

in the fit. For each mSH bin, the non-closure uncertainty is calculated as1969

3b non-closure uncertaintyi =
obs3b,i − pred3b,i

n3b, tot
× n4b, tot, (7.8)

where obs3b,i and pred3b,i are the observed and predicted counts in bin i of the 3b signal1970

region, and n3b, tot, n4b, tot are the total observed event counts in the 3b and 4b signal regions,1971

respectively. This scaling ensures that the uncertainty is normalized to the 4b yield.1972

This bin-by-bin uncertainty accounts for shape differences between observed and pre-1973

dicted data, while the non-closure in total yield between the data and prediction is taken as1974

a normalization uncertainty. Figure 7.24 shows the resulting non-closure shape uncertainty1975

for a representative non-compressed BDT pairing of mX = 400 GeV, mS = 200 GeV.1976
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Figure 7.24: The 3b non-closure uncertainty as a function of mSH , derived for the non-

compressed BDT pairing whenmX = 400 GeV,mS = 200 GeV. The up and down variations

from the non-closure is shown in red and blue respectively. See the SH4b Internal Note [145].

Thus, the complete background systematics incorporated in the analysis include:1977
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• Shape uncertainties derived from principal component variations in the deep ensemble 1978

of neural network background predictions, propagated for both compressed and non- 1979

compressed regions. 1980

• An additional non-closure uncertainty, derived from direct comparison of prediction 1981

and data in the 3b validation region, included bin-by-bin in the mSH distribution. 1982

Together, these uncertainties provide a comprehensive and data-driven treatment of 1983

potential background mismodeling, ensuring the robustness of the statistical interpretation 1984

of the results. 1985

7.5.3 Background Validation Studies 1986

The background estimation strategy in this analysis is fully data-driven, relying on gener- 1987

ative models trained on control region data. As a result, direct validation of the method 1988

within the blinded signal region is not possible prior to unblinding. Instead, the accuracy 1989

and robustness of the background prediction, including the assigned systematic uncertain- 1990

ties, are tested using dedicated validation regions constructed by modifying the nominal 1991

event selection. 1992

Two principal validation regions are defined, as shown in Figure 7.25: 1993

• Events with |∆ηSH | > 1.5 (inverted kinematic selection). 1994

• Events with exactly 3 b-tagged jets, where the fourth jet is the highest pT jet that 1995

fails the b-tagging requirement. 1996

Each validation region contains its own pseudo-control and pseudo-signal regions, defined 1997

analogously to those in the nominal analysis, to facilitate direct testing of the modeling 1998

approach. The validation region found to be most representative of the nominal signal region 1999

is the 3b region with |∆ηSH | < 1.5, as it most closely matches the kinematic properties of 2000

the 4b selection used in the analysis. In the 3b validation region, events are required to have 2001

exactly three jets passing the full selection and b-tagging requirements, while the fourth 2002

jet is selected as the highest pT jet that fails the same b-tagging criteria. This selection 2003
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Ntag 4 Ntag = 3

| SH| > 1.5

| SH| < 1.5 Analysis Region Validation Region

Validation Region

Figure 7.25: Definition of the validation regions used to test the data-driven background

estimate. These regions are obtained by inverting kinematic cuts or altering the b-tag

multiplicity from the nominal selection.

provides a statistically independent sample for testing the performance of the background2004

estimation framework.2005

The predictive power of the background model is validated by comparing the predicted2006

and observed distributions for the discriminant variable, mSH , in the pseudo-signal regions2007

of these validation samples. Where discrepancies between the prediction and the observed2008

data are identified, a non-closure systematic uncertainty is derived and included in the2009

final fit, as discussed in Section 7.5.2. This ensures that any limitations in the modeling are2010

propagated to the main result. The total systematic uncertainty assigned to the background2011

prediction in the signal region therefore includes both the statistical uncertainty from the2012

modeling ensemble and the non-closure uncertainty derived from these validation studies,2013

providing a conservative and data-driven estimate of the background modeling uncertainty.2014
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GP Fit Performance and Validation 2015

The performance of the Gaussian process (GP) regression used to predict the mH spectrum 2016

in the blinded signal region is validated in both 3b and 4b samples. Figure 7.26 shows 2017

side-by-side comparisons of the GP fit for the mH distribution in the 3b and 4b validation 2018

regions for the non-compressed pairing with mH < mS in the 2017 data. This comparison 2019

demonstrates that the GP regression adequately models the shape and normalization of the 2020

mH distribution, with any non-closure manifest in these plots and subsequently covered by 2021

the assigned systematic uncertainties. 2022
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Figure 7.26: GP fits to the mH distribution in the blinded pseudo-signal region for: (a)

3b, |∆ηSH | < 1.5 and (b) 4b, |∆ηSH | > 1.5 events, both in the non-compressed region (mH <

mS) for 2017 data. Non-closure observed in the 3b region is used to define the associated

systematic uncertainty.

Background Validation in 3b Pseudo-signal Regions 2023

Figure 7.27 displays the mSH distribution in the 3b signal region for representative signal 2024

mass points where mS = 250 GeV and all six analysis categories for both non-compressed 2025

and compressed pairings. Across all regions, the data-driven prediction generally describes 2026
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the observed data within the assigned uncertainties. Where non-closure occurs, the derived2027

non-closure systematic uncertainty ensures coverage in the statistical interpretation.2028
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Figure 7.27: The categorized mSH distribution in the 3b signal region for mS = 250 GeV.

The six subplots correspond to: (a) Category 0: 0.0 < |∆ηSH | < 0.5, 0.0 < XSH < 0.95, (b)

Category 1: 0.5 < |∆ηSH | < 1.0, 0.0 < XSH < 0.95, (c) Category 2: 1.0 < |∆ηSH | < 1.5,

0.0 < XSH < 0.95, (d) Category 3: 0.0 < |∆ηSH | < 0.5, 0.95 < XSH < 1.6, (e) Category

4: 0.5 < |∆ηSH | < 1.0, 0.95 < XSH < 1.6, and (f) Category 5: 1.0 < |∆ηSH | < 1.5,

0.95 < XSH < 1.6.
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7.6 Results 2029

7.6.1 mSH Distributions 2030

The mSH variable, categorized in ∆ηSH and XSH , serves as the primary observable for 2031

statistical interpretation. Initial fixed-width and logarithmic binning resulted in many bins 2032

with low or zero expected background, especially at high masses, which led to instability in 2033

the statistical fit. 2034

To mitigate this, an adaptive rebinning algorithm was applied to each signal region and 2035

category: adjacent bins are merged until each contains at least 10 predicted background 2036

events. This approach maintains statistical robustness and preserves resolution where statis- 2037

tics are sufficient. In regions with very low background, a lower threshold (e.g., 3 or 4 events) 2038

was tested but a minimum of 10 events per bin was chosen as the default for uniformity and 2039

fit stability. This strategy optimizes sensitivity to resonant signals while ensuring reliable 2040

signal and background extraction across all kinematic regimes. 2041

A background-only profile likelihood fit is run for themSH distribution in the categorized 2042

signal region and results are shown in Figure 7.28. 4b data yields, estimated background, 2043

and signal event yields are extracted in the sub-SR for each signal mass hypothesis. The 2044

results of the yield comparisons are shown in Table 7.8. Note that the plots and tables show 2045

the sum across all years, but the signal extraction fit and background estimate are run for 2046

the years separately. 2047

Table 7.8: Observed, background model, and signal model yields in the signal region,

summed over 2016–2018, for each simulated mass point assuming a production cross section

of 1 fb before the statistical fitting. The background model uncertainties correspond to the

standard deviation of the 25 predictions, while the signal uncertainties are statistical only.

mX [GeV] mS [GeV] Data Background Model Signal Model

300 70 65314 64500 ± 1100 0.88 ± 0.94

300 100 88027 88100 ± 1300 0.95 ± 0.98

300 170 79281 79100 ± 1900 2.0 ± 1.4
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mX [GeV] mS [GeV] Data Background Model Signal Model

400 70 65314 64500 ± 1100 2.2 ± 1.5

400 100 88027 88100 ± 1300 2.4 ± 1.6

400 170 92555 90330 ± 850 2.5 ± 1.6

400 200 90042 88660 ± 940 2.2 ± 1.5

400 250 233655 231100 ± 2200 4.0 ± 2.0

750 70 65314 64500 ± 1100 5.4 ± 2.3

750 100 88027 88100 ± 1300 9.5 ± 3.1

750 170 92555 90330 ± 850 9.1 ± 3.0

750 200 90042 88660 ± 940 9.6 ± 3.1

750 250 109846 109300 ± 1300 12.4 ± 3.5

750 300 66803 67200 ± 1100 12.0 ± 3.5

750 400 34080 34360 ± 870 11.2 ± 3.3

750 500 106464 104800 ± 2000 9.6 ± 3.1

1000 70 65314 64500 ± 1100 0.88 ± 0.94

1000 100 88027 88100 ± 1300 7.4 ± 3.0

1000 170 92555 90330 ± 850 12.9 ± 3.5

1000 200 90042 88660 ± 940 12.8 ± 3.6

1000 250 109846 109300 ± 1300 16.9 ± 4.1

1000 300 66803 67200 ± 1100 16.2 ± 4.2

1000 400 34080 34360 ± 870 16.0 ± 4.1

1000 500 20450 20110 ± 530 13.0 ± 3.9

1000 750 37975 37700 ± 1000 9.6 ± 3.0

1500 300 66803 67200 ± 1100 9.7 ± 3.2

1500 400 34080 34360 ± 870 10.8 ± 3.5

1500 500 20450 20110 ± 530 12.3 ± 3.6

1500 750 4094 4050 ± 130 14.0 ± 3.8

1500 1000 14459 14225 ± 590 12.7 ± 3.6

2000 300 66803 67200 ± 1100 2.74 ± 1.7
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mX [GeV] mS [GeV] Data Background Model Signal Model

2000 400 34080 34360 ± 870 2.93 ± 1.9

2000 500 20450 20110 ± 530 3.19 ± 2.0

2000 750 4094 3950 ± 200 4.51 ± 2.1

2000 1000 1785 1619 ± 95 6.49 ± 2.7

2000 1500 2838 2877 ± 180 14.3 ± 3.9

2500 300 66803 67200 ± 1100 0.63 ± 0.79

2500 400 34080 34360 ± 870 0.89 ± 0.94

2500 500 20450 20110 ± 530 0.94 ± 0.97

2500 750 4094 3950 ± 200 1.2 ± 1.1

2500 1000 1785 1619 ± 95 1.6 ± 1.3

2500 1500 830 727 ± 59 4.2 ± 2.0

2500 2000 1296 1460 ± 130 14.3 ± 3.8

3000 300 66803 67200 ± 1100 0.11 ± 0.33

3000 400 34080 34360 ± 870 0.18 ± 0.43

3000 500 20450 20110 ± 530 0.20 ± 0.45

3000 750 4094 3950 ± 200 0.32 ± 0.57

3000 1000 1785 1619 ± 95 0.46 ± 0.67

3000 1500 830 727 ± 59 1.0 ± 1.0

3000 2000 476 488 ± 43 3.3 ± 1.8

3000 2500 414 528 ± 59 12.8 ± 3.6

Figure 7.29 shows the unblinded mSH distribution in the 4b signal region for represen- 2048

tative signal mass points with mS = 250 GeV across all six analysis categories for both 2049

non-compressed and compressed pairings. The data-driven prediction is in good agreement 2050

with the observed data within the assigned uncertainties. Although not shown, an addi- 2051

tional 3b non-closure systematic is included to ensure adequate coverage in the statistical 2052

interpretation. 2053
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Figure 7.28: Pre-fit and post-fit of a background-only profile likelihood fit for the sub-SR

of mX = 400 GeV, mS = 200 GeV for the 4b nominal predictions and toy data. See the

SH4b Internal Note [145].
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Figure 7.29: The categorized mSH distribution in the unblinded 4b signal region for mS =

250 GeV. The six subplots correspond to: (a) Category 0: 0.0 < |∆ηSH | < 0.5, 0.0 <

XSH < 0.95, (b) Category 1: 0.5 < |∆ηSH | < 1.0, 0.0 < XSH < 0.95, (c) Category 2:

1.0 < |∆ηSH | < 1.5, 0.0 < XSH < 0.95, (d) Category 3: 0.0 < |∆ηSH | < 0.5, 0.95 <

XSH < 1.6, (e) Category 4: 0.5 < |∆ηSH | < 1.0, 0.95 < XSH < 1.6, and (f) Category 5:

1.0 < |∆ηSH | < 1.5, 0.95 < XSH < 1.6.
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7.6.2 Confidence Level Limits, Nuisance Parameter Impacts, and Correlations2054

The statistical interpretation of the analysis is performed through a combined signal-plus-2055

background fit across all analysis categories. This fit fully incorporates the common and2056

background-specific systematic uncertainties described in Sections 6.5.2 and 7.5, respec-2057

tively. The primary result of this procedure is the set of expected 95% confidence level (CL)2058

upper limits on the production cross section for the resonant X → SH → bb̄bb̄ process,2059

derived for all tested signal mass hypotheses.2060

The fit utilizes a data-driven background estimate from the generative modeling frame-2061

work and predicted signal distributions from simulation. Systematic uncertainties are in-2062

cluded as nuisance parameters in the likelihood function, and their correlations and impacts2063

are evaluated directly within the fit.2064

The key results are summarized as follows:2065

• Expected and Observed Limits: The expected 95% CL upper limits on the cross2066

section times the branching ratio are derived for each signal mass point using the CLs2067

method. Figure 7.32 displays a heatmap of both the expected and observed limits for2068

all scanned (mX ,mS) mass pairs.2069

• Uncertainty Bands: Figure 7.33 illustrates the expected and observed limits for the2070

signal hypotheses of the resolved channel. The inner (green) and outer (yellow) bands2071

represent the ±1σ and ±2σ uncertainties on the expected limit, respectively.2072

• Nuisance Parameter Pulls: The pulls for the dominant background nuisance2073

parameters in the fit for the (mX ,mS) = (400 GeV, 250 GeV) and (mX ,mS) =2074

(750 GeV, 500 GeV) hypotheses is shown in Figure 7.30. The pulls are a standardized2075

measure of the difference between a nuisance parameter’s fitted value and its a priori2076

value, where large values indicate a significant shift in this parameter to achieve a2077

good fit.2078

• Nuisance Parameter Impacts: The ranking plots of the impacts of nuisance pa-2079

rameters for the same mass points are given in Figure 7.31. This ranking highlights2080
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the dominant uncertainties that most significantly influence the fit result. 2081

(a) (b)

Figure 7.30: The major background systematic nuisance parameter pulls for (a) (mX ,mS) =

(400 GeV, 250 GeV) and (b) (mX ,mS) = (750 GeV, 500 GeV). These systematics nuisance

parameters include the dominant shape systematics, the 3b non-closure uncertainty, and the

normalization uncertainty from the GP regression.

The expected and observed 95% confidence level upper limits on the cross section times 2082

branching ratio for X → SH → bb̄bb̄ are displayed in Figure 7.32. In the resolved channel, 2083

the analysis uses a mass grid designed for interpolation across mS , except for the range 2084

100 GeV < mS < 170 GeV. This specific region is excluded because ATLAS has separate 2085

analyses dedicated to symmetric Higgs boson decays from heavy scalar resonances. In 2086

contrast, the mass grid does not provide comparable granularity for interpolation across 2087

mX . The derived limits are fully model-independent and do not assume a specific branching 2088

ratio for S → bb̄. 2089

Ultimately, no significant excess was observed over the full phase space with the local 2090

significance for each signal hypothesis remaining below 2σ as shown in Figure 7.33. While 2091

the presented results do not include all uncertainties, the remaining signal and theoretical 2092

systematic uncertainties are anticipated to have a negligible impact, affecting the results by 2093

only a couple percent. 2094
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Figure 7.31: The dominant pulls and impacts of the background systematic uncertainties,

including the nominal shape systematic uncertainties with the 3b non-closure uncertainties,

ranked by magnitude of post-fit impact and shown for (a) (mX ,mS) = (400 GeV, 250 GeV)

and (b) (mX ,mS) = (750 GeV, 500 GeV). See the SH4b Internal Note [145].

In regards to published CMS results for the resolved channel, their largest excess was2095

reported at (mX ,mS) = (700 GeV, 400 GeV) [136]. While this analysis does not have2096

an identical signal mass pair for a direct comparison, no significant excess is seen at the2097

nearby mass point of (mX ,mS) = (750 GeV, 400 GeV). Given the relative width of the2098

mX distribution for mX = 750 GeV is around 53 GeV, the most conservative interpretation2099

suggests that the excess seen by CMS may be a statistical fluctuation. To provide greater2100

precision on this estimate, ATLAS is currently producing new derivations for the specific2101

signal hypothesis at (mX ,mS) = (700 GeV, 400 GeV), which will allow for a fair, one-to-one2102

comparison with CMS.2103
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Figure 7.32: Expected (a) and observed (b) 95% CL upper limits on the cross section times

the branching ratio for X → SH → bb̄bb̄ for the resolved signal mass pairs including all

background systematic uncertainties.
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Figure 7.33: Observed (solid black line) and expected (dashed black line) 95% CL upper

limits on the cross section times the branching ratio. For each unique mX value, where a

scaling factor is applied to the limits so that all mass pairs can be visualized together. The

inner green (outer yellow) bands represent the 1σ and 2σ uncertainties, respectively. The

mass grid used in this analysis allows for interpolation across mS , except in regions between

mS = 100 GeV and mS = 170 GeV.
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7.6.3 Interpretation within the TRSM 2104

The True Real Singlet Model (TRSM) is discussed in Section 5.2.2 as a straightforward 2105

extension of the Standard Model that introduces an additional scalar singlet. Using the 2106

package developed in [152], values for the cross section of the X → SH → bb̄bb̄ process were 2107

calculated and are shown in Table 7.9 for signal samples with mX ≤ 2500 GeV and relative 2108

widths determined from the mass distributions presented in this analysis. 2109

Table 7.9: Cross sections (fb) for the X → SH → bb̄bb̄ process within the TRSM. The values

are derived by using the relative widths of the scalar resonances from the mass distributions

of this analysis and applying reasonable assumptions to the parameters for scalar mixing.

mX [GeV]

mS [GeV]
70 100 170 200 250 300 400 500 750 1000 1500 2000

300 2.87E-01 2.52E-01 2.28E-03 – – – – – – – – –

400 7.79E-02 1.56E-01 2.06E-03 6.14E-04 1.85E-04 – – – – – – –

750 5.70E-03 3.94E-03 7.57E-05 2.86E-05 1.29E-05 6.34E-06 2.74E-06 1.29E-06 – – – –

1000 5.79E-04 5.93E-04 6.72E-06 2.06E-06 1.12E-06 7.43E-07 3.12E-07 1.82E-07 7.00E-08 – – –

1500 9.11E-06 1.64E-05 1.78E-07 4.23E-08 1.62E-08 8.34E-09 3.54E-09 2.11E-09 2.12E-09 1.02E-9 – –

2000 4.70E-07 1.00E-06 1.05E-08 2.55E-09 8.14E-10 2.10E-10 8.55E-11 5.98E-11 5.71E-11 6.71E-11 2.82E-11 –

2500 4.41E-08 1.10E-07 9.58E-10 2.19E-10 5.05E-11 2.08E-11 6.10E-12 4.21E-12 3.60E-12 2.40E-12 2.86E-12 1.34E-12

Based on the observed 95% CL upper limits, the signal hypothesis of the TRSM at 2110

(mX ,mS) = (400 GeV, 100 GeV) can be excluded. However, the remaining phase space 2111

of the TRSM cannot be excluded, as the predicted cross section for the signal samples is 2112

smaller than the observed upper limits. While the sensitivity of this analysis is approaching 2113

the predicted values for some of the lower-mass signal hypotheses, the majority of the phase 2114

space remains at least two magnitudes of sensitivity away. 2115
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7.6.4 Future Run 3 Analysis2116

As the first ATLAS search for scalar resonances in theX → SH → bb̄bb̄ process, this analysis2117

establishes an essential benchmark for future studies. The upcoming Run 3 dataset will offer2118

a significant opportunity to extend this work, benefiting from a larger integrated luminosity,2119

improved object reconstruction techniques, and more advanced analysis strategies.2120

One clear avenue for improvement lies in the treatment of background estimation. In2121

the present analysis, the background systematic uncertainties reduce the sensitivity of the2122

expected 95% CL upper limits on the signal cross section by approximately 5–15% for each2123

signal hypothesis compared to a scenario where the relevant nuisance parameters are fixed2124

to their best-fit values. The current method was designed for computational efficiency,2125

producing a large-scale background dataset that spans the full kinematic phase space of2126

the blinded signal region. This approach is effective for covering the wide range of signal2127

hypotheses considered here, but it does not fully exploit the potential gains from more2128

tailored modeling. A future analysis could instead generate background datasets separately2129

for each (mX ,mS) pair or for clusters of nearby mass points. Such a targeted approach would2130

enable more precise modeling of the background in each region of phase space, potentially2131

reducing systematic uncertainties and improving overall sensitivity.2132

Another limitation of the present strategy is the need to divide signal hypotheses into2133

separate regimes, compressed and non-compressed, and further split them according to2134

whether mS is below or above mH . This division simplifies the current analysis but adds2135

complexity to the workflow. In Run 3, machine learning algorithms could be employed to2136

learn the distinct kinematic features across all signal hypotheses simultaneously, optimize2137

the pairing of b-jets, and maintain strong signal–background discrimination without requir-2138

ing hard boundaries between categories. Such an approach would streamline the analysis,2139

reduce manual categorization, and potentially improve statistical power.2140

In summary, while the present work delivers the first ATLAS constraints on ggF produc-2141

tion of X → SH → bb̄bb̄ and sets a strong foundation for future studies, substantial gains2142

in sensitivity and efficiency are expected in Run 3. Through refined background modeling,2143

the adoption of more flexible and powerful machine learning techniques, and the benefits of2144
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larger datasets, the next iteration of this search will be well positioned to probe deeper into 2145

the parameter space of scalar resonances and to test extended scalar sector models with 2146

unprecedented precision. 2147
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Chapter 82148

NON-RESONANT HH → bb̄bb̄ WITH RUN 2 DATA2149

At the onset of my PhD research, I contributed to the non-resonant HH → bb̄bb̄ Run2150

2 analysis. While not a primary analyzer, I performed several key studies that informed2151

critical decisions on background systematics and the choice of final discriminant. This2152

chapter provides a general overview of the analysis and highlights my specific contributions,2153

illustrating their impact on the final results. The discussion also serves to set the context2154

for the subsequent chapter, which presents the updated analysis using the Run 2 and partial2155

Run 3 data. It is instructive to first review the methods and findings of the Run 2 analysis,2156

as they form the foundation for the work described in Chapter 9.2157

8.1 Background Estimation2158

As discussed in 6.3, the background estimation in the 4b final state is one of the key chal-2159

lenges of the non-resonantHH → 4b analysis as simulation of the multi-jet QCD background2160

is unreliable in both normalization and shape for high-multiplicity b-jet final states. Unlike2161

the X → SH → bb̄bb̄ analysis which uses generative methods for estimating the background,2162

a neural network (NN)–based kinematic reweighting method is employed to reweight lower2163

b-tag multiplicity events as higher b-tag multiplicity events.2164

The background prediction relies on two categories of events: the 2b events, consisting2165

of events with exactly two b-tagged jets, and the 4b events, containing events with four or2166

more b-tagged jets. The b-tagging is determined by the DL1r algorithm with a working point2167

efficiency of 77%. This is the b-tagging algorithm which preceded the GN2 as discussed in2168

Section 6.1. Both samples are required to satisfy the same analysis selection, with the only2169

difference being the number of b-tagged jets. The two untagged jets in the 2b events are2170

selected as the highest-pT non-b-tagged jets, excluding any VBF jets in VBF-like categories.2171
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8.1.1 Control and Signal Regions 2172

The definition of the signal and control regions is the result of dedicated optimization 2173

studies aimed at maximizing the analysis sensitivity while ensuring a reliable background 2174

prediction. The SR is designed to provide the highest expected significance for theHH → 4b 2175

signal, based on the kinematic properties of the reconstructed Higgs boson candidates. In 2176

contrast, the CRs are chosen to be adjacent to the SR in kinematic space, such that they 2177

are enriched in background events and have minimal signal contamination. This proximity 2178

ensures that the background composition and shape in the CRs closely resemble those in 2179

the SR, enabling a data-driven extrapolation from the CRs to the SR with minimal bias. 2180

The SR is defined in the plane of reconstructed Higgs candidate masses (mH1,mH2) using 2181

the variable 2182

XHH =

√(
mH1 − 124GeV

0.1mH1

)2

+

(
mH2 − 117GeV

0.1mH2

)2

, (8.1)

with XHH < 1.6 defining the SR. The CR is defined as the annular region outside the SR 2183

but within 2184√
(mH1 − 1.05× 124GeV)2 + (mH2 − 1.05× 117GeV)2 = 45GeV. (8.2)

The CR is split into two subregions (CR1 and CR2) based on their orientation in the 2185

(mH1,mH2) plane, as shown in Fig. 8.1. CR1 (the upper and lower crescents) is used to 2186

derive the nominal background estimate, while CR2 (the left and right crescents) is used to 2187

evaluate the shape systematic uncertainty. 2188

In symmetric Higgs boson pair production, the two Higgs bosons are identical. However, 2189

it is conventional to designate the Higgs boson with the higher transverse momentum as H1 2190

(the leading Higgs) and the one with the lower transverse momentum as H2 (the subleading 2191

Higgs). This convention enables more consistent characterization of kinematic trends across 2192

the phase space. 2193

8.1.2 2b→ 4b Reweighting 2194

The principal aim of the background estimation is to learn a multivariate reweighting func- 2195

tion w(x⃗) such that when applied to 2b events, their distributions match those of the 4b 2196
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Figure 8.1: The (mH1,mH2) mass planes for (a) 2b and (b) 4b events from 2016-2018 data,

showing the SR (red oval) and CR (surrounding bands). The full ggF selection is applied

including a kinematic cut for XWt > 1.5 which greatly reduces the tt̄ background.

background in the SR. This is framed as a density ratio estimation problem,2197

w(x⃗) =
p4b(x⃗)

p2b(x⃗)
(8.3)

where p4b and p2b are the probability densities of selected kinematic variables x⃗ in the 4b2198

and 2b samples, respectively.2199

Instead of learning the reweighting function on a binned distribution, the density ratio2200

is modeled by a neural network trained using an exponential loss to directly approximate2201

the log-ratio:2202

L(Q) = Ex⃗∼p2b

[
eQ(x⃗)/2

]
+ Ex⃗∼p4b

[
e−Q(x⃗)/2

]
(8.4)

whereQ(x⃗) = logw(x⃗). The optimalQ∗(x⃗) that minimizes L recovers log (p4b(x⃗)/p2b(x⃗)) [153].2203

A feed-forward neural network is trained on events from CR1 for each data-taking year2204

separately (to capture year-specific trigger and pileup effects), using the Adam optimizer2205

and early stopping [154]. For the ggF no-resonant HH → bb̄bb̄ analysis, the network has2206

three hidden layers with 50 nodes each and ReLU activation. An ensemble of 100 networks2207
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is trained with different random seeds to reduce the impact of statistical fluctuations. The 2208

median weight prediction across the ensemble is taken as the nominal event weight. 2209

The input variables for reweighting are chosen to be sensitive to differences between 2210

2b and 4b samples, including jet kinematics, angular separations, event-level variables, and 2211

integer-encoded trigger categories. The list of features for the ggF selections is summarized 2212

in Table 8.1. After reweighting, the 2b sample is normalized such that the sum of event 2213

weights in the CR matches the observed 4b event yield. Since the median across the en- 2214

semble may not exactly preserve normalization, a final correction factor is applied. This 2215

normalization is performed independently for each year and selection category. 2216

Table 8.1: Variables used as input to the neural network for reweighting in the ggF category.

Variable

log(pT ) of the 2nd leading Higgs boson candidate jet

log(pT ) of the 4th leading Higgs boson candidate jet

log(∆R) between the closest two Higgs boson candidate jets

log(∆R) between the other two Higgs boson candidate jets

Average |η| of the Higgs boson candidate jets

log(pT ) of the di-Higgs system

∆R between the two Higgs boson candidates

∆ϕ between jets in the leading Higgs boson candidate

∆ϕ between jets in the subleading Higgs boson candidate

log(XWt)

Number of jets in the event

Trigger category (integer-encoded)

To assess the shape systematic, an alternative NN ensemble is trained in CR2. The dif- 2217

ference between the predictions using weights from CR1 and CR2 in the SR is symmetrized 2218

and assigned as the shape systematic uncertainty. This approach is illustrated in Fig. 8.2. 2219
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Figure 8.2: Illustration of the background shape systematic derivation. The top row shows

the nominal estimate from CR1, while the bottom row shows the alternative estimate from

CR2. The right plot displays the symmetrized shape variation (pink histogram), used to

define the “CR12 shape systematic”. Variations are defined per |∆ηHH | and XHH category

as appropriate. Figure from [155].

The closure and modeling performance of the background estimation are validated in2220

the CR and in independent validation regions using a wide range of kinematic observables.2221

Typically, excellent agreement is found between the reweighted 2b and observed 4b distribu-2222

tions as shown in Figure 8.3, with residual discrepancies covered by assigned systematics.2223

The method is robust to changes in variable selection, network architecture, and training2224

statistics, as tested in dedicated cross-checks.2225

8.1.3 Neural Network Initialization on Reweighting Statistical Uncertainty2226

The statistical uncertainty in the kinematic reweighting of 2b events to 4b events is composed2227

of two main components. The first is the standard Poisson error from the 2b data, which is2228

computed for each bin as δni =
√∑

j∈iw
2
j , where wj is the neural network-assigned weight2229

for event j in bin i.2230

Additionally, the neural network training itself introduces a further source of statistical2231



147

0

1000

2000

3000

4000

5000

6000

Ev
en

ts 
/ 2

5 G
eV ATLAS  Preliminary√s = 13 TeV, 126 fb 1

ggF CR1

Normalized 2b Data
Stat. Error
4b Data

300 400 500 600 700 800 900 1000
mHH [GeV]

0.5

1.0

1.5

4b
 / 2

b

(a)

0

1000

2000

3000

4000

5000

6000

Ev
en

ts 
/ 2

5 G
eV ATLAS  Preliminary√s = 13 TeV, 126 fb 1

ggF CR1

Reweighted 2b Data
Stat. Error
4b Data

300 400 500 600 700 800 900 1000
mHH [GeV]

0.5

1.0

1.5

4b
 / 2

b

(b)

Figure 8.3: Distributions of mHH in 4b data (black points) within Control Region 1 (CR1)

of the ggF selection. (a) The yellow histogram shows the 2b CR1 mHH distribution nor-

malized to the 4b yield; (b) the yellow histogram shows the 2b CR1 after NN reweighting.

Hatched bands indicate the statistical uncertainty on the 2b sample: Poisson only in (a),

and including the bootstrap uncertainty in (b).

uncertainty. Because the network is trained on finite data, its predictions can vary due 2232

to both random initialization and the inherent stochasticity in the training procedure. To 2233

quantify this, we employ an ensemble of 100 neural networks, each initialized with different 2234

random weights and trained on bootstrapped versions of the training set. The bootstrapping 2235

is implemented by assigning event weights drawn from a Poisson distribution with mean 2236

one, ensuring that each network sees a statistically distinct dataset. 2237

The final background prediction for each event is defined as the ensemble average. The 2238

per-bin uncertainty due to neural network initialization and bootstrapping is computed as 2239

the standard deviation across the 100 ensemble members: 2240

σj =

√√√√ 1

N

N∑
i=1

(hij − h̄j)2

where hij is the yield in bin j for network i, and h̄j is the ensemble mean. 2241
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These uncertainties are combined in quadrature with the Poisson error from the 2b data2242

to yield the total per-bin statistical uncertainty. Both are incorporated as per-bin Poisson2243

nuisance parameters in the likelihood fit. The normalization of the reweighted 2b background2244

to the 4b yield in the control region introduces a further normalization uncertainty, which2245

is propagated as an independent nuisance parameter.2246

To validate the procedure, we tested several configurations for random seed initializa-2247

tion and Poisson sampling, summarized in Table 8.2. Comparisons of key distributions2248

(e.g., mHH , mH1, and mH2) for different configurations showed negligible differences in the2249

average predictions (see Figure 8.4), and only minor differences in the uncertainty envelopes2250

(see Figure 8.5 and 8.6). This demonstrates that the dominant contribution to the statis-2251

tical uncertainty arises from the bootstrap procedure and finite training data, rather than2252

random seed initialization.2253

Table 8.2: Configurations tested to evaluate the impact of neural network initialization and

Poisson sampling on reweighting uncertainty for SM non-resonant HH → bb̄bb̄ production.

All seeds refer to Python’s random number generators: numpy, random, TensorFlow, and

Python hash.

Configuration # Initialization and Sampling Conditions

1 Poisson sampling, fixed numpy seed (baseline configura-

tion)

2 No Poisson sampling, variable numpy seed

3 Poisson sampling, variable numpy seed

4 Poisson sampling, all seeds fixed for full reproducibility

(Python hash, numpy, tensorflow, random)

Comparisons of distributions from configurations 1 and 2 (with and without Poisson sam-2254

pling, respectively) showed negligible differences for key kinematic variables (mHH , mH1,2255

and mH2) in Control Region 2, illustrated in Figure 8.4. Though no perceived differences2256

are seen in the average predictions across various kinematic variables among the different2257
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configurations, the uncertainty envelopes shown in 2258

(a) (b)

Figure 8.4: Distributions of the reweighted 2b events and 4b data for mHH in Control

Region 2 for 2017 data, shown for configurations 1 (with Poisson sampling) and 2 (without

Poisson sampling). No significant difference is observed in the average prediction of the

resulting distributions.

Figure 8.5, calculated bin-by-bin from the standard deviation across bootstrap samples, 2259

indicate a very small entanglement between Poisson sampling and neural network training 2260

convergence. This was deemed to be a very small difference and suggested that the dominant 2261

source of uncertainty is due to finite statistics rather than initialization details. 2262

Further comparisons between configurations 1 and 3, which differ only in the numpy 2263

random seed, reaffirmed that the initialization of the random seed has a negligible effect on 2264

the resulting reweighting uncertainty (see Figure 8.6). Comparison across all configurations 2265

showed that even when random seeds are held constant (or not), the bootstrap resampling 2266

step produces statistically independent replicas, resulting in variations that originate from 2267

the inherent randomness of the resampling itself rather than from the seed initialization. 2268

This behavior demonstrates that the primary source of variation across the ensemble arises 2269

from the bootstrap procedure, not from differences in the neural network initialization. 2270

Overall, these studies demonstrate that the dominant contribution to the reweighting 2271
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(a) 2016 (b) 2017

(c) 2018

Figure 8.5: The bootstrap band procedure, shown as a ratio to the nominal (average)

estimate in the CR1. Each lightly colored line is from the mHH prediction for a single

bootstrap training while the darker line shows the standard deviation of histograms for its

corresponding dataset. All three years are included separately for ggF from configurations

1 (black) and 2 (red).

statistical uncertainty stems from the finite size of the training data as captured by the2272

bootstrap ensemble, while factors such as seed initialization and Poisson sampling play a2273

minimal role. It is important to emphasize that the results here focus specifically on the2274

statistical uncertainty in the kinematic reweighting. Additional systematic uncertainties,2275

including those associated with the transfer of the background model from CR1 to the signal2276

region as evaluated in the alternative CR2 control region and those due to potential non-2277

closure as assessed in orthogonal 3b1f (three b-tagged jets plus one failing jet) samples, are2278
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(a) (b)

Figure 8.6: The bootstrap band procedure, shown as a ratio to the nominal (average)

estimate in the CR1. Each lightly colored line is from the mHH prediction for a single

bootstrap training while the darker line shows the standard deviation of histograms for its

corresponding dataset. Data for 2017 for the ggF analysis (a) and for all three years from

the VBF analysis (b) are included for configurations 1 (black) and 3 (red).

addressed through separate dedicated studies. For a detailed discussion of these systematic 2279

treatments, the reader is referred to the published analysis [102]. 2280



152

8.2 Two-Dimensional Discriminants2281

Selecting a final discriminant for statistical interpretation in a high-energy physics analysis2282

requires balancing several factors: separation power between signal and background, reliable2283

modeling, manageable systematic uncertainties, and robust statistical properties. While2284

multivariate analysis (MVA) techniques through machine learning algorithms are commonly2285

used for their superior separation, this analysis prioritized robust modeling and controlled2286

systematics. As a result, the invariant mass of the Higgs boson pair, mHH , was primarily2287

used as the final discriminant in early studies.2288

However, a single variable cannot always capture all available information, especially2289

when multiple observables exhibit nontrivial correlations. For example, as shown in Fig-2290

ure 8.7, there is a strong correlation between the reconstructed mHH and the top-quark2291

veto discriminant XWt. Notably, these correlations differ significantly between signal and2292

background, suggesting that a two-dimensional (2D) fit using both variables could improve2293

sensitivity.2294

To implement these 2D fits, the two-dimensional histograms were unrolled into one-2295

dimensional distributions by sequentially ordering the bins. To maintain statistical relia-2296

bility, bins with large uncertainties (specifically, those with relative uncertainties exceeding2297

50%) are merged with adjacent bins, and the same binning is applied to both signal and2298

background. This approach ensures adequate bin populations, particularly in sparsely pop-2299

ulated regions. The resulting statistical-only exclusion limits at 95% confidence level (CL)2300

are summarized in Table 8.3. Both single-variable (1D) and two-variable (2D) fits were2301

tested, using combinations of mHH , XWt, |∆ηHH |, and the reconstructed masses of the2302

leading and subleading Higgs candidates (mH1 and mH2).2303

The 2D fits provide noticeably improved limits compared to the 1D fits. For instance,2304

combining mHH and XWt yields the best exclusion, demonstrating the power of exploiting2305

correlated observables. These results motivated further studies exploring the impact of the2306

Higgs self-coupling parameter (κλ) on the optimal discriminants and limits.2307

Across the full range of κλ values (−20 to 20), 2D fits provided an average improvement2308

of approximately 9% in the stat-only expected exclusion limits, consistently outperforming2309
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Figure 8.7: The mHH vs XWt distributions for (a) signal and (b) average estimated back-

ground in the SR illustrating the correlations between mHH and XWt. The transformation

into a 1D histogram for fitting purposes (c), shown for these distributions, where the 2D

histogram is ”rolled out” starting from the bottom-left hand corner to the top-right corner.

the respective 1D fits. This comprehensive study informed the eventual published strategy, 2310

which employed categories defined by fine mHH binning, |∆ηHH | (divided into three bins: 2311

[0.0, 0.5, 1.0, 1.5]), and XHH (two bins: [0.0, 0.95, 1.6]). This approach maximized the 2312

analysis sensitivity while retaining robust modeling and manageable statistical uncertainties, 2313

ultimately providing the most reliable constraints on the Higgs self-coupling. 2314
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Table 8.3: Statistical-only exclusion limits (95% CL) for all combined years, showing results

for single discriminants and their two-dimensional combinations in the SM non-resonant

Higgs pair production analysis via gluon-gluon fusion (ggF).

Discriminant(s) 95% CL Exclusion Limit

|∆ηHH | 11.43

mH2 6.99

mH1 6.91

XWt 6.90

mH1 and mH2 6.81

mHH 6.02

XWt and |∆ηHH | 6.45

mHH and |∆ηHH | 6.36

mHH and mH1 5.81

mHH and XWt 5.43
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Figure 8.8: Normalized distributions of (a) mHH and (b) XWt for several representative κλ

values, and their transformation into a (c) 2D discriminant employed in the statistical fit.

The use of a 2D discriminant consistently improves the statistical-only 95% CL limits on

κλ. The effect of varying κλ on the distribution shapes is clearly observed.
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8.3 Results2315

The search for non-resonant HH → bb̄bb̄ production in the resolved channel utilizes a2316

simultaneous maximum likelihood fit to the reconstructed mHH distributions across the six2317

exclusive event categories defined in the ggF signal region, incorporating data from the 2016,2318

2017, and 2018 LHC running periods. The statistical model comprises Poisson likelihoods for2319

each bin and category, combined with constraint terms representing all relevant systematic2320

uncertainties. Uncertainties from limited data or MC statistics are implemented via Poisson2321

constraints, while experimental and theoretical systematics are incorporated as Gaussian2322

constraints. Key systematics, such as those related to luminosity and signal modeling, are2323

treated as fully correlated across ggF categories and years, while the dominant background2324

modeling uncertainties (e.g., bootstrap and non-closure) are correlated within ggF.2325

The fit is performed with the signal strength parameter µHH as the parameter of interest,2326

while all nuisance parameters are profiled. No significant excess is observed. The resulting2327

observed (expected) 95% confidence level (CL) upper limit on the HH production cross2328

section, relative to the Standard Model prediction through ggF and VBF production, is2329

µobsHH = 5.4
(
8.1
)
× SM ,

where the quoted limits include all sources of statistical and systematic uncertainty. These2330

results mark a substantial improvement over the previous iteration of the analysis in [101],2331

benefiting from increased luminosity, advanced event categorization, and improved back-2332

ground modeling techniques.2333

Additionally, constraints are placed on the Higgs boson trilinear self-coupling modifier,2334

κλ. The observed (expected) allowed range at 95% CL is2335

κλ ∈ [−3.9, 11.1] @ 95% CL (expected [−4.6, 10.8]) ,

with all other Higgs couplings fixed to their Standard Model values. The profile likeli-2336

hood scan for κλ (Figure 8.9) shows that the best-fit value is consistent with the Standard2337

Model, with the observed exclusion limit slightly exceeding the expected due to an upward2338

fluctuation in the low-mHH region.2339
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Figure 8.9: Observed and expected 95% confidence level exclusion limits on the non-resonant

HH signal strength and constraints on the Higgs boson trilinear self-coupling κλ in the

resolved bb̄bb̄ channel, as published for the Run-2 analysis. The Standard Model value is

indicated by the vertical line [102].

All exclusion limits are derived using the CLs method and account for the full suite of 2340

systematic and statistical uncertainties, with the dominant sources being the background 2341

modeling uncertainties and the theoretical uncertainties on the signal cross section. The 2342

limits presented here are the most stringent to date for this final state with the ATLAS de- 2343

tector, and the observed sensitivity is approaching that predicted by the Standard Model. 2344

With the ongoing collection of Run 3 data and the continued refinement of analysis tech- 2345

niques, further improvements in sensitivity are anticipated. 2346
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8.4 Areas for Improvement2347

Despite the significant progress achieved in this analysis, several areas offer clear opportu-2348

nities for further gains in sensitivity. The dominant contribution to the total uncertainty2349

on the cross section limit arises from the background modeling procedure and theoreti-2350

cal predictions. As a result, experimental efforts are naturally directed toward reducing2351

background-related systematic uncertainties in future analyses.2352

To address these challenges, new generative background estimation techniques have been2353

developed, as described in Section 6.4 and implemented in the resonant X → SH → bb̄bb̄2354

search discussed in Section 7.4. The ensemble-based neural network method previously used2355

relied on two key assumptions: (1) the control region is sufficiently similar in kinematics to2356

the signal region for a reweighting to be valid, and (2) the 2b-tagged sample provides an2357

adequate basis for training the reweighting. Although these assumptions were validated, the2358

residual background systematics indicate that the method is not fully robust, particularly2359

when control and signal regions differ.2360

An alternative approach (the GP+Flows method) offers improved flexibility. Unlike the2361

ensemble reweighting, the normalizing flow-based model learns the kinematic correlations2362

directly as a function of input variables, allowing for more accurate extrapolation from2363

the control to the signal region. The flows are conditioned on candidate mass variables2364

predicted by the Gaussian Process, enabling the model to generate background predictions2365

that adapt to changes in the underlying kinematics between regions, thus reducing reliance2366

on the similarity assumption.2367

Further performance gains have also come from advances in event reconstruction and2368

object identification. The adoption of the GN2 b-tagger (Section 6.1) for small-R jets,2369

replacing the earlier DL1r tagger, provides approximately a factor of three improvement in2370

the rejection of light- and charm-jets, depending on jet pT and η. Such improvements in2371

b-tagging, together with enhanced jet reconstruction and systematic uncertainty modeling,2372

are expected to yield greater analysis sensitivity.2373

Another major improvement in Run 3 is the deployment of dedicated asymmetric multi-2374

jet triggers optimized for the HH → bb̄bb̄ final state. Unlike the symmetric jet triggers2375
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used in earlier analyses, these new triggers implement staggered pT thresholds for the four 2376

leading jets, more closely matching the kinematics of non-resonant di-Higgs events where 2377

the b-jets are often produced with unequal momenta [156]. 2378

The impact is substantial: the new Run 3 trigger strategy increases the inclusive se- 2379

lection efficiency for HH → bb̄bb̄ by approximately 50% compared to the Run 2 triggers, 2380

as shown in Figure 8.10, with the largest gains (up to 75%) achieved in the critical low 2381

mHH region near the 2mH threshold. The gain in efficiency is driven by improvements 2382

in the b-jet identification algorithms that consequently allows loosening jet pT thresholds. 2383

The improvement significantly boosts the analysis sensitivity, ensuring better acceptance of 2384

signal events across the full phase space as more data is collected in Run 3. 2385

Figure 8.10: Performance of the b-jet trigger HLT selections in simulatedHH → bb̄bb̄ events.

The trigger efficiency, evaluated relative to all inclusive HH → bb̄bb̄ events, is shown as a

function of the true di-Higgs boson invariant mass, mHH . The efficiency is presented for

the 2b2jasym selection and for the logical OR of the 2b2jasym, 3b1jasym, 2b1j, and 2b2jcent

triggers and is compared with the trigger strategy employed in Run 2 [156].
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Finally, with the start of Run 3, significantly more data are being collected. The partial2386

Run 3 dataset, collected during 2022 and 2023, already includes approximately 70 fb−1,2387

with an anticipated total of 280–300 fb−1 expected for all of Run 3. Although the new data2388

alone will not immediately yield a dramatic sensitivity gain compared to the full Run 22389

dataset, they represent crucial additional statistics for probing this rare process and are an2390

essential ingredient for future discoveries.2391
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Chapter 9 2392

NON-RESONANT HH → bb̄bb̄ WITH RUN 2 AND PARTIAL RUN 3 2393

DATA 2394

Having presented the search for non-resonant Higgs boson pair production in the bb̄bb̄ 2395

decay channel with the ATLAS Run 2 dataset in the previous chapter, this chapter extends 2396

the analysis to include both Run 2 and partial Run 3 data, with a particular focus on 2397

the gluon-gluon fusion production mode in the resolved topology. While the core analysis 2398

workflow is largely established, ongoing optimization studies are being conducted at several 2399

stages and key decisions regarding the evaluation of background systematics and the choice 2400

of final discriminant remain under active investigation. Nevertheless, the current results 2401

obtained with the baseline methods are presented in this chapter with an emphasis on my 2402

own work. 2403

9.1 Data and Monte Carlo Datasets 2404

The signal Monte Carlo (MC) samples used in this analysis simulate non-resonant Higgs 2405

boson pair production (HH) in the bb̄bb̄ final state. The ggF signal samples are generated 2406

using the Powheg-Box v2 generator interfaced with Pythia 8 for parton showering and 2407

hadronization, employing the PDF4LHC21 parton distribution functions. Run 2 samples 2408

are produced at a center-of-mass energy of 13 TeV, while Run 3 samples are generated at 2409

13.6 TeV. Detector simulation is performed with the fast simulation framework AF3, with 2410

additional jet energy scale (JES) and jet energy resolution (JER) systematic uncertainties 2411

included to cover residual differences with the full Geant4-based simulation, as described in 2412

Chapter 4. 2413

Samples are produced for several benchmark values of the Higgs boson trilinear self- 2414

coupling modifier, κλ, which parameterizes deviations from the Standard Model prediction. 2415

The following κλ values are considered: −1, 0, 1, 2.5, 5, and 10, corresponding to dataset 2416

IDs (DSIDs) 603403–603408, respectively. 2417
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The data used in this analysis were collected by the ATLAS detector during Run 2 (2016–2418

2018) and Run 3 (2022–2023) of the LHC, in proton-proton collisions at center-of-mass2419

energies of
√
s = 13 TeV and

√
s = 13.6 TeV, respectively. The total integrated luminosity2420

used in the analysis, selected with small-R b-jet triggers, is 177.75 fb−1, representing nearly2421

a 40% increase over Run 2 alone. Data collected in 2015 are excluded due to differences in2422

b-tagging algorithms and negligible impact relative to the required resources. Additionally,2423

a portion of the 2016 dataset is excluded due to b-jet trigger inefficiencies caused by a bug2424

in the online vertex finding algorithm, as described in Section 7.1.2425

Table 9.1: Integrated luminosities of each data-taking year for the resolved analysis using

b-jet triggers.

Year Luminosity (fb−1)

2016 24.56

2017 43.65

2018 57.70

2022 26.07

2023 25.77

Total 177.75

9.2 Triggers2426

For Run 2, the same trigger bucketing strategy as in the previous non-resonant HH → bb̄bb̄2427

and the resonant X → SH → bb̄bb̄ analyses is employed, as illustrated in Figure 7.5. Events2428

are divided into two buckets based on offline jet kinematics and trigger requirements. The2429

first bucket uses the 2b+1j trigger and requires the leading jet to have pT > 170 GeV and2430

the third jet pT > 70 GeV, implicitly setting a threshold on the second jet. Events not2431

passing this selection but firing the 2b+2j trigger are assigned to the second bucket. This2432

approach ensures efficient triggering across the full phase space by combining the strengths2433

of both triggers.2434
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In Run 3, the trigger strategy for the resolved HH → bb̄bb̄ analysis is streamlined to 2435

use a single asymmetric multi-jet trigger per data-taking year. For 2022 and 2023, unique 2436

3b+1j asymmetric triggers are used. The 2022 3b+1j asymmetric trigger requires four 2437

jets with transverse momenta of at least 80, 55, 28, and 20 GeV, with three of these jets 2438

passing the b-tagging requirement with the DL1d tagging algorithm at the 70% efficiency 2439

working point [156, 157]. The 2023 trigger is similar but sets jet pT thresholds at 75, 50, 25, 2440

and 20 GeV, again requiring at least three b-tagged jets with the GN1 tagging algorithm 2441

also at the 70% efficiency working point. As demonstrated in Figure 9.1, the 2b+2j 2442

asymmetric trigger actually has the highest individual trigger efficiency for the signal across 2443

the kinematic phase space, the 3b+1j has nearly the same efficiency while offering a reduced 2444

background making it the ideal candidate as the single choice of trigger. 2445

(a) (b)

Figure 9.1: Individual trigger efficiencies for non-resonant HH → bb̄bb̄ production in the

(a) mc23a and (b) mc23d simulated samples, shown after applying a 4b preselection. The

preselection requires four jets with pT > 25 GeV, |ηjet| < 2.5, and GN2 b-tagging at the

77% working point [158].
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9.3 Event Selection and Reconstruction2446

After applying the trigger bucketing scheme for Run 2 or the single 3b+1j trigger for Run 3,2447

the resolved analysis event selection requires at least four jets that satisfy the following2448

criteria:2449

• pT > 40 GeV for Run 2, pT > 20 GeV for Run 32450

• |η| < 2.52451

• b-tagged with the GN2v01 tagger at the 77% working point2452

• Passes the neural network jet vertex tagger (NN JVT)2453

The lower pT cut in Run 3 is there to take advantage of the lower pT threshold in the2454

trigger while all other aspects are the same between Run 2 and Run 3.2455

9.3.1 Min ∆R Pairing2456

In the non-resonant HH → bb̄bb̄ analysis, reconstructing the two Higgs candidates from2457

the four leading jets uses the minimum ∆R pairing algorithm. For each event, all three2458

possible ways to pair the four jets into two Higgs candidates are considered. For each2459

pairing configuration, the algorithm calculates the angular separation ∆Rjj between the2460

two jets in each Higgs candidate. The pairing chosen is the one where the leading Higgs2461

candidate (the candidate with the higher transverse momentum) has the smallest ∆Rjj2462

between its two jets. In other words, the algorithm selects the jet pairing that minimizes2463

∆RHC1
jj , where HC1 denotes the leading Higgs candidate.2464

This strategy is motivated by the expected kinematics of Higgs boson decays. When2465

the Higgs bosons are highly boosted, their b-jet decay products tend to be more collimated.2466

As a result, focusing on the smallest ∆R in the leading candidate suppresses background2467

events with low invariant mass, which would otherwise accumulate in the signal region2468

if alternative pairing schemes were used. Although this method may result in reduced2469

signal efficiency for low mHH , particularly away from the Standard Model value of κλ, it2470
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significantly improves the smoothness of the background mass distribution. Furthermore, 2471

it minimizes kinematic biases between the control and signal regions, supporting a more 2472

reliable background estimation. The choice of min ∆R pairing is therefore well-suited to 2473

maximize sensitivity for signals with higher masses, while reducing the risk of background 2474

sculpting. 2475
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Figure 9.2: Pairing efficiency as a function of the reconstructed mHH for the min ∆R and

min χ2 =
∑

(mjj −mX)2 pairing algorithms. The min ∆R pairing method, which is the

nominal pairing method, is poor at low masses, but very accurate for mHH > 500 GeV.

Alternative pairing methods, such as using machine learning techniques or selecting the 2476

combination that minimizes the invariant mass error (χ2 =
∑

(mjj −mX)2 with mX = 120 2477

GeV), have also been studied. These methods can enhance the signal efficiency, especially at 2478

low mHH , but this gain comes at the cost of moving a larger fraction of the multi-jet QCD 2479

background into the signal region. This effect is illustrated in Figure 9.3, where simulated 2480

4b multi-jet QCD events using the mass-based pairing method become kinematically similar 2481

to signal events, leading to a less robust background estimate. Since the analysis sensitivity 2482

is driven primarily by the high-mass region, where the min ∆R algorithm achieves a high 2483

pairing accuracy and background contamination is low, this approach remains the preferred 2484

choice. 2485
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With the new triggers introduced in Run 3, which increase sensitivity to low-mass di-2486

Higgs production, the possibility of leveraging alternative pairing strategies may warrant2487

further investigation in future analyses. Ongoing studies on optimizing the low-mass selec-2488

tion are discussed in Appendix A.2489
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Figure 9.3: Distributions of simulated 4b QCD events for mc23a+d in the mH1−mH2 mass

plane for the (a) min ∆R pairing and the (b) mass-based pairing. The min ∆R approach

leads to much less background in the signal region (red contour).

9.3.2 Kinematic Regions2490

The definition of the signal region (SR) for the Run 2 analysis was re-evaluated for the cur-2491

rent study, and it was confirmed to remain optimal for the non-resonant HH → bb̄bb̄ search.2492

The SR is defined byXHH < 1.6 and centered at (mH1,mH2) = (124 GeV, 117 GeV), where2493

XHH =

√(
mH1 − 124GeV

0.1mH1

)2

+

(
mH2 − 117GeV

0.1mH2

)2

, (9.1)

which reflects the expected resolutions of the reconstructed Higgs candidate masses.2494

With the introduction of more flexible background modeling—based on normalizing2495

flows and Gaussian processes, as discussed in the following section—it became necessary to2496
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update the control region (CR) definition. Unlike the elliptical SR, the CR is now defined 2497

as a rectangular box in the (mH1,mH2) plane, with boundaries calculated as follows: 2498

rCR,x =


αCR x

(
1

0.84 − 1
1.16

)
if |x− 125| < 25

αCR 124
(

1
0.84 − 1

1.16

)
otherwise

(9.2)

xmin = x(1 + ε)− rCR,x (9.3)

xmax = x(1 + ε) + rCR,x (9.4)

rCR,y =


αCR y

(
1

0.84 − 1
1.16

)
if |y − 125| < 25

αCR 117
(

1
0.84 − 1

1.16

)
otherwise

(9.5)

ymin = y(1 + ε)− rCR,y (9.6)

ymax = y(1 + ε) + rCR,y (9.7)

Here, αCR sets the size of the CR window, and ε allows for an optional shift of the CR 2499

center relative to the SR. For this analysis, the values αCR = 1.6 and ε = 0.0 are used 2500

to maximize statistical significance while preserving robust background modeling. This 2501

results in the CR spanning from (xmin, ymin) = (58.85 GeV, 55.48 GeV) to (xmax, ymax) = 2502

(189.16 GeV, 178.52 GeV). 2503

The kinematic boundaries of both the signal and control regions are illustrated in Fig- 2504

ure 9.4, which shows the (mH1,mH2) mass plane for both simulated SM signal (left) and 2505

blinded 2022 4b data (right), with the SR indicated by the red ellipse and the CR by the 2506

dashed black rectangle. The Higgs candidate masses are reconstructed using the min ∆R 2507

pairing method as discussed previously. 2508

9.3.3 Background Reduction 2509

Following the discussion of backgrounds in the four-b final state in Section 6.3, the kinematic 2510

selections established for the Run 2 analysis are retained for Run 3, as they continue to 2511

provide strong discrimination between signal and background. As illustrated in Figure 9.5, 2512

the requirement |∆ηHH | < 1.5 efficiently selects signal events, maintaining a high signal 2513
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Figure 9.4: The (mH1,mH2) mass planes for (a) simulated SM signal (mc23a) and (b)

blinded 4b data from 2022, showing the signal region (red ellipse) and control region (dashed

black box) defined for the analysis. Higgs candidate masses are reconstructed using the

min ∆R pairing.

efficiency while substantially reducing the multijet background in data. Additionally, the2514

top veto cut, XWt < 1.5, remains highly effective, removing approximately 85% of the tt̄2515

background, which is the sub-dominant source of contamination after basic selection. These2516

selections collectively optimize the sensitivity of the analysis by preserving signal yield and2517

suppressing key backgrounds.2518

9.4 Background Estimation2519

The large data-driven background systematic uncertainties observed in the Run 2 analysis2520

(see Section 6.4) motivated a transition from the NN-based reweighting approach to a2521

generative modeling strategy based on normalizing flows and Gaussian processes. This new2522

framework was designed specifically to bypass the extrapolation uncertainty associated with2523

the previous control region (CR) to signal region (SR) transfer, while improved multivariate2524

modeling offers the potential to reduce statistical uncertainties and even eliminate non-2525
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Figure 9.5: Distributions of the simulated SM mc23a signal and blinded four-b data from

2022, where events in the signal region (SR) are masked, for (a) |∆ηHH | and (b) XWt. The

red vertical lines indicate the kinematic selection cuts: |∆ηHH | < 1.5 and XWt < 1.5. The

XWt distribution also shows the simulated tt̄ background, demonstrating the effectiveness

of the veto in suppressing this background while preserving signal events.

closure uncertainties. 2526

The implementation closely follows the strategy used in the X → SH → bb̄bb̄ analysis, 2527

with the central objective being to predict the joint multivariate distribution of background 2528

events in the blinded signal region (SR) using only observed data from the rectangular 2529

control region (CR). This generative modeling proceeds in two integrated stages. First, 2530

the two-dimensional distribution of the Higgs candidate masses, (mH1,mH2), in the SR is 2531

inferred by interpolating from the CR using Gaussian process (GP) regression. The GP is 2532

trained on binned event yields in the (mH1,mH2) plane, with careful masking of bins that 2533

overlap with the SR to avoid statistical bias. 2534

Once the GP provides an estimate for the SR mass plane, a set of conditional normalizing 2535

flows is trained to model the full joint probability density of the key kinematic variables, 2536

x⃗, conditioned on the Higgs candidate masses and data-taking year, y⃗ = (mH1,mH2, year). 2537
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These flows are designed to capture all correlations among the variables of interest, and2538

their conditioning on both mass values and year makes this modeling task more complex2539

than in previous analyses. Hyperparameters and training options for the flows, such as the2540

number of layers, hidden dimensions, and set of input variables, can be tuned, allowing2541

flexible adaptation of the model architecture and training strategy.2542

The variables used in flow training, conditioning, and downstream reconstruction are2543

summarized in Table 9.2. Specifically, the flows are trained to model the conditional density2544

p(x⃗ | y⃗),

where x⃗ includes pT,H1, pT,H2, ηH1, ηH2, ∆ϕHH , and XWt, while y⃗ comprises mH1, mH2,2545

and the data-taking year. Event-level observables such as mHH , pT,HH , and ∆ηHH are then2546

reconstructed from the sampled outputs using four-vector algebra.2547

Figures 9.6 and 9.7 show example distributions for various kinematic variables in the2548

CR, comparing the 4b data and the normalizing flows prediction. The method provides2549

excellent modeling of all input and reconstructed variables across all data-taking years.2550

The two-dimensional Gaussian process interpolation for the SR, as performed for the2551

2022 data, is illustrated in Figure 9.8. To ensure robustness of the background prediction,2552

an ensemble approach is employed: 25 independent trainings are performed for both the2553

normalizing flows and the Gaussian process, and the spread among these trainings is used2554

as a systematic uncertainty. The mean of the ensemble is adopted as the nominal pre-2555

diction, while the standard deviation is visualized as an uncertainty band in the relevant2556

one-dimensional histograms.2557
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Figure 9.6: Distributions of 4b data and normalizing flow predictions for all data-taking

years (2016–2018, 2022–2023) in the control region: (a) ηH1, (b) ηH2, (c) pT,H1, and (d)

pT,H2. There is overall great closure between data and prediction.
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Figure 9.7: Distributions of 4b data and normalizing flow predictions for all data-taking

years (2016–2018, 2022–2023) in the control region: (a) |∆ϕHH |, (b) |∆ηHH |, (c) mHH ,

and (d) pT,HH . There is overall great closure between data and prediction outside of the

boundary of the |∆ηHH | cut.



173

Table 9.2: Kinematic variables used in normalizing flow training, conditioning, and down-

stream reconstruction for the background estimate.

Flow Training Variables Description

pT,H1 Transverse momentum of leading Higgs candidate

pT,H2 Transverse momentum of subleading Higgs candidate

ηH1 Pseudorapidity of leading Higgs candidate

ηH2 Pseudorapidity of subleading Higgs candidate

∆ϕHH Azimuthal angle difference between Higgs candidates

XWt Top veto discriminant

Flow Conditioning Variables Description

mH1 Leading Higgs candidate mass

mH2 Subleading Higgs candidate mass

Year Data collection year

Reconstructed Variables Description

mHH HH system mass

pT,HH HH system transverse momentum

∆ηHH Pseudorapidity difference between Higgs candidates
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Figure 9.8: The distribution of the (a) data and the (b) average GP prediction over the

(mH1,mH2) mass plane for the 4b data in 2022 for events where |∆ηHH | < 1.5. The 4b

data is blinded in the SR (red) of (a).
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9.4.1 Background Validation 2558

Because the analysis remains blinded in the SR to prevent potential bias, the robustness 2559

and accuracy of the background estimation are established through rigorous testing in well- 2560

defined validation regions constructed by systematic modifications to the nominal event 2561

selection. 2562

Establishing these validation regions is essential for assessing the quality of the back- 2563

ground model. Five principal configurations are considered, as illustrated in Figure 9.9. 2564

These regions are obtained by inverting a key kinematic selection (requiring |∆ηHH | > 1.5 2565

instead of < 1.5), altering the b-tag multiplicity (e.g., selecting exactly two or three b- 2566

tagged jets), or combining both approaches. These regions serve as critical cross-checks of 2567

the method in data samples with kinematic and flavor compositions distinct from the SR. 2568

Figure 9.9: The additional validation regions used to test the data-driven background es-

timate. These regions are obtained by inverting the |∆ηHH | < 1.5 kinematic cut, altering

the b-tag multiplicity (Ntag), or both.

While extensive studies have been performed for all these validation regions, we focus 2569

here on the 3b region with |∆ηHH | < 1.5 since it is kinematically most similar to the SR. 2570

The performance of the Gaussian process in this region is exemplary: it achieves very good 2571

closure in the total yield in the SR and accurately models the (mH1,mH2) mass plane, as 2572
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evidenced by the ratio of data to prediction and the difference between data and prediction2573

normalized to the data’s statistical uncertainty, as shown in Figure 9.10.2574
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Figure 9.10: Binned distributions in the (mH1,mH2) mass plane for the 3b validation region

with |∆ηHH | < 1.5 in 2022: (a) observed data, (b) GP-based background prediction, (c)

ratio of data to prediction, and (d) the difference between data and prediction normalized

to the statistical uncertainty in the data. The agreement between data and prediction is

excellent across the phase space. The signal region (XHH < 1.6) is indicated by the red

contour.
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To further validate the background modeling, we examine the performance of the com- 2575

bined normalizing flows and Gaussian processes for additional key kinematic variables in 2576

the SR, particularly mHH and |∆ηHH |, shown in Figure 9.11. The agreement is very good, 2577

except near the boundary imposed by the |∆ηHH | < 1.5 selection. 2578
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Figure 9.11: The distribution of the data and the background prediction for (a) mHH and

(b) |∆ηHH | for the 3b validation region with |∆ηHH | < 1.5 in 2022 in the SR. The modeling

is generally well within the uncertainty of the standard deviation of the 25 predictions

outside of the kinematic boundary.

While these results are extremely promising, it must be emphasized that they are ob- 2579

tained with the full statistics available in the 3b validation region with |∆ηHH | < 1.5. 2580

Because machine learning algorithms typically perform better with greater available statis- 2581

tics, it is not guaranteed that the modeling in the nominal 4b region, where the available 2582

statistics are about one-tenth as large, will be as strong. To address this, the normalizing 2583

flows and Gaussian processes were also trained using downsampled datasets, where the 3b 2584

(2b) regions are trained on only 10% (1%) of their available statistics, with the resulting 2585

predictions normalized back to the full dataset yields. This procedure was repeated for 10 2586

unique subsets of each validation region, resulting in a total of 250 separate background 2587
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predictions per region (10 subsets, each with 25 independent trainings).2588

Rather than plot all 250 predictions, the evaluation of closure is performed using the2589

average of the 25 predictions within each subset, and then averaging these 10 subset results.2590

Figure 9.12 shows the overall ratio of data to prediction for the SR in each 2b and 3b2591

validation region, comparing the models trained with full statistics (panel a) to those trained2592

on the downsampled subsets (panel b). The Run 2 years show a notable under-prediction2593

in the total yield by up to 10% in the most extreme cases, while the modeling for Run 3 is2594

improved though still not perfect.2595
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Figure 9.12: Ratio of the total data yield to the predicted background yield in the signal

region for each 2b and 3b validation region, shown separately for all data-taking years.

Panel (a) shows the result when the normalizing flows and Gaussian processes are trained

on the full statistics, while panel (b) presents the average ratio from models trained on 10

downsampled subsets (each averaged over 25 seeds). The comparison illustrates the degree

of non-closure in each region, with a pronounced under-prediction of the total yield for

Run 2 years, reaching up to 10% in the most extreme case, while the agreement is notably

improved for the Run 3 years though still not perfect.

The observed non-closure in the total yield between the data and background prediction2596
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is visible across the entire phase space for the kinematic variables in the validation regions. 2597

This outcome suggests that further optimization of the machine learning hyperparameters 2598

is required, particularly for bins with low statistics, as is the case in the nominal 4b re- 2599

gion. Several improvements are currently underway, including widening the binning of the 2600

mass plane to increase statistical power in each bin and the application of an Anscombe 2601

transformation as a variance-stabilizing transformation for Poisson-distributed data. The 2602

Anscombe transformation is designed to render the variance approximately constant across 2603

different count values, thereby improving the reliability of the GP interpolation and nor- 2604

malizing flow training in low-statistics regimes [159]. Such modifications are expected to 2605

improve both the closure and the uncertainty estimates in the most challenging regions. 2606
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9.5 Preliminary Results2607

It is important to emphasize that the analysis is still in progress and the evaluation of sys-2608

tematic uncertainties is ongoing. While theoretical uncertainties are already available, the2609

implementation of experimental systematics for both background and signal is still under2610

development. Background systematics are of particular concern, as the previous Run 2 anal-2611

ysis showed that they were the dominant source of experimental uncertainty. Consequently,2612

significant effort is being dedicated to establishing a systematic uncertainty treatment that2613

can both accurately quantify and, where possible, reduce the total background uncertainty2614

in the statistical fit. This priority has directly motivated the background modeling improve-2615

ments discussed in the preceding sections.2616

9.5.1 Final Discriminant2617

The current baseline for the final discriminant follows the Run 2 analysis by categoriz-2618

ing events in mHH according to their XHH and |∆ηHH | values. This strategy enhances2619

sensitivity by partitioning the analysis phase space such that regions with different signal-2620

to-background ratios contribute most effectively to the overall search.2621

Six analysis categories are defined for the mHH distribution:2622

• Category 0: 0.0 < |∆ηHH | < 0.5, 0.0 < XHH < 0.952623

• Category 1: 0.5 < |∆ηHH | < 1.0, 0.0 < XHH < 0.952624

• Category 2: 1.0 < |∆ηHH | < 1.5, 0.0 < XHH < 0.952625

• Category 3: 0.0 < |∆ηHH | < 0.5, 0.95 < XHH < 1.62626

• Category 4: 0.5 < |∆ηHH | < 1.0, 0.95 < XHH < 1.62627

• Category 5: 1.0 < |∆ηHH | < 1.5, 0.95 < XHH < 1.62628
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In parallel, a transformer-based multivariate discriminant has been developed to distin- 2629

guish signal events from the dominant backgrounds, namely multi-jet QCD and tt̄ produc- 2630

tion. The model was trained using the same input variables listed in Table 9.2 that are 2631

used for the data-driven background estimation. This choice is essential, as the generative 2632

background modeling with normalizing flows and Gaussian processes only allows reliable es- 2633

timation of variables included in the training and prediction stages within the signal region. 2634

While the transformer shows promising potential, its implementation and optimization are 2635

not the focus of this thesis and are subject to further development by other members of the 2636

analysis team; as such, the exact details are not presented here. Current studies are focused 2637

on comparing the performance of the transformer discriminant with the categorized mHH 2638

approach, assessing both statistical sensitivity and robustness to systematic uncertainties. 2639

The transformer, in particular, requires additional validation to ensure compatibility with 2640

the background estimation framework, while the bin boundaries for the categorized strategy 2641

are being revisited and optimized for the current dataset rather than relying solely on Run 2642

2 definitions. 2643

9.5.2 Statistical Limits 2644

The improvement in the expected 95% confidence level upper limits on the signal strength 2645

of non-resonant HH → 4b production, from 6.02 with mHH as the discriminant in the Run 2646

2 analysis, see Table 8.3, to 3.58 with categorized mHH as the discriminant discriminant in 2647

the combined Run 2 and partial Run 3 analysis, demonstrates the substantial gains achieved 2648

through methodological advancements. With only a 40% increase in integrated luminosity 2649

(which would naively reduce the limit to about 4.8), the observed improvement is much 2650

greater. This enhanced sensitivity is the result of multiple factors, including improved jet 2651

energy and mass resolution, the deployment of the state-of-the-art GN2 b-tagging algo- 2652

rithm, and a more accurate background estimation framework using normalizing flows and 2653

Gaussian processes. Collectively, these developments have more than doubled the analysis 2654

sensitivity compared to what would be expected from luminosity scaling alone, highlighting 2655

the critical impact of continued innovation in experimental techniques. 2656
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It is important to note, however, that the Run 2 limit referenced above was used mHH2657

without categorization as the sole discriminant. Using the categorized mHH discriminant2658

would have yielded a stronger limit in the study presented in Section 8.2 as well, so direct2659

comparison between the two results should be interpreted with care.2660

Preliminary studies with the transformer-based MVA discriminant suggest an additional2661

17% improvement in the statistics-only limit, reaching a 95% CL upper limit of 2.97. Fig-2662

ure 9.13 compares the expected limits and κλ constraints from the categorized mHH and2663

the transformer-based MVA. While the details of the MVA approach are still under devel-2664

opment and are beyond the scope of this thesis, the results are encouraging. If systematic2665

uncertainties can be controlled with this discriminant, further improvements over the Run2666

2-only results appear attainable. There is even additional 5.7% sensitivity gain if the MVA2667

discriminant is categorized into a low-mass and high-mass region ofmHH with the boundary2668

at 450 GeV.2669

As these results are preliminary, with systematics still being incorporated and some2670

workflow steps undergoing further optimization, additional changes are expected before2671

the final analysis. Nonetheless, the outlook is highly promising. Further studies targeting2672

sensitivity improvements in a full Run 3 analysis, particularly in the low-mass kinematic2673

regime, are presented in Appendix A.2674
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Figure 9.13: (a) Expected 95% CL upper limits on the signal strength for non-resonant

HH → bb̄bb̄ production via ggF in the resolved channel, shown for three discriminants:

categorized mHH , MVA, and MVA categorized in mHH . The median expected limit is

presented along with the ±1σ and ±2σ uncertainty bands, assuming no signal contribution.

(b) Expected 68% and 95% confidence level upper limits on non-resonant HH → bb̄bb̄

production as a function of κλ, for each discriminant strategy with all other couplings fixed

to their Standard Model values.
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Chapter 102675

CONCLUSION2676

10.1 Summary2677

This thesis presents a comprehensive body of work spanning jet calibration and the develop-2678

ment and execution of Higgs boson pair production searches within the ATLAS Experiment.2679

In the jet definitions and calibrations subgroup, I developed dedicated calibrations for small-2680

R UFO jets in AF3 samples, as well as systematic uncertainty prescriptions for both small-R2681

and large-R PFlow jets in AF3 samples for Run 2 and Run 3. These efforts have been es-2682

sential for ensuring the reliability and precision of reconstructed jet observables in the fast2683

simulation for current and future analyses.2684

My contributions to the Run 2 non-resonant HH → bb̄bb̄ analysis were instrumental in2685

defining the background systematic uncertainties and informing the selection of the final2686

discriminant for the resolved ggF channel. This analysis ultimately delivered the third most2687

sensitive decay channel in the ATLAS combination, advancing the long-term goal of probing2688

and measuring the Higgs boson self-coupling.2689

As a primary analyst for the Run 2 resonant X → SH → bb̄bb̄ search, I was responsible2690

for a broad range of critical tasks, including Monte Carlo validation, jet pairing, optimization2691

of kinematic selections, and the estimation and validation of backgrounds. In addition, I2692

served as an editor for the internal analysis note, organizing and documenting the workflow2693

throughout the process. This coordinated effort culminated in the first ATLAS results for2694

this final state. Although no significant excess was observed within the phase space examined2695

in the resolved topology, the analysis provides a solid foundation for future searches in this2696

channel.2697

Finally, I contributed substantially to the background validation and systematic uncer-2698

tainty assessments of the non-resonant HH → bb̄bb̄ search using the Run 2 and early Run2699

3 data. The results obtained from the statistical-only limits are particularly promising,2700
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indicating a substantial improvement over Run 2 and suggesting even greater sensitivity 2701

upon completion. My studies targeting enhanced sensitivity to low-mass events have laid 2702

the groundwork for future iterations of the analysis with the complete Run 3 dataset, as 2703

discussed in Appendix A. 2704

10.2 Future Outlook 2705

Though no significant global excesses have been observed in Run 2 analyses, the sensitivity 2706

of both non-resonant and resonant searches for Higgs pair production is expected to increase 2707

substantially with the accumulation of more data along with ongoing improvements in re- 2708

construction, machine learning techniques, and analysis strategies. The broader significance 2709

of Higgs physics is illustrated in Figure 10.1, which highlights the central role the Higgs bo- 2710

son plays in addressing fundamental open questions in particle physics. These include the 2711

origin of mass, the structure of the scalar sector, the stability of the vacuum, connections 2712

to dark matter, and the potential for discovering supersymmetric or composite states. 2713

In preparation for the HL-LHC era, substantial efforts have been made by the high 2714

energy physics community to project future sensitivities as input to the 2026 European 2715

Strategy Update for Particle Physics. Of particular relevance to this thesis are projections 2716

for non-resonant Higgs boson pair production which is expected to yield approximately 105 2717

di-Higgs events. Extrapolating from Run 2 results, and assuming a dataset of 3000 fb−1
2718

at a center-of-mass energy of
√
s = 14 TeV (representing an increase of 18% and 19% 2719

in the gluon fusion and vector boson fusion production cross sections, respectively), the 2720

ATLAS combination analysis anticipates a significance of 4.26σ for probing the Higgs self- 2721

coupling under a baseline systematic scenario with moderate improvements over Run 2 2722

uncertainties. Specifically, the bb̄bb̄ final state is projected to yield a 1.0σ sensitivity to the 2723

trilinear coupling modifier κλ with expected exclusion limits in the range [1.6, 7.5] at 95% 2724

confidence level [160]. 2725

An observation of non-resonant Higgs boson pair production as expected in the SM is 2726

anticipated with the combination of channels across ATLAS and CMS once the integrated 2727

luminosity surpasses 2000 fb−1. With the full HL-LHC dataset of 3000 fb−1, the combined 2728

ATLAS and CMS analyses are expected to achieve a 7.2σ significance and constrain κλ with 2729
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Figure 10.1: The central role of the Higgs boson in modern particle physics. The Higgs

field not only gives mass to elementary particles via electroweak symmetry breaking but

also connects to a broad array of theoretical and experimental frontiers, including Higgs

self-coupling, dark matter, baryon asymmetry, supersymmetric particles, the stability of

the vacuum, composite Higgs models, and extensions to the scalar sector. Each branch

highlights a key area where the Higgs boson could provide insight into physics beyond the

Standard Model.

a precision better than 30%, as illustrated in Figure 10.2 [161].2730

10.2.1 Possible Improvements for 4b Analyses2731

Future advances in the sensitivity of 4b analyses will depend on a combination of increased2732

data, technical upgrades, and innovative analysis techniques. Several areas stand out as2733

promising directions for improvement, many of which are active fields of research within2734

ATLAS and the wider LHC community:2735

• Advanced Machine Learning for Background Estimation: The challenge of2736

accurately modeling the overwhelming multi-jet QCD background in the 4b final state2737
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(a) (b)

Figure 10.2: Expected values of the negative log-likelihood ratio as a function of κλ for

an integrated luminosity of 3000 fb-1 at
√
s = 14 TeV for the ATLAS (ATLAS+CMS)

combination of different channels and their statistical combination in the baseline scenario

in Figure 10.2a (10.2b) [160, 161].

remains central. Building on recent progress, even more sophisticated ML models, 2738

such as graph generative models and foundational models, can be leveraged for data- 2739

driven background estimation. These approaches have the potential to learn complex, 2740

high-dimensional correlations directly from data, reducing modeling uncertainties and 2741

improving background rejection. 2742

• Statistical Uncertainty Reduction: Statistical uncertainties in both background 2743

and signal modeling can be mitigated by utilizing larger training samples from fast 2744

simulation frameworks (like AF3), which enable the production of high-statistics MC 2745

samples with reduced computational cost. This is particularly relevant for training 2746

ML-based background models or calibrating rare signal processes. 2747

• More Precise Simulation and Data-Driven Methods: Improvements in theo- 2748

retical calculations, parton shower modeling, and detector simulation fidelity will fur- 2749
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ther reduce systematic uncertainties. Enhanced MC event generators and increased2750

use of data-driven techniques (e.g., control regions, sidebands, and hybrid MC/data2751

approaches) can yield more accurate background estimates and validation of the mod-2752

eling.2753

• Improved b-Tagging and Jet Calibration: Upgrades to b-tagging algorithms in-2754

clude exploiting deep learning, high-granularity tracking, and new detector layers,2755

which will boost signal efficiency and purity. Parallel improvements in jet energy2756

scale and resolution calibrations, especially with ML-driven or in-situ methods, are2757

expected to directly reduce uncertainties and increase search sensitivity [162, 163].2758

• Trigger Innovations: Lowering jet pT thresholds in high-rate environments is a2759

major challenge. Recent studies demonstrate that ML-based triggers, including online2760

deep learning pre-selection, can maintain high signal efficiency while controlling rates,2761

thereby enabling the retention of more signal-like events in future runs.2762

• Systematic Uncertainty Reduction: Targeted studies and calibration campaigns2763

can further reduce the dominant systematic uncertainties, particularly those related2764

to jet energy scale, b-tagging, and background modeling. As uncertainties shrink,2765

analyses will become increasingly limited by statistical rather than systematic effects.2766

• Broader and More Precise BSM Searches: For BSM searches and interpreta-2767

tions, several directions are actively being explored:2768

– Expanding resonant scalar searches to cover wider resonance mass and width2769

hypotheses, including X → SS and non-minimal scalar scenarios.2770

– Incorporating model-dependent width effects, such as large or variable resonance2771

widths, to improve sensitivity to non-narrow signals.2772

– Leveraging full Run 3 and HL-LHC datasets to probe more subtle BSM effects2773

and rare signatures.2774
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Together, these improvements, supported by ongoing hardware upgrades, theoretical 2775

developments, and methodological innovation, will continue to drive the 4b analyses toward 2776

higher precision and greater discovery potential in both Standard Model and BSM searches 2777

for Higgs boson pair production. 2778

10.3 Contributions 2779

The following subsections present the publications that my work has contributed towards, 2780

along with the talks, posters, conferences, and workshops in which I have been involved. 2781

10.3.1 Publications 2782

• Expected : ATLAS Collaboration. Search for non-resonant pair production of Higgs 2783

bosons in the bb̄bb̄ final state using the Run 2 and partial Run 3 pp collisions by the 2784

ATLAS detector. Late 2025. 2785

• Expected : ATLAS Collaboration. Search for new resonances decaying to a scalar 2786

and a Standard Model-like Higgs boson in the bb̄bb̄ final state using the Run 2 pp 2787

collisions by the ATLAS detector. Fall 2025. 2788

• Expected : ATLAS Collaboration. Data and Monte Carlo studies of final states 2789

containing jets using pp collisions at
√
s = 13.6 TeV with the ATLAS detector. Fall 2790

2025. 2791

• ATLAS Collaboration. Search for non-resonant pair production of Higgs bosons in 2792

the bb̄bb̄ final state in pp collisions at
√
s = 13 TeV with the ATLAS detector. Physical 2793

Review D, 2023. 2794

10.3.2 Talks, Posters, Conferences, Workshops 2795

• Jet and missing transverse momentum performance at ATLAS and CMS, Higgs Pairs 2796

2025, Isola d’Elba, Italy, 2025.05. 2797
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• Jet Definitions and Calibrations (Current Calibrations), Session Co-Chair, Hadronic2798

Calibration Workshop, Ottawa, Canada, 2024.08.2799

• Search for a massive scalar resonance decaying to a lighter scalar and a Higgs boson2800

in the 4b final state with the resolved topology, HDBS Workshop, Nikhef, Amsterdam,2801

Netherlands, 2024.07.2802

• Ongoing Run 2 Efforts in the X to SH to bbbb Analysis, ATLAS Di-Higgs Workshop,2803

CERN, Meyrin, Switzerland, 2024.01.2804

• Calibration of Small-R Jets in R22 for AtlFast3, Hadronic Calibration Workshop,2805

Valencia, Spain, 2023.09.2806
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Appendix A

LOW-MASS EVENTS IN THE HH → bb̄bb̄ ANALYSIS

A.1 Motivation

The non-resonant HH → bb̄bb̄ analyses from Run 2, as well as preliminary results from

Run 3, have established this channel as one of the most powerful for probing the Higgs

boson self-coupling. Given the substantial achievements so far, the analysis has been ex-

tensively optimized for overall sensitivity—leaving limited room for incremental gains using

standard approaches. Nevertheless, the regime of low-mass mHH events remains compar-

atively under-explored and may present new opportunities for sensitivity gains, provided

that novel analytical strategies can be developed.

Several longstanding challenges have hindered sensitivity to low-mass events. These

include the trigger turn-on behavior near threshold, difficulties in accurately reconstructing

signal events, and the overwhelming multi-jet QCD background at low masses. However,

recent advancements—such as asymmetric triggers specifically developed for this analysis

in Run 3—have greatly improved the ability to select low-mass events in both signal and

background. This motivates a focused effort on developing reconstruction and analysis

methods tailored to this previously inaccessible region.

A.2 Pairing

As discussed in Section 9.3.1, the minimum ∆R pairing algorithm is highly effective for

medium- and high-mass mHH events, where pairing efficiency becomes nearly perfect above

500 GeV. However, its performance degrades for low-mass events. When mHH is small,

the Higgs bosons tend to have lower transverse momentum, resulting in b-jets that are

widely separated in angle rather than collimated. Under such circumstances, a pairing

algorithm based on minimal angular distance loses discriminating power. This effect is

clearly demonstrated in Figure A.1, which shows the angular separation between b-quarks
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from leading and subleading Higgs bosons, comparing correct and incorrect pairings for

both low-mass (mHH < 450 GeV) and high-mass (mHH > 450 GeV) events.
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Figure A.1: Truth distribution of the angular distance between the b-quarks for the (a)

leading and (b) subleading Higgs bosons in the mc23a signal, showing both correct and

incorrect pairings for low-mass (mHH < 450 GeV) and high-mass (mHH > 450 GeV)

events.

The definition of “low-mass” is itself somewhat ambiguous, with the boundary depending

on the analysis context. Figure A.2 extends the previous comparison to three ranges of

mHH , further illustrating how kinematics evolve with mHH . These results suggest that the

low-mass regime should be defined as mHH below approximately 400–450 GeV.

Pairing is particularly problematic for low-mass events because the combinatorics of jet

assignments in both signal and QCD background can produce mass configurations that

mimic signal-like features. Figure A.3 demonstrates this point for 3b data with mHH <

400 GeV, where each possible pairing yields substantial populations in both the signal and

control regions.

To overcome these challenges, future analyses seeking to exploit low-mass events might

consider strategies that circumvent explicit pairing altogether—such as defining kinematic

regions in the space of multivariate discriminants trained to separate signal from back-

ground. This approach could avoid the loss in efficiency associated with traditional jet
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Figure A.2: Truth distribution of the angular distance between the b-quarks for the (a)

leading and (b) subleading Higgs bosons in the mc23a signal, shown for threemHH intervals:

[0, 250], [350, 400], and [400, 450] GeV.
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Figure A.3: Distributions of 3b events with mHH < 400 GeV from 2017 data in the mH1-

mH2 plane for each of the three possible jet pairings. With jets ordered by decreasing pT

and indices [1,2,3,4]: pairing 1 is [(1,2), (3,4)], pairing 2 is [(1,3), (2,4)], and pairing 3 is

[(1,4), (2,3)].

pairing, particularly in the resolved topology.
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A.3 Potential Sensitivity Gain

It is instructive to quantify the potential improvements in analysis sensitivity that could

result from more effective use of low-mass events. To estimate this, the existing Run 2

workspace can be used to perform “what-if” studies, where the signal yield is artificially

increased or the background decreased in the low-mass region. This allows one to directly

observe the impact on the expected (statistical only) 95% confidence level limits. Three

boundaries are considered, based on the workspace binning: 396, 433, and 470 GeV, with

mHH < 433 GeV serving as a reasonable working definition.

For example, Figure A.4 shows that reducing the background by a factor of three for

events with mHH < 433 GeV improves the expected stat-only limit by approximately 7%.

Conversely, simultaneously increasing the signal and reducing the background by a factor

of three in the same region yields a much larger improvement of about 36%, as seen in

Figure A.5. While such gains are optimistic, they illustrate the scale of enhancement possible

if new methods can substantially improve signal efficiency and/or background rejection.

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
Factor of Background Reduction

3.8

3.9

4.0

4.1

4.2

4.3

4.4

No
m

in
al

 E
xp

ec
te

d 
Lim

it

mHH < 396 GeV
mHH < 433 GeV
mHH < 470 GeV

1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 3.00
Factor of Background Reduction

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

No
m

in
al

 E
xp

ec
te

d 
Lim

it 
%

 D
ec

re
as

e

mHH < 396 GeV
mHH < 433 GeV
mHH < 470 GeV

Figure A.4: (a) Stat-only 95% CL limits and (b) their percentage improvement when re-

ducing the low-mass background by a factor of up to three, for several boundaries of mHH .

Current results show that completely removing events with mHH < 433 GeV would

degrade the stat-only limit by only about 5%, which is a testament to the strength of the

existing analysis for high-mass events. To capitalize on the potential of low-mass events
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Figure A.5: Stat-only 95% CL limits when both increasing the signal and reducing the

background by factors between 1 and 3 for low-mass events, with boundaries at (a) mHH <

396 GeV and (b) mHH < 433 GeV.

without sacrificing performance in the high-mass regime, a promising strategy would be to

treat these regions independently, possibly as separate sub-analyses.

A.4 NN Reweighting

In an effort to improve background modeling, a neural network-based reweighting proce-

dure—similar to that described in Section 6.4—was applied to the low-mass region. Here,

the neural network is trained to reweight simulated QCD events to better match the data

distributions in the control region, using the same density ratio estimation method as pre-

viously established. Unlike the background estimation, which reweights 2b to 4b data, this

study focuses on reweighting simulated QCD to match data in each ntag category.

This NN-based reweighting shows excellent closure for the 2b sample across several

kinematic variables in the signal region, as shown in Figure A.6.

However, for the 3b and 4b samples, the NN reweighting does not yield the same level

of performance. Figure A.7 shows that, although some improvement is observed for 3b

events, significant non-closure persists in the SR. The problem is even more pronounced for

4b events, as seen in Figure A.8, where a lack of smooth modeling is evident—even in the

CR where the network was trained. The limited statistics in the simulated 4b QCD sample
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Figure A.6: Distributions of (a) the pT of the leading Higgs candidate jet 1, (b) the pT of

the leading Higgs candidate, and (c) mHH for low-mass 2b events from simulated multi-jet

QCD, after NN reweighting to match Run 2 and partial Run 3 data in the SR. Good closure

is observed across the kinematic phase space.

exacerbate this challenge, as individual events with large weights can dominate the training

process.
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Figure A.7: Distributions of (a) the pT of the leading Higgs candidate jet 1, (b) the pT of

the leading Higgs candidate, and (c) mHH for low-mass 3b events from simulated multi-jet

QCD, after NN reweighting to match Run 2 and partial Run 3 data in the SR. While closure

improves, significant modeling challenges remain.
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Figure A.8: Distributions of (a) the pT of the leading Higgs candidate jet 1, (b) the pT of

the leading Higgs candidate, and (c) mHH for low-mass 4b events from simulated multi-jet

QCD, after NN reweighting to match Run 2 and partial Run 3 data in the CR. While

the modeling shows some improvement, significant discrepancies remain, particularly in the

control region used for training.

A.4.1 Shortcomings

One of the primary limitations encountered in these studies is the paucity of simulated

QCD statistics, especially for the 4b sample. Modern machine learning methods perform

best when trained on large, representative datasets. Possible remedies include switching to

faster simulation tools such as AF3 or implementing more efficient event filtering to avoid

simulating events that will not be used. Care must be taken, however, to ensure that such

optimizations do not distort the relevant kinematic distributions.

Another issue relates to the definition of kinematic regions in these studies. The SR

and CR used here were optimized for the full analysis, with an emphasis on the high-mass

region. Therefore, a future analysis focused on low-mass events may benefit from redefining

the signal and control regions to better suit this phase space.

A.5 Outlook

Recent advances in triggers and analysis methodology have opened the door to improved

sensitivity from low-mass HH → bb̄bb̄ events. To fully exploit this opportunity, it may
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be necessary to develop dedicated reconstruction, background estimation, and discriminant

strategies tailored to the low-mass regime. While improving jet pairing algorithms could

yield benefits, more transformative approaches, such as using multivariate discriminants

and redefining kinematic regions, may offer even greater gains.

Despite longstanding difficulties in modeling multi-jet QCD background, recent devel-

opments in NN-based reweighting are promising, especially as simulation samples improve

in both size and fidelity. This, in turn, could enable more robust data-driven background

estimation and improved training for multivariate discriminants. Ultimately, fully lever-

aging low-mass events may require treating them as a distinct analysis component, with

specialized tools for maximizing their contribution to overall sensitivity.
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Appendix B

BDT FOR PAIRING IN X → SH → bb̄bb̄

While the primary focus of my work was on the development of a neural network-based

pairing method, the BDT pairing algorithm remains the nominal approach used throughout

the X → SH → bb̄bb̄ analysis. This appendix summarizes the BDT strategy, training

procedure, and key performance validations, complementing the more detailed discussion of

pairing methodology found in the main body of the thesis.

B.1 BDT Pairing and Training

The BDT is trained using all available signal MC samples with mX between 200 and

3000 GeV. To avoid statistical bias, a two-fold cross-validation scheme is used: events

are split into odd and even event numbers, and each subset is used both for training and

independent testing. Two separate BDT trainings are performed, one for compressed and

one for non-compressed signal topologies, reflecting the distinct kinematic regimes.

The BDT is implemented with TMVA and is trained on the same set of events as used

for the NN-based method, with three possible jet pairings considered per event. The input

variable set is optimized for kinematic discrimination, as summarized in Table B.1. These

include six angular variables for the two jet pairs, two pT variables, and two mass-related

variables, the invariant mass of all four b-jets, the difference between the four-jet mass, and

the sum of the pair masses.

For each event, the BDT evaluates all three pairings, and the assignment with the

highest BDT score is chosen for signal reconstruction. Figure B.1 shows the BDT output

distributions for both training and test samples in the compressed and non-compressed

regimes. The excellent agreement confirms the absence of overtraining.

Figure B.2 summarizes the number of events passing selection used in training and the

resulting BDT pairing efficiency for different mass points. No significant dependence of
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Table B.1: Input variables used to train the BDT for jet pairing in SH4b. For each event,

all three pairings of the four selected b-jets (indices i, j, k, l) are evaluated.

Input Variable Description

∆ηij Pseudorapidity difference between i-th and j-th b-jet

∆ϕij Azimuthal angle difference between i-th and j-th b-jet

∆Rij Angular distance between i-th and j-th b-jet

∆ηkl Pseudorapidity difference between k-th and l-th b-jet

∆ϕkl Azimuthal angle difference between k-th and l-th b-jet

∆Rkl Angular distance between k-th and l-th b-jet

pT (ij) pT of the ij b-jet pair

pT (kl) pT of the kl b-jet pair

mijkl Invariant mass of all four b-jets

mijkl − (mij +mkl) Difference between the four-jet mass and the sum of the two

pair masses

efficiency on event count is observed, indicating stable BDT performance across the signal

phase space.

B.2 Reconstructed Mass Resonances

The BDT pairing is further validated by comparing reconstructed mass distributions for

X, S, and H using the BDT pairing, a cut-based min ∆R pairing, and truth-matched

assignments. As shown in Figure B.3, the BDT pairing preserves the resonance structure

and does not introduce significant mass bias. The use of a dedicated BDT for the compressed

regime provides additional gains for those signal models.
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Figure B.1: Distributions of the BDT output for signal (correct pairing, score near 1)

and background (incorrect pairing, score near -1) for (a) odd and (b) even events in the

compressed region, and (c) odd and (d) even events in the non-compressed region. The

agreement between training and test samples indicates no overtraining. See SH4b Internal

Note [145].
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Figure B.2: (a) Number of simulated events passing selection in the training dataset. (b)

BDT pairing efficiencies for different signal mass points, defined as the weighted fraction of

selected events with the correct pairing identified. See SH4b Internal Note [145].
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Figure B.3: Reconstructed mass distributions for H ((a), (b)), S ((c), (d)), and X ((e),

(f)) for a compressed signal (mX = 1000 GeV, mS = 750 GeV; left column) and a non-

compressed signal (mX = 750 GeV, mS = 400 GeV; right column). Results are shown

for BDT pairing (green), min ∆R pairing (yellow), and truth-matching (pink). See SH4b

Internal Note [145].
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Appendix C

COMPARISON OF ASYMMETRIC AND SYMMETRIC SCALAR
RESONANCE SEARCHES

This thesis presents the first ATLAS results from a search for scalar resonances in the

asymmetric decay X → SH → bb̄bb̄, as detailed in Section 7.6.2. While no previous ATLAS

results exist for this specific decay topology, a comparison to the search for heavy scalar

resonances in the symmetric Higgs boson pair decay, X → HH → bb̄bb̄, offers valuable

context on the achieved sensitivity. The results of the symmetric search are shown in

Figure C.1.

A simple linear interpolation of the observed and expected limits from the asymmetric

analysis, with mS values between 100 GeV and 170 GeV, suggests that the results at mS ≈

125 GeV are comparable to those from the resolved channel of the resonant HH → bb̄bb̄

analysis for mX ≤ 1000 GeV. This comparison is visualized in Figure C.2.

Despite the use of improved analysis techniques and modern object reconstruction, the

asymmetric search is noticeably less sensitive than the symmetric search for mX values of

400 GeV, 750 GeV, and 1000 GeV. This difference can be attributed to several inherent

complexities of the asymmetric decay topology, which present greater challenges to the

analysis.

First, the correct pairing of the four b-jets is significantly more complicated in the asym-

metric case. Unlike the symmetric search where both Higgs bosons have a well-defined mass

of 125 GeV, the asymmetric search has only one known mass (mH) and a variable, unknown

mass (mS) that can range from 70 GeV to 2500 GeV. This wide kinematic variation makes

it difficult for a single pairing algorithm to perform optimally across all signal samples. Ad-

ditionally, even if the jets are paired correctly, the correct assignment of each pair to either

the H or S boson must still be determined, which can result in a loss of signal efficiency

ranging from 25% to 35% when the masses are similar.
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Figure C.1: Expected (dashed black lines) and observed (solid black lines) 95% CL upper

limits on the cross section times the branching ratio of resonant HH production in the

spin-0 model. The inner green (outer yellow) bands represent the 1σ and 2σ uncertainties.

Expected limits using each of the resolved and boosted channels individually (dashed colored

lines) are shown [105].

Second, the signal region definition and subsequent background estimation are more

challenging. The symmetric search benefits from a single, well-defined signal region where

both di-jet pairs are required to have an invariant mass close to mH . This allows for the

use of control regions that are immediately adjacent to the signal region, simplifying the

data-driven background estimation. In contrast, the asymmetric search requires a differ-

ent analysis for each specific mS hypothesis. While the full signal region is blinded, each

individual pseudo-signal region for a given (mX ,mS) mass pair is not directly adjacent

to the overall control region. This topological difference in the signal and control regions

complicates the background estimation and reduces the statistical power of the analysis.

In summary, while the sensitivity of the asymmetric analysis is lower for most benchmark

points compared to the symmetric search, the results are nevertheless promising. This
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work represents a crucial first step in exploring a challenging decay channel and lays the

foundation for future improvements in this unique search topology.
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Figure C.2: Observed (solid black line) and expected (dashed black line) 95% CL upper

limits on the cross section times the branching ratio. For each unique mX value, a scaling

factor is applied to the limits so that all mass pairs can be visualized together. The inner

green (outer yellow) bands represent the 1σ and 2σ uncertainties, respectively. The observed

and expected limits on the cross section times the branching ratio for the resonant HH →

bb̄bb̄ results are depicted (approximately) in gray.
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