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Abstract
Diese Arbeit behandelt die Herausforderung der Identifizierung von Elektronen, die mit
Jets überlappen. Kontext ist die Suche nach resonanter Higgs-Boson-Paarproduktion am
Atlas Experiment, wobei der "boosted" X → HH → bb̄WW ∗ 1-Lepton-Kanal betra-
chtet wird.
Ein neuronales Netzwerk mit sechs Hidden Layers, ReLU Aktivierung, L2 Regularisierung
und Batch Normalisierung wurde entwickelt, um die Identifizierungsgenauigkeit in von
Elektronen in Jets zu verbessern. Das Modell wurde mit dem Adam-Optimierer und der
categorical Cross-Entropy Verlustfunktion trainiert und nutzte EarlyStopping und Mech-
anismen zur Reduzierung der Lernrate.
Das trainierte Netzwerk erreichte eine hohe Genauigkeit von 0,9718 und einen Verlust von
0,1353 nach 54 Epochen, mit einer AUC von 0,9918 für sowohl Signal- als auch Hinter-
grundklassen. Die Konfusionsmatrix zeigte eine hohe Genauigkeit bei der Unterscheidung
von Signal- (99,98%) und Hintergrundklassen (94,38%), was die Robustheit des Modells
bei der Unterscheidung von Jets, die prompte Elektronen enthalten, und anderen Jets
und Leptonen bestätigt.

Stichwörter: Higgs-Boson, resonante Higgs-Paarproduktion, HHbbVV, Neuronale
Netze

Abstract
This work addresses the challenge of identifying electrons that overlap with jets. The
context is the search for resonant Higgs boson pair production at the Atlas experiment,
where the boosted X → HH → bb̄WW ∗ 1-lepton channel is considered.
A neural network with six hidden layers, ReLU activation, L2 regularisation and batch
normalisation was developed to improve the identification accuracy of electrons in jets.
The model was trained with the Adam optimiser and the categorical cross-entropy loss
function and used early stopping and learning rate reduction mechanisms.
The trained network achieved a high accuracy of 0.9718 and a loss of 0.1353 after 54
epochs, with an AUC of 0.9918 for both signal and background classes. The confusion
matrix showed high accuracy in discriminating signal (99.98%) and background classes
(94.38%), confirming the robustness of the model in discriminating jets containing prompt
electrons and other jets and leptons.
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1. Introduction

Understanding the universe has always been a profound quest for humanity, particularly
for physicists. The Standard Model (SM) of particle physics [1–5] represents a major mile-
stone in this pursuit, offering a comprehensive framework that clarifies the interactions
and properties of elementary particles.
The discovery of the Higgs boson in 2012 by the Atlas and Cms experiments at the Large
Hadron Collider (Lhc) [6, 7] was a groundbreaking achievement, affirming the validity
of the SM. In the realm of particle physics, the Higgs boson is not just another particle;
it is a cornerstone of our understanding of the universe. The Higgs boson is intimately
connected with the Higgs field, an energy field that pervades the entire universe [8]. As
particles interact with this field, they acquire mass [9]. Without the Higgs field and the
Higgs boson, particles would move at the speed of light, making the formation of stars,
planets, and life as we know it impossible.
A promising method for testing the SM description of Higgs physics is through the study
of Higgs boson pair production. While the SM predicts non-resonant pair production,
theories beyond the SM (BSM) also predict resonant production, where a heavy scalar
particle X decays into two Higgs bosons. This type of resonant production serves as a
direct probe for new physics. Since the SM does not include any particles heavy enough
to decay into two Higgs bosons, observing such resonant production would signal the
presence of new particles or interactions [10].
At very high resonant masses (mX & 2 TeV), the topology of the Higgs pair production
becomes boosted, resulting in collimated decay products. One possible final state is the
bb̄WW ∗. In these scenarios, the decay products of the Higgs boson (H → bb̄) and the
hadronically decaying W boson (Whad) are often reconstructed as a single jet due to the
limitations of detector resolution. Additionally, the lepton from the leptonically decaying
W boson may overlap with the Whad jet, complicating the reconstruction process [11].
In high-energy environments, it is particularly difficult to distinguish individual particles.
This challenge is especially pronounced for electrons compared to muons, which benefit
from the muon spectrometer designed to track them more accurately.
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1. Introduction

This thesis focuses on the challenge of identifying electrons that overlap with jets in the
search for boosted X → HH → bb̄WW ∗ in the 1-lepton channel at the Atlas experi-
ment. The study employs neural networks to enhance both the precision and effectiveness
of the identification process.
The structure of the thesis is as follows: Chapter 2 discusses the fundamentals of particle
physics, including the Standard Model, the Higgs mechanism, and the properties of the
Higgs boson. Chapter 3 describes the Large Hadron Collider and the Atlas detector.
Chapter 4 provides an overview of neural networks, detailing various types, training tech-
niques, and optimization methods. Chapter 5 focuses on the identification of electrons in
jets in the boosted X → HH → bb̄WW ∗ 1-lepton analyses, addressing object reconstruc-
tion and the application of neural networks for classification. Finally, Chapter 6 presents
the conclusion and an outlook on future research.
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2. Fundamentals of Particle Physics

2.1. The Standard Model

The Standard Model (SM) of particle physics provides a comprehensive framework for un-

derstanding the fundamental particles and their interactions [12]. It categorizes elemen-

tary particles into fermions and bosons, each with speci�c roles and characteristics. Figure

2.1 illustrates the arrangement and classi�cation of these particles within the model.

Twelve of the particles in the SM are fermions. They have a spin of12 and build up

matter. They are further characterized by their mass, charge, colour and weak isospin.

Depending on these characteristics, they couple electromagnetically, weakly, strongly and

to the Higgs �eld. They are divided into three generations with equal charge, colour and

isospin but with di�erent masses. Each generation contains quarks and leptons. Quarks

are either up-type (charge of+ 2
3e) or down-type (charge of� 1

3e) and carry colour charge,

necessary to interact strongly.

Leptons do not interact via the strong force and have an integer charge. They are either

charged (� 1e) or neutral (neutrinos). The �rst generation of leptons are the electron (e)

and the electron neutrino (� e). The second generation consists of the muon (� ) and the

muon neutrino (� � ). The third generation consists of the tau (� ) and the tau neutrino

(� � ). Leptons become heavier with each generation as well. Neutrinos are basically mass-

less.

Gauge bosons (vector bosons) are the last group of particles of the SM. They mediate the

fundamental forces. The four known forces of nature are the strong force, the electromag-

netic force, the weak force and gravity. However, gravity has no e�ect in particle physics

because it is too weak. There are �ve gauge bosons in total. The massless gauge boson

for the strong force is the gluon (g), and for the electromagnetic force it is the photon

(
 ). The weak force has three gauge bosons: two charged bosons (W + / W � ) with a mass

of about 80.4GeV and a neutral Z 0 boson with a mass of 91.2GeV [12].

The �nal boson in the SM is the scalar Higgs boson. More detailed information can be

found in Sections 2.3 and 2.4.
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2. Fundamentals of Particle Physics

Figure 2.1.: Standard Model of Elemantary Particles with fermions (quarks and lep-
tons) and bosons [13]

The SM does not explain several crucial phenomena, including gravity, dark matter and

dark energy [14]. It also fails to explain the observed matter-antimatter asymmetry in

the universe [15] and the existence of neutrino masses [16]. These and other limitations

suggest the presence of new physics beyond the SM (BSM) [17].

2.2. The Higgs mechanism

The Higgs mechanism, �rst described by Peter Higgs in 1964, François Englert and Robert

Brout in 1964, and independently by Tom W. B. Kibble, Carl R. Hagen, and Gerald

Guralnik in 1968 [8, 18, 19], explains how particles acquire mass while preserving gauge

symmetries. Generally, mass terms in the Lagrangian con�ict with gauge invariance,

necessitating the introduction of a �eld known as the Higgs �eld. This �eld permeates

all of space and has a non-vanishing vacuum expectation value [8]. Massive particles

interact with the Higgs �eld, which imparts mass to them. The extent of this interaction

determines the mass of the particle: particles that interact strongly with the Higgs �eld

have higher masses, while those that do not, such as the photon, remain massless. The

Higgs �eld is represented by a potential function, which is given by Formula 2.1 and

4



2.3. Higgs boson properties

illustrated in Figure 2.2 [8, 18, 19].

V(� ) = � 2(� y� ) + � (� y� )2 (2.1)

with

� =
1

p
2

0

@
� 1 + i� 2

� 3 + i� 4

1

A (2.2)

Figure 2.2.: V(� ) potential for a complex scalar �eld with � 2 < 0 and � > 0 [20]

After electroweak symmetry breaking, three degrees of freedom are absorbed by the masses

of the W and Z bosons, while the photon remains massless, thereby preserving electro-

magnetic symmetry. Additionally, it explains the mass of fermions, such as electrons,

through interactions described by Yukawa coupling. The presence of the Higgs boson is a

consequence of the Higgs mechanism, as the Higgs �eld itself cannot be measured directly.

2.3. Higgs boson properties

The Higgs boson was discovered in 2012 by theAtlas and Cms experiments at the Large

Hadron Collider (Lhc ) at CERN [6, 7]. It has a spin of 0 and is one of the heaviest par-

ticles with a mass ofmH = 125:09� 0:21(stat) � 0:11(syst) GeV [21].

The Higgs boson can be produced through several distinct mechanisms at theLhc . These

include gluon-gluon fusion (ggF), vector boson fusion (VBF), vector boson to Higgs

(V � ! V H) associated production, and top-antitop pair production associated with

5



2. Fundamentals of Particle Physics

a Higgs boson (t�tH ). The lowest-order Feynman diagrams for each of these production

processes are illustrated in Figure 2.3.

The production cross sections forpp collisions at a center-of-mass energy of
p

s = 13 TeV

are shown in Figure 2.4(a) as a function of the Higgs boson massmH . The Higgs boson

decays into di�erent particles due to its instability. The branching ratios of the Higgs

boson are depicted in Figure 2.4(b) as a function ofmH . Both �gures illustrate how these

quantities vary with mH .

The most frequent production mechanism involves the creation of a Higgs boson due to a

ggF. The next most common production cross section, which is approximately an order of

magnitude lower, is VBF. Once produced, the Higgs boson decays rapidly due to its large

mass. The branching ratios indicate that the most dominant decay modes areH ! b�b

and H ! WW, followed by H ! gg and H ! � � .

(a) ggF (b) VBF

(c) VH (d) t �tH
Figure 2.3.: Lowest order Feynman diagrams for the production of Higgs bosons at the

Lhc . (a) gluon-gluon fusion (ggF), (b) vector boson fusion (VBF), (c) VH
production, and (d) t�tH production [11]

2.4. Higgs boson pair production

In addition to single Higgs boson production shown in Figure 2.3, pairs of Higgs bosons

can be produced at theLhc . In the SM, such pair production can only occur in a

non-resonant mode. However, BSM theories allow for Higgs boson pairs to be produced

resonantly by introducing a heavy particleX that can decay into Higgs bosons. Such

a heavy scalar is introduced for example in two-Higgs-doublet models, where a second

6



2.4. Higgs boson pair production

(a) Production cross section (b) Branching ratio of the Higgs boson

Figure 2.4.: Lhc production cross section forpp collisions at a center-of-mass energy
of

p
s = 13 TeV, measured inpb, and the branching ratio of the Higgs

boson, both as functions of the Higgs boson mass. The precision of the
calculations is indicated in parentheses [22].

scalar doublet is added to the SM [23] and the two real singlet model (TRSM), where

new scalar bosons likeX and S can be produced [24]. These models do not specify the

masses of these new particles, so searches must explore a wide mass range.

Higgs boson pair production can occur through several mechanisms: self-coupling of Higgs

bosons or interactions with the top quark Yukawa coupling as predicted in the SM, within

BSM frameworks, it can occur through the mediation of a new heavy scalar particleX .

Figure 2.5 illustrates the Feynman diagrams corresponding to these mechanisms of Higgs

pair production.

(a) Higgs self-coupling (SM) (b) top Yukawa-coupling
(SM)

(c) resonant Higgs boson pair
production via heavy scalar X
(BSM)

Figure 2.5.: Feynman diagrams of Higgs pair production [11]
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2. Fundamentals of Particle Physics

Figure 2.6 shows the branching ratios for the decay of two Higgs bosons. The most

common decay modes are either both Higgs bosons decaying into two bottom quarks

each (34%) or one Higgs boson decaying into two bottom quarks and the other into two

W bosons (25%). The W bosons themselves can decay in various ways, with the most

frequent mode being into two quarks, although they can also decay into a lepton and its

neutrino.

For this thesis only theb�bWW� decay channel is relevant.

Figure 2.6.: Branching ratios of a Higgs boson pair withmH = 125 GeV at the Lhc
[22]
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3. The Large Hadron Collider and

Atlas Detector

This chapter gives an overview of the Large Hadron Collider in Section 3.1 and describes

the Atlas Detector in Section 3.2.

3.1. The Large Hadron Collider

Figure 3.1.: Schematic of the full accelerator complex of theCern [25]

The Large Hadron Collider, also known asLhc , is a circular synchrotron accelerator with

a circumference of 27km. It is based at the European Organisation for Nuclear Research

9



3. The Large Hadron Collider andAtlas Detector

(Cern ) in Geneva, Switzerland [26]. TheLhc is designed as a proton-proton as well

as a heavy ion collider, with a currentpp-collision centre-of-mass energy of 13.6TeV.

It is used to study particles of the Standard Model (SM) and to search for particles and

interactions beyond the SM. It was built in the old Large Electron-Positron collider (Lep )

tunnel, making it the world's largest collider.

To achieve such high energies, the protons are subjected to a series of acceleration stages

(shown in Figure 3.1). The process commences with the Linear Accelerator 4 (LINAC4),

where negative hydrogen ions are accelerated to about 160MeV [27]. These ions are then

transferred to the Proton Synchrotron Booster (PSB), which strips away the electrons,

leaving only the protons. These protons are then further accelerated to 2GeV and passed

to the Proton Synchrotron (PS). In the PS, protons achieve energies of 26GeV before

being injected into the Super Proton Synchrotron (SPS), which propels the protons to

energies of 250GeV. Subsequently, the protons are transferred to theLhc to reach their

�nal energy. At this stage, the protons are travelling at velocities close to the speed of

light.

The Lhc accelerates two proton beams in opposite directions. The dipole magnets, which

are used to guide the protons along a circular path, require �eld strengths of B =8 T.

To achieve this, the magnets are superconducting and must be cooled down to 2K. The

beams are focused using quadrupole and higher order multipole magnets. The protons

traverse the accelerator in bunches, with each bunch containing1:15 � 1011 protons.

Bunches follow one another at time intervals of 25ns. Collisions occur at a rate of

40 MHz. Each time the two beams intersect, numerous interactions take place. For Run-

3, there are, on average, 46.5 interactions per bunch crossing.

The luminosity delivered by the Lhc can be determined from the frequency of bunch

crossingsf , the particle number per bunch in both beamsN1 N2, the number of bunches

nb, and other variables such as the transverse beam dimension� x=y;i and a reduction factor

S:

L =
N1N2nbfS

2�
q

� 2
x;1 + � 2

x;2

q
� 2

y;1 + � 2
y;2

: (3.1)

During operation, the proton beams lose protons due to collisions and beam losses. After

approximately 15 h, the beams are discarded and new beams are generated.

The collision data of theLhc is collected at four main experiments:Atlas [28], Cms

[29], Alice [30] and Lhc b [31]. Atlas and Cms are the two largest experiments with

multipurpose detectors focusing on precise measurements and the search for Beyond Stan-

dard Model (BSM) physics. Alice and Lhc b are more specialized.Alice focuses on

lead-lead collisions, simulating the state of the universe shortly after the Big Bang while
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