
Master’s Thesis

Background estimation methods in the
split-boosted 1-lepton X → SH → bb̄WW

analysis for Run 3 at ATLAS

prepared by

Lena Schulz
from Wolfenbüttel

at the II. Physikalischen Institut

Thesis number: II.Physik-UniGö-MSc-2024/12

Thesis period: 29th May 2024 until 16th October 2024

First referee: Prof. Dr. Stanley Lai

Second referee: apl. Prof. Dr. Jörn Große-Knetter





Abstract
The known incompleteness of the Standard Model gives rise to many theories of physics
beyond the Standard Model. Many of those theories predict the existence of additional
particles, motivating the search for new signatures.
This thesis will focus on the resonant production of a Higgs boson in conjunction with
an additional scalar particle S in the X → HS → bb̄WW decay channel with one lepton
in the final state. Depending on the masses of the resonance X and the particle S,
multiple possible topologies arise for this decay channel. The topic of this thesis is the
split-boosted topology, which is characterized by a sufficiently large separation between
the two W bosons, allowing for the resolution of the final-state lepton from the jet of the
hadronically decaying W boson, whilst the hadronic decay products of the Higgs boson
and the W boson are too collimated to be resolved.
For the analysis of this decay channel, a lepton study is performed to determine the
optimal choice of particle identity (ID) and isolation working points. It is shown that for
electrons, the tight ID in combination with the PFlowTight_VarRad isolation give the best
signal efficiency while rejecting a majority of the non-prompt background. For muons,
the medium ID in combination with the Tight_VarRad is the best performing working
point. This selection is then used in the definition of signal leptons of the analysis.
Furthermore, the non-prompt control region for the split-boosted analysis is defined and
unblinded. Comparing the modelling to the data in the control region, it can be seen
that the shape of the distributions is modelled sufficiently by the Monte Carlo simulation,
while the absolute values feature an offset that needs to corrected in the fitting process
later in the analysis. To assess systematic uncertainties, the closure uncertainty of the
modelling is calculated. The Monte Carlo modelling provides a sufficient understanding
of the non-prompt background, making a data-driven approach unnecessary.
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1. Introduction

The Standard Model (SM) of particle physics [1] is one of the great achievements of mod-
ern physics. Encompassing the fundamental particles and the forces that govern their
interactions, except for gravity, the SM offers a comprehensive framework to describe
and understand the building blocks of nature. Developed in the latter half of the 20th
century, the SM has undergone extensive experimental testing. The results of these tests
align with the predictions of the SM with remarkable precision. One of the most recent
breakthrough discoveries was the discovery of the Higgs boson at the Lhc in 2012 [2, 3].
The SM combines the electromagnetic, strong and weak interaction into one quantum
field theory. The only force not explained in the SM is gravity, which is described by
general relativity [4]. This limitation means that the SM, as it stands, is incomplete and
cannot fully describe the universe’s fundamental interactions. Beyond gravity, there are
several other phenomena not accounted for by the SM, such as neutrino masses, dark
matter, and more [5, 6].
This known incompleteness leads to a variety of theories beyond the Standard Model
(BSM). Many BSM theories predict the existence of additional fundamental particles.
Examples of such BSM theories are Extended Two Higgs Doublet models [7] or the Two
Real Singlet model [8], which both predict two additional scalar bosons. If these two addi-
tional scalar bosons X and S have masses such that mX > mS > mH and mX−mS ≥ mH ,
the resonant decay of a scalar boson X into a Higgs boson H in conjunction with a scalar
boson S becomes possible. The H and S bosons then decay further. In this thesis, the
bb̄WW decay channel is analyzed in the 1-lepton final state. For a thorough analysis of
this channel, it is important to understand the background processes and reduce their
impact on the results. Therefore, control regions for the different background contribu-
tions are defined, in which the modelling can be checked and background estimation can
be performed, if necessary. The focus of this thesis lies on the non-prompt background
contributions in the X → SH → bb̄WW decay channel. These contain non-prompt lep-
tons, that have their origin in hadronic processes and can fake the properties of the signal
leptons.
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1. Introduction

First, an overview over the Standard Model and the Higgs mechanism within and beyond

the Standard Model is given in Chapter 2. This is followed by a Chapter 3 on the

experimental background of the Lhc and a description of the setup of Atlas detector

at Cern . Then, a more detailed picture of the split-boosted1-Lepton analysis of the

X ! SH ! b�bWW channel is drawn in Chapter 4. A study of the working points

for lepton identi�cation and isolation is presented in Chapter 5, followed by Chapter 6,

which describes the de�nition of a non-prompt background enhanced control region. This

chapter also contains the comparison between Monte Carlo simulation of the background

processes and the unblinded data, as well as an assessment of the systematic uncertainties

associated with this modelling. Chapter 7 gives a conclusion of the results and an outlook

into the next steps of the analysis and beyond the scope of this thesis.
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2. Theoretical Background

In nature, there are four fundamental interactions: the electromagnetic, the strong and the

weak interaction, as well as gravity. The �rst three can be summarized into a consistent

theory by the Standard Model (SM) of particle physics. The SM is a largely successful

theory and has shown its ability to describe nature with great accuracy in the past decades.

However, the SM has some shortcomings which will be described in Section 2.2. To look

into these Beyond the Standard Model (BSM) scenarios, one should �rst understand the

Standard Model itself, which is discussed in the Section 2.1. In Section 2.1.2, the Higgs

pair production is explained followed by a Section 2.3 detailing theX ! SH ! b�bWW

decay channel.

2.1. The Standard Model of Particle Physics

The SM consists of four types of bosons mediating the three fundamental interactions

and twelve fermions plus the Higgs boson. All the fundamental particles of the SM are

represented in Figure 2.1. Moreover, there are the corresponding antiparticles to all the

particles pictured in the �gure. These can be interpreted as particles moving back in time

or as particles with a negative sign on the charges. Uncharged particles are their own

antiparticles.

All the mediating bosons have a spin of 1 and mediate one of the fundamental forces, each

coupling to di�erent properties of the particle. The photon 
 couples to the electrical

charge, mediating the electromagnetic interaction. Strong interactions are mediated via

the gluon, which couples to the color charge of particles. TheW � boson and theZ 0 boson

are the mediating bosons for the weak interaction. The fermions in the SM have spin-1
2

and some can be classi�ed as quarks, which are the only fermions with a color charge

and thus take part in the strong interaction. The up-type quarks have an electric charge

of + 2
3 and down-type quarks have a charge of� 1

3 . The other fermions are the leptons,

which are the electron, the muon and the tauon as well as their corresponding neutrinos.

The Higgs boson is the only scalar boson in the SM (see Section 2.1.1).

3



2. Theoretical Background

Figure 2.1.: Overview over the particle content in the Standard Model. Spin and charge
values taken from [9].

The Standard Model possesses aSU(3)c 
 SU(2)L 
 U(1)Y symmetry. Here thec refers

to the color charge, theL refers to the left-chiral nature of the weak interaction and the

Y indicates the weak hypercharge (see Section 2.1).

Quantum Electrodynamics

The electromagnetic interaction is described by quantum electrodynamics (QED) [10, 11].

This abelian gauge theory imposes a local gauge invariance under the U(1) symmetry

group. The QED Lagrangian is given by [1]

L EM =  (x)( i
 � @� � m) (x)
| {z }

free fermion �eld

+ e (x)
 �  A �| {z }
fermion-photon interaction

�
1
4

F �� F��
| {z }

free photon �eld

; (2.1)

where =  y
 0 is the adjoint spinor and
 � denotes the gamma matrices. Furthermore,

m stands for the particle mass andF�� = @� A � � @� A � is the �eld strength tensor.
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2.1. The Standard Model of Particle Physics

Quantum Chromodynamics

Quarks have a property which is called color charge. It can take three values: red, green

and blue. The mediating boson of the strong interaction, the gluon, couples to this color

charge.

The underlying theory of the strong interaction is called quantum chromodynamics (QCD)

[12] and the Lagrangian of QCD is given by

L QCD = qi (i

� (D � ) ij )qj �

1
4

G�� G�� (2.2)

with Ga
�� = @� Ga

� � @� Ga
� + gsf abcGb

� Ga
� (2.3)

and (D � ) ij = @� � ij � igs(Ta) ij Ga
� : (2.4)

Here gs denotes the coupling strength andTa = 1
2 � a are the generators with the Gell-

Mann matrices� a. While f abc are the structure constants, the indicesi and j correspond

to the color states. Equation 2.3 expresses the kinematic terms of the gluon �eldsGa
�

and Equation 2.4 is the covariant derivative. This Lagrangian is invariant under a local

SU(3)c symmetry.

A special property of the strong interaction is quark con�nement, which means that color-

charged quarks cannot exist in isolated states but only in color neutral states. A quark

and an antiquark can form a bound state called a meson when they have opposite color

charges. The other option for a color neutral state are three quarks or antiquarks bound

together into a state called a baryon. For baryons, the three quarks must have di�erent

color charges, so either red, green and blue or antired, antigreen and antiblue.

Together with the asymptotic freedom of QCD, which refers to the increase in coupling

strength with increasing distance, the con�nement leads to the characteristic hadroniza-

tion when color neutral states get separated.

Quantum Flavordynamics

The weak interaction has some unique properties. In contrast to the other interactions,

it does not couple equally to particles of left- and right-handed chirality. Rather, theW �

boson, the mediator of the charged weak interaction, only couples to left-chiral particles

and right-chiral antiparticles. Theoretically, this is expressed by the third component of

the isospin having a value ofI 3 = � 1
2 . Right-chiral particles and left-chiral antiparticles

consequently haveI 3 = 0.

5



2. Theoretical Background

The charged weak interaction can be described by the Lagrangian [13, 14]

L CC = �
g2p

2

�
�dj 
 � 1 � 
 5

2
V ij

CKM ui + �� i 
 � 1 � 
 5

2
` i

�

W +
� (2.5)

�
g2p

2

�

�ui 
 � 1 � 
 5

2
V ij

CKM dj + �̀
i 
 � 1 � 
 5

2
� i

�

W �
� : (2.6)

with u and d being up- and down-type quarks and̀ and � representing the charged

leptons and the neutrinos. Here
 5 is given by
 5 = i
 0
 1
 2
 3 and g2 denotes the coupling

strength. VCKM is the Cabibbo-Kobayashi-Maskawa matrix [15], which connects the quark

�avor eigenstates to the mass eigenstates and describes the mixing between quark �avors.

For the neutral weak interaction the Lagrangian takes the form of

L NC =
g2

cos� W

�

 
 � 1 � 
 5

2
 � sin2� W Q 
 �  

�

Z � ; (2.7)

with the electrical chargeQ and the Weinberg angle� W . The Z boson is the mediator

of the neutral weak interaction. It couples to a combination of weak isospin and the

electrical charge.

Electroweak Uni�cation

In quantum �avor dynamics, three gauge �elds associated with the associated with the

SU(2)L are introduced: two associated withW � and one giving rise to a neutral current.

This current is not simply the Z 0 boson, as theZ 0 couples to both right-handed particles

and left-handed antiparticles.

The neutral weak interaction and the electromagnetic interaction have in common that

they are mediated by a electrically neutral boson. This motivated Glashow [16], Salam

[17] and Weinberg [18] to create a theory in which electromagnetism and the neutral weak

interaction are uni�ed. In their theory, they replace the U(1)e symmetry of QED with a

new U(1)Y local gauge symmetry, whereY refers to the so-called hypercharge which is

given by [1]

Y = 2
�

Q � I 3

�

: (2.8)

Here,Q is the electric charge andI 3 denotes the third component of the weak isospin.

The physicalZ 0 boson is then acquired from a mixing of the third gauge �eld of quantum

�avordynamics and the gauge �eld of the U(1)Y symmetry and can be written as

Z � = � B � sin� W + W (3)
� cos� W : (2.9)

6



2.1. The Standard Model of Particle Physics

Similarly, the photon can be written as

A � = + B � cos� W + W (3)
� sin� W : (2.10)

The Lagrangian of electroweak uni�cation takes the form of

L NC = gZ
�f 
 �

1
2

�

cf
V � cf

A 
 5
�

fZ � ; (2.11)

with the coupling constant of the weak hyperchargegZ . cV and cA denote the vector and

axial-vector couplings which can be expressed in terms of electrical chargeQ and third

component of the isospinI 3 via

cV = I 3 � 2Qsin2� W (2.12)

cA = I 3 ; (2.13)

with the Weinberg angle� W , which is a free parameter of the SM.

2.1.1. The Brout-Englert-Higgs mechanism

The Brout-Englert-Higgs mechanism [19�24] is a crucial part of the SM. It explains how

gauge bosons can acquire mass.

In this mechanism, a complex scalar doublet� is introduced, which can be written as

� =

0

@
� +

� 0

1

A ; (2.14)

with a charged component� + and a neutral component� 0. This �eld follows a potential

of the form [1]:

V(�) = � 2(�� y) + � (�� y)2: (2.15)

For � 2 < 0, the potential has the typical form of the �mexican hat�, that can be seen in

Figure 2.2. It has a non-zero expectation value and an in�nite set of minima [1]. Since the

minimum of the potential is not at the origin, the electroweak symmetry is spontaneously

broken. The system chooses a vacuum statev =
q

� � 2

� and therefore violates symmetry.

One can now rewrite the �eld � in the unitary gauge, so that it takes the form

� =
1

p
2

0

@
0

v + h(x)

1

A : (2.16)
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2. Theoretical Background

Figure 2.2.: The plot shows the potential given by Eq. (2.15) with� 2 < 0 and � > 0.
The picture is taken from Ref. [1].

The result can then be inserted into the Lagrangian. By insisting on theSU(2)L 
 U(1)Y

symmetry, one will obtain mass terms for the gauge bosons in the Lagrangian. The �nal

Standard Model Lagrangian is then given by

L =
1
2

@� H@� H
| {z }
kinematic term

� �v 2H 2
| {z }

mass term

� �vH 3 �
1
4

�H 4

| {z }
self-interactions

+
g2

2v2

4
W �

� W + � +
v2

8(g2
2 + g2

1)
Z � Z �

| {z }
mass terms for gauge bosons

(2.17)

+
g2

2v
2

W �
� W + � H +

g2
2

4
W �

� W + � H 2 +
v

4(g2
2 + g2

1)
Z � Z � H +

1
8(g2

2 + g2
1)

Z � Z � H 2

| {z }
interactions between the scalar and gauge �elds

: (2.18)

The Higgs mass is dependent on the parameterv of the Higgs potential and through

experimental determination of the Higgs mass the shape of the Higgs potential can be

probed. The Higgs mass is measured to be125:25 GeV [9].

The Higgs mechanism can also explain the fermion masses, by adding the term

L d = � � f

�
 L �  R +  R � y L ) (2.19)

to the Lagrangian. This term is invariant underSU(2)L 
 U(1)Y transformations and in

unitary gauge takes the form of

L d = �
� f v
p

2

�
DL DR + DRDL ) �

� fp
2

H
�
DL DR + DRDL

�
: (2.20)
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2.1. The Standard Model of Particle Physics

Here, λf refers to the Yukawa coupling [1]. In this way down-type fermions can acquire
their mass and also an interaction term between the fermions and the Higgs boson is
generated. For up-type quarks the formalism takes a different form, because the vacuum
state of the Higgs potential must be in the neutral component of the doublet. So, the
conjugate complex scalar is needed, which can be written as

ΦC = −iσ2Φ∗ =
−ϕ0∗

ϕ−

 , (2.21)

and transforms the same as the normal doublet. After symmetry breaking this results in
the Lagrangian term for up-type fermions looking like

Ld = λf
(
ψLΦCψR + ψRΦ†CψL) (2.22)

= −λfv√
2
(
ULUR + URUL) − λf√

2
H
(
ULUR + URUL

)
. (2.23)

The fermion masses are then given by

mf = vλf√
2

. (2.24)

2.1.2. Higgs boson pair production

The Higgs boson can undergo self-interactions in the SM. This allows for Higgs boson pair
production, but only in a non-resonant mode. The dominant production mechanism for
Higgs boson pairs at hadron colliders is gluon-gluon fusion (ggf). The possible processes
can be seen in Figure 2.3. But the two processes interfere destructively leading to a very
small cross-section of σ(pp → HH) = 31.05 fb for

√
s = 13 TeV [25]. This cross-section

will increase with the center-of-mass energy. For a centre-of-mass energy of
√
s = 14 TeV,

a cross-section of σ(pp → HH) = 36.69 fb is expected.

g

g

H

H

H

t
g

g

t

H

H

Figure 2.3.: Dominant SM processes producing two Higgs bosons at hadron colliders.

This cross-section can be enhanced by beyond the Standard Model processes (Section 2.2).
Two Higgs bosons can then also be produced in decays of a heavy resonance X that has
a mass larger than the Higgs mass. The corresponding Feynman diagram is pictured in

9



2. Theoretical Background

g

g

X

H

H

t

Figure 2.4.: Higgs pair production in a resonant decay of a BSM particle X.

bb WW ττ ZZ γγ

bb 34%
WW 25% 4.6%
ττ 7.3% 2.7% 0.39%
ZZ 3.1% 1.1% 0.33% 0.07%
γγ 0.26% 0.1% 0.02% 0.01% < 0.001%

Table 2.1.: Listed are the branching ratios for a Higgs boson pair with a Higgs mass of
mH = 125 GeV [26]

Figure 2.4. The two Higgs bosons then decay further, resulting in the branching ratios
listed in Table 2.1. The highest branching ratio has the decay channel where both Higgs
bosons decay into a bb̄ pair. The bb̄WW decay channel occurs in a quarter of these Higgs
boson pair productions.

2.2. Beyond the Standard Model Theories

Although the SM is largely successful theory, it is obvious that it has some shortcomings
and thus cannot be the ultimate theory of nature. One of these shortcomings is the fact
that in the SM neutrinos are massless particles. Contrary to this, neutrino oscillations
have been observed [5], which imply non-zero neutrino masses. This suggests a possible
BSM mechanism that generates these masses.
Another example for the incompleteness of the SM is the fact, that the CP violation
present in the SM cannot explain the asymmetry between matter and antimatter in the
universe [27]. Moreover, there is no explanation for gravity or dark matter [6] in the
Standard Model, which is needed for it to be an all encompassing theory.

This incompleteness of the Standard Model motivates a variety of BSM theories. Two
examples focusing on the Higgs sector will be illustrated in the following sections.

10



2.2. Beyond the Standard Model Theories

2.2.1. Two-Higgs-Doublet Model

The Two-Higgs-Doublet Model (2HDM) [28] is an extension of the SM, where an addi-
tional complex scalar doublet is introduced to the potential. This potential then takes
the form

V (Φ1,Φ2) = m2
11Φ†1Φ1 +m2

22Φ†2Φ2 −m2
12(Φ†1Φ†2 + Φ†2Φ†1) (2.25)

+ λ1

2 (Φ†1Φ1)2 + λ2

2 (Φ†2Φ2)2 + λ3Φ†1Φ1Φ†2Φ2 (2.26)

+ λ4Φ†1Φ2Φ†2Φ1 + λ5

2

[
(Φ†1Φ2)2 + (Φ†2Φ1)2

]
. (2.27)

Here Φ1 and Φ2 are the two complex scalar doublets with hypercharge Y = +1. The
potential reaches its minimum for

⟨Φ1⟩ = 1√
2

 0
v1

 , ⟨Φ2⟩ = 1√
2

 0
v2

 . (2.28)

This theory results in eight fields, where three are assigned to the W± and Z0 boson
masses. The remaining five fields result in physical states. Hence, in this theory there are
two scalar bosons h and H, two charged bosons H± and a pseudoscalar particle A.
The 2HDM can be extended by other additions such as another real singlet [7], leading
to the generation of three scalar bosons X, S and H. The potential is then written as

V = V 2HDM + m2
S

2 S2 + λS
8 S4 + λS1

2
(
Φ†1Φ1

)
S2 + λS2

2
(
Φ†2Φ2

)
S2 , (2.29)

where V 2HDM is the potential from Equation 2.25. Expanded around the minima, the
fields take the form

Φ1 =
 ϕ+

1
v1+ρ1+iη1√

2

 , Φ1 =
 ϕ+

2
v2+ρ2+iη2√

2

 , S = vS + ρS . (2.30)

Here, v1, v2 and vS are real expectation values with v =
√
v2

1 + v2
2 ≈ 246 GeV.

Two ZS
2 symmetries are imposed in the following way

Z2 : Φ1 → Φ1, Φ2 → −Φ2, S → S, , (2.31)
and ZS

2 : Φ1 → Φ1, Φ2 → Φ2, S → −S . (2.32)
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2. Theoretical Background

If vS = 0 the second ZS
2 symmetry is conserved and S becomes a dark matter candidate

and if vS ̸= 0 S mixes with other CP even scalar particles.
This leads to 3 physical states that couple to each other allowing the decay X → SH.
The scalar boson S could then decay into two W bosons.

2.2.2. Two-Real-Singlet Model

To obtain a BSM theory with extra scalar bosons, one can add N singlets ϕ to the potential
of the SM

V (ϕi,Φ) = VSM(Φ) + VSinglets(ϕi,Φ) (2.33)
with VSinglets(ϕi,Φ) = aiϕi +mijϕiϕj + Tijkϕiϕjϕk + λijklϕiϕjϕkϕl (2.34)

+ TiHHϕi(Φ†Φ) + λijHHϕiϕj(Φ†Φ) . (2.35)

In the case of the Two-Real-Singlet Model (TRSM) [8] two singlets X and S are added
to the SM. These singlets are real and transform under the Z2 symmetry as

ZS
2 : S → −S, X → X, Φ → Φ , (2.36)

and ZX
2 : X → −X, S → S, Φ → Φ . (2.37)

Under these assumptions, the potential in Equation 2.34 simplifies to

V (Φ, X, S) = µ2
Φ(Φ†Φ) + λΦ(Φ†Φ)2 + µ2

SS
4 + µ2

XX
2 + λXX

4 (2.38)
+ λΦS(Φ†Φ)S2 + λΦX(Φ†Φ)X2 + λSXS

2X2 (2.39)

Using the unitary gauge, the fields can be expressed as

Φ = 1√
2

 0
v + ϕH

 , X = vx + ϕX√
2

, S = vS + ϕS√
2

(2.40)

where v is the SM expectation value of the Higgs potential.
When vs and vX take non-zero values, the Z2 symmetry is softly broken resulting in three
physical states h1, h2, h3 with m1 < m2 < m3 that are a mixture between ϕH , ϕX and
ϕS. One of these physical states hi has the couplings of the Higgs boson predicted by the
SM. Thus one can set this state equal to the discovered scalar boson, h1. The other two
physical states are CP even scalar particles. With the Higgs mass mH and the parameter
v ≈ 246 GeV set by measurement, the TRSM contains seven free parameters. These free
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2.3. The X → SH → bb̄WW decay channel

g

g

X

H

t

S

Figure 2.5.: Feynman diagram of the decay of a BSM scalar boson X decaying into a
Higgs boson and a scalar boson S.

parameters are the masses of the BSM particles m2 and m3, the vacuum expectation
values vx and vS but also the mixing angles θHS, θHX , θSX , that describe the mixing
between the fields forming the mass eigenstates.
One important phenomenological implication of this model is that for m2 < 2mH the
bb̄WW decay channel has the highest branching ratio. This would mean that it is mostly
likely that S decays into two W bosons, while the Higgs boson decays into a bb̄ pair.

2.3. The X → SH → bb̄WW decay channel

In some BSM theories, the production of a Higgs boson in conjunction with a BSM scalar
particle S in the decay of a heavy resonance X is possible. In this analysis, the masses
of the bosons fulfill mX > mS > mH . If all of the scalar bosons are produced on-shell,
another mass constraint emerges, which is mX − mS > mH . The Feynman diagram of
this decay is depicted in Figure 2.5. If S has a Higgs boson-like couplings but a different
mass than the Higgs boson, the bb̄WW decay channel could have the highest branching
ratio with S → WW being the dominant decay mode for S.

In the 1-lepton final state, one of the W bosons decays hadronically, while the other one
decays leptonically. This final state is the best compromise between a reasonable branch-
ing ratio and a controllable background. Depending on the masses of X and S different
topologies of this decay channel arise. If the mass of the resonance X is large in compar-
ison to mS and the Higgs mass, the decay products have more kinetic energy leading to
boosted topologies, where not all decay products can be resolved. All possible topologies
in the 1-lepton final state can be seen in Figure 2.6. The simplest topology is the resolved
topology (see Cat. 1 in Figure 2.6), which occurs for low mS and mX . In this topology, all
decay products appear seperated in the detector and can be resolved. For higher mX and
mS, the split-resolved and the semi-boosted topology become dominant. In both of them
one of the hadronic decay products is boosted. In the split-resolved case the hadronically
decaying W boson is boosted, whilst for the semi-boosted case the Higgs boson is boosted.
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2. Theoretical Background

Above mX = 1 TeV the dominant topologies are the split-boosted and the boosted topol-
ogy. The boosted topology is defined by collimated decay products of the Higgs boson as
well as the hadonically decay W bosons. Additionally, the final-state lepton is emitted so
closely to the hadronic W boson, that it cannot be resolved and might even overlap with it.

In this thesis, the focus lies on the split-boosted topology (see Cat. 2 in Figure 2.6),
which is dominant for mX & 1 TeV and mS & 0.3mX . The characteristics of the split-
boosted topology are the collimated hadronic decay products of the Higgs boson and the
hadronically decaying W boson and the large separation between the two W bosons. This
results in the final state lepton being separated from the jets such that it is possible to
be resolved in the detector.
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2.3. The X ! SH ! b�bWW decay channel

Cat. 1: resolved Cat. 2: split-resolved

Cat. 3: semi-boosted Cat. 4: split-boosted

Cat. 5: boosted

Figure 2.6.: All topologies of the X ! SH ! b�bWW decay channel in the 1-lepton
�nal state. The plot on top shows which of the topologies is dominant
depending on the mass of the BSM particlesX and S.
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3. LHC and the ATLAS detector

The following chapter illustrates the setup of the Large Hadron Collider and the Atlas

experiment, which is used in the data collection for the studies performed in this thesis.

3.1. Large Hadron Collider

The Large Hadron Collider (Lhc ) at Cern is a ring accelerator, in which both protons

and heavy ions can be collided. It was build in the old tunnel of the Large Electron-

Positron Collider (LEP). As of now it is the largest and most powerful particle collider in

the world. At the L hc , bunches of up to1011 protons collide 40 million times per second

[29].

In Run 3, which is the data collection period from 2022 to 2025, the Lhc operates at an

center-of-mass energy of
p

s = 13:6 TeV. Besides the center-of-mass energy, the achieved

luminosity is an important parameter, which quanti�es the amount of collision data. The

Atlas experiment collected a luminosity of140:07 fb� 1 in Run 2, the last data collection

period. For Run 3, the goal is a luminosity of250 fb� 1.

The acceleration of the protons is done successively using a series of smaller accelerators.

First, negative hydrogen ions are accelerated to160 MeV by the Linear Accelerator 4

(LINAC4) and then injected into the Proton Synchrotron Booster (PSB), where they are

stripped of their electrons. This leaves only protons, which are accelerated to2 GeV. Next

the Proton Synchrotron brings them up to energies of26 GeV. Then they enter the super

Proton Synchrotron, which accelerates the protons to an energy of250 GeVbefore they

end up in the Lhc collider ring. The overview of this accelerator chain can be seen in

Figure 3.1.

Four large experiments are located along the collider ring of the Lhc : Alice [31], Atlas

[32], Cms [33] and Lhc b [34]. In the following section the Atlas experiment will be

explained in detail.
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3. LHC and the ATLAS detector

Figure 3.1.: Overview of the accelerators at Cern [30].

3.2. ATLAS detector

The Atlas detector [32] is one of the experiments located at the Lhc at Cern . Atlas

is an acronym for A Toroidal Lhc ApparatuS. The detector is a general purpose detector

and has a cylindrical shape with a length of46 m and a diameter of25 m. An overview

of the setup of Atlas can be seen in Figure 3.2.

The Atlas detector is made up of several layers of instrumentation, each ful�lling a

speci�c purpose in the measurement. The Inner Detector is closest to the interaction

point, which is described in more detail in Section 3.2.1. After that an Electromagnetic

Calorimeter is placed in the Atlas setup, followed by the Hadronic Calorimeter [29]. To

measure muons more precisely the outer layer of the Atlas detector is equipped with the
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