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Abstract

Long-lived particles are an interesting extension of the standard model of particle physics.
This thesis presents a search for such new long-lived particles with lifetimes of the order
of a few millimetres produced in Higgs boson decays that then themselves decay into b
quark pairs. The long-lived particles are predicted by, for example, Twin Higgs models.
These theories solve the so-called little hierarchy problem, increasing the validity of the
standard model. The search is performed with proton-proton collisions at a centre-of-mass
energy of 13 TeV at the LHC corresponding to an integrated luminosity of £ = 36.3fb~!
recorded with the CMS experiment.

The search is split into two analyses, depending on the mass of the long-lived particles,
because the decay kinematics differ. One analysis is designed for light long-lived particles
(my, = 15GeV), and the other analysis is for heavier long-lived particles (m,, = 40 GeV
and m,, = 55 GeV). The final state of the signal events is expected to contain up to four
b quarks. Therefore, events with at least four jets of which at least three have to be
b-tagged jets are selected. Two production modes for the signal are investigated: gluon-
gluon fusion and vector-boson fusion Higgs boson production modes. Possible signal
events are identified by a requirement on the invariant mass of the signal candidate jets.
Signal events are further separated from background events using a neural network based
jet tagger. The network is parametrised as a function of the masses and lifetimes of the
signal prediction. This makes it possible to train the network only once and simultaneously
use it for the analyses of different masses and lifetimes. The main background consists of
QCD multijet production and is estimated using a data-driven method. Upper limits on
the signal strength modifier are calculated at 95 % CL as a function of the lifetimes for all
investigated masses of the long-lived particles. No evidence for such long-lived particles

is observed.



Zusammenfassung

Langlebige Teilchen sind eine interessante Erweiterung des Standardmodells der Teilchen-
physik. In dieser Doktorarbeit wird eine Suche nach solchen neuen langlebigen Teilchen
vorgestellt, fiir die Lebenszeiten von wenigen Millimetern erwartet werden. Die langlebi-
gen Teilchen werden von verschiedenen Theorien, wie zum Beispiel den "Twin Higgs'

Modellen, vorhergesagt und erweitern die Giltigkeit des Standardmodells. Diese lan-
glebigen Teilchen zerfallen bevorzugt in b Quarks und werden bei Higgs-Boson-Zerfallen
erzeugt. Fur die Suche werden Proton-Proton-Kollisionen verwendet, welche bei einer
Schwerpunktsenergie von 13 TeV am LHC entstanden sind, mit dem CMS-Experiment
aufgezeichnet wurden und einer integrierten Luminositéit von £ = 36.3fb~! entsprechen.

Die Suche ist, abhangig von der Masse der langlebigen Teilchen, in zwei Analysen aufgeteilt,
da sich die Zerfallskinematiken unterscheiden. Eine Analyse ist auf leichte langlebige
Teilchen ausgelegt (m,, = 15GeV) und die andere Analyse auf schwerere langlebige
Teilchen (m,, = 40 GeV und m,, = 55GeV). Es werden bis zu vier b Quarks im Endzu-
stand erwartet, weshalb Ereignisse mit mindestens vier Jets, von denen mindestens drei
b identifizierten Jets sein miissen, ausgewahlt werden. Es werden zwei Higgs-Boson Pro-
duktionsmodi fiir das Signal untersucht: die Gluon-Gluon-Fusion und die Vektor-Boson-
Fusion. Mogliche Signalereignisse werden durch eine Forderung an die invariante Masse,

der aus den langlebigen Teilchen hervorgehenden Jets identifiziert. Fiir die weitere Un-
terscheidung zwischen solchen Jets aus langlebigen Teilchen und solchen aus Untergrund-
prozessen wurde ein neuronales Netz entwickelt, welches als Funktion der Massen und
Lebensdauern der Signalvorhersage parametrisiert ist. Dadurch ist es moglich, das Net-
zwerk nur einmal zu trainieren und es gleichzeitig fiir samtliche untersuchten Massen und
Lebensdauern zu verwenden. Der Hauptuntergrund besteht aus QCD-Multijet-Prozessen
und wird durch eine datengetriebene Methode abgeschéatzt. Fiir alle untersuchten Massen
werden obere Ausschlussgrenzen mit 95% CL fir den Signalstarkemodifikator in Ab-
hangigkeit der Lebensdauer der langlebigen Teilchen berechnet. Es wurden keine Hinweise

auf solche neuen langlebigen Teilchen beobachtet.
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1 Introduction

More than two thousand years of theories, experiments and analysis of data have passed
between early ideas of indivisible particles in ancient Greece and our understanding of
modern particle physics. It took until 1897 to find the first truly elementary particle, the
electron [1]. Over a hundred years later, the last missing piece of the standard model (SM)
of particle physics was found - the Higgs boson [2,3]. Its discovery in 2012 was only
achievable with the world’s most powerful particle collider to date, the Large Hadron
Collider (LHC) [4], in combination with the two multi-purpose particle experiments called
A Toroidal LHC ApparatuS (ATLAS) [5] and Compact Muon Solenoid (CMS) [6].

The SM of particle physics aims to provide a complete description of fundamental pro-
cesses in the universe. The SM of particle physics is a quantum field theory (QFT) and
able to describe all discovered elementary particles with their interactions mediated by
force carrier particles. Three out of the four forces that govern the universe are included
in the SM of particle physics. Various experiments provided precise measurements or con-
firmed predictions of the theoretical model, such as the existence of particles like the top
or bottom quark, properties of particles or decay modes. So far, almost all experimental
results agree with the SM of particle physics, making it a successful and well-tested the-
ory. There are, however, several shortcomings highlighted by experimental results that
do not agree with the SM of particle physics. Furthermore, phenomena exist, which are
currently not explainable by the theory.

Observations, for example, have confirmed the existence of Dark Matter, while the SM of
particle physics predicts no suitable particle candidate. Furthermore, only the unification
of the electromagnetic and the weak forces was possible, while a unification of them
together with the strong force is not successful. Gravity, the fourth force in the universe,
was so far not successfully included in the SM of particle physics. Another example is that
within the SM of particle physics, neutrinos are expected to be massless, contradicting
experimental results [7-9]. In addition, it is assumed that the SM of particle physics is
valid up to the Planck scale of 10* GeV, where quantum gravitational effects are no longer

negligible. If this assumption is valid, large scale differences between the electroweak scale



1 Introduction

and the Planck scale must be handled by the theory. This leads to the hierarchy problem,
where fine-tuning of radiative corrections is needed to account for the mass of the Higgs
boson, measured to be approximately 125 GeV [10].

Various theories beyond the standard model (BSM) have been developed to answer one
or several open questions. Many of these new theories have in common that they predict
new, so far undiscovered particles. For example, Twin Higgs models [11-13] predict a
new gauge group with twin partners of some or all the SM particles. These twin particles
do not carry SM quantum numbers and are therefore uncharged under the SM gauge
groups. The Higgs boson can interact with the twin sector, and decay into a pair of scalar
particles. These scalars could be long-lived and therefore travel a finite distance within
our particle experiments without interacting before they decay back into SM particles.
The Twin Higgs models can explain why the Higgs boson is so light and solve the so-called
little hierarchy problem.

The search presented in this thesis uses a simplified version of the Twin Higgs models as
a benchmark. Two Higgs production modes, vector-boson fusion (VBF) and gluon-gluon
fusion (ggF), are investigated. The Higgs boson is expected to decay to two long-lived
particles (LLPs), where a decay of each LLP to a pair of SM bottom quarks is predicted to
be the main decay channel. Mass and lifetime of the LLPs are tunable parameters of the
theoretic model, and the search aims for masses between 15-55GeV and lifetimes of up
to 1 mm in the particle’s rest frame. The lifetime of the LLPs impacts the displacement
of the bottom quark decays, resulting in a slightly displaced bottom quark signature.
Additionally, the mass of the LLP has an impact on the distance between the decay
products. Light LLP masses lead to bottom quarks that are close together and make a
reconstruction within one jet possible, denoted as boosted topology. The heavier the LLP
mass is, the further apart are the two bottom quarks, and their jets can be reconstructed
separately, denoted as resolved topology. Since this leads to different signatures of the
reconstructed signal, the search is split into two analyses, focussing on the boosted and
resolved topology, respectively. A search with data recorded by the ATLAS experiment
has been previously performed [14], but the studied phase space has not been explored
by CMS data so far. Therefore, this thesis presents the first CMS analysis searching for
LLPs in this phase space. Analysed are data of proton-proton (pp) collisions produced
at the LHC at /s = 13 TeV with an integrated luminosity of £ = 36.3fb~! [15], recorded
by the CMS detector in 2016. The signature of the benchmark model is similar to SM
QCD multijet events, making this search challenging. Commonly used analyses methods,

for example, the 2 method to select jets of interest, are combined with novel techniques,



for example the parametrisation of a deep neural network (DNN) with the masses and
lifetimes of the LLPs. The parametrisation of the DNN has the advantage that one
training with a mixture of the different LLP masses and lifetimes is enough to use the
same DNN for the boosted and the resolved topology. The DNN is trained to predict a
probability that a jet is originated from a LLP decay. Exclusion limits as a function of
the LLP masses and lifetimes were set with the presented analysis.

This thesis is structured in four parts. In Part I, an overview of theoretical aspects of
particle physics is summarised, focussing on the SM of particle physics in Chapter 2,
its open questions in Chapter 3 and theories extending the SM of particle physics in
Chapter 4. Furthermore, relevant concepts of the physics of pp collisions are explained
in Chapter 5, before some concepts of machine learning (ML), especially those used for
this thesis, are introduced in Chapter 6. Part II is dedicated to the measurement and
reconstruction steps happening after the pp collisions until the final particle identification.
Therefore, Chapter 7 gives an overview of the particle collider LHC and the CMS detector,
while Chapter 8 presents details about the event reconstruction and the final particle
identification. Part III describes the search for LLPs produced in Higgs boson decays
with slightly displaced b quark like signatures. First, fundamental components of the
analyses are summarised in Chapter 9, before the analyses with the boosted and the
resolved topologies are presented in Chapters 10 and 11, respectively. The first results in
this phase space with CMS data are presented in Chapter 12, containing the exclusion
limits of both analyses. Finally, the thesis concludes with a summary in Part IV, which

also gives an outlook on the future prospects of the presented LLP search.
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Theoretical Aspects of Particle Physics






Particle physics aims to describe all elementary particles and forces with mathematical
methods and thus to provide a complete description of nature. The SM of particle physics
unifies all elementary particles discovered so far and three out of four known forces. Its
mathematical formulation is a QFT, a mathematical construct to describe the fermions
and bosons as excitations of quantum fields. These quantum mechanical field equations
can be derived by applying the Euler-Lagrange formalism to the Lagrangian density £ [16].
If the quantity of observables do not change under transformation when the Lagrangian
density is invariant under that specific transformation, the symmetry is conserved. With
Noether’s theorem, each differentiable symmetry is related to a conservation law, and
each conserved variable is connected to a symmetry. The SM of particle physics is a well
known and successful theory, predicting (almost) all experimental results.

An overview of the SM of particle physics is given in Chapter 2 and open questions to
the SM are raised in Chapter 3. Theories extending the SM are explained in Chapter 4.
Chapter 5 contains some unique details of the physics of pp collisions. The following
discussion is based on References [16] and [17] if not indicated otherwise. Some basic

concepts of ML, used for this thesis, are summarised in Chapter 6.






2 The Standard Model of Particle
Physics

The SM of particle physics unifies three of the four known forces into one theory. Only
gravity has not yet been successfully described as a QFT, and is therefore not included.

The symmetry group of the SM of particle physics is composed of:
Ul)y ® SU(2)L, ® SU(3)c, (2.1)

with the electromagnetic interaction U(1)y with the hypercharge Y, the weak interaction
SU(2)1,, which couples to left-handed particles (and right-handed antiparticles) only, and
the strong interaction SU(3)¢, where C is the colour charge. The relevant particles, forces,

and mechanisms of the SM of particle physics are introduced in the following.

2.1 Particles and Forces of the Standard Model

Depending on the spin of a particle, it belongs either to the group of fermions or bosons.
Fermions carry half-integer spin and are described by the Fermi-Dirac statistics [18,19].
Therefore, two fermions with the same quantum numbers cannot occupy the same quan-
tum state. In contrast, bosons carry integer spin and are characterised by Bose-Einstein
statistics [20]. As a result, bosons with the same quantum numbers can occupy the same
quantum state.

Fermions are further separated into leptons and quarks. To each of the electrically
charged! lepton types electron (e), muon (u) and tau (7), an electrically neutral neu-
trino of this flavour (v, v, ;) exists. The leptons can be sorted into three generations,
where e and v, are the first generation. The particles of the second and third generations

have the same properties but a higher mass. More recent experiments have shown that

!The electrical charge of particles is given in multiples of -le, the elementary charge carried by one
electron.



2 The Standard Model of Particle Physics

neutrinos are not massless but very light particles [21,22]. The weak eigenstates v, v, v,
can be described by a coherent linear superposition of the mass eigenstates v, 15, 3, and
therefore, neutrinos can oscillate between the different flavours. The quarks are divided
into the up- and down-type quarks. The up-type ones carry +§e and are the up (u),
charm (c) and top (¢) quarks, while down-type ones carry —ze and are the down (d),
strange (s) and bottom (b) quarks. Similarly to the leptons, up and down quarks build
the first generation, while the other quarks are heavier copies. In addition to the electric
charge, quarks also carry colour charge of the types red, green or blue and can therefore
interact through the strong interaction. Each fermion has an antiparticle, with the same
mass, but opposite charges.

The interactions are mediated by spin-1 particles, the so-called gauge bosons. The gauge
group theories predict these gauge bosons and the corresponding new vector fields and
are constructed in such a way to keep the gauge group invariant under space-dependent
phase transformations.

The boson corresponding to the U(1) gauge group is the massless and electrically neutral
photon (). It is the mediator of the electromagnetic interaction, affecting all electrically
charged particles. The corresponding QFT is called quantum electrodynamics (QED).
This interaction is, for example, responsible for the cohesion of atoms. The fine-structure

constant

2
Jom
em — s 2.2
o y (2.2)

with gemn = € denoting the QED coupling strength. A closer investigation reveals that the
fine structure is not a constant value but has a logarithmical dependence on the energy.
At low energies, approaching a squared momentum transfer ¢? of zero, the coupling can

be estimated as aen ~ while for higher energies, virtual lepton and quark corrections

1
137
have an non negligible impact and change the effective coupling strength.

The quantum chromodynamics (QCD) is the QFT of the strong force, which has as
quantum numbers the colour charges red, green or blue. Quarks carry colour charge and
can interact through QCD. The QCD is mediated by eight massless gluons (g), which
carry colour charge? themself and can hence interact with each other. A consequence
of this self-coupling is the colour confinement. This concept describes that the potential
of the colour field is proportional to the distance between two quarks, and the potential
increases the further the quarks are pulled apart. Therefore, it is more efficient to form

new quark-antiquark pairs at a certain distance. Only within a quark-gluon plasma are

2Each gluon carries both a color chage and an anticolor charge.
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2.1 Particles and Forces of the Standard Model

quarks deconfined, as investigated for example in heavy-ion collisions [23]. Due to this
confinement, coloured objects are not present in nature as single particles but form colour
neutral hadrons. Hadrons can consist of a quark-antiquark pair, or of three quarks.
Those bound states of two or three quarks are called mesons or baryons, respectively. In
pp collisions, the highly energetic quarks undergo hadronisation and produce sprays of
particles, which are called jets (see Section 8.3). Only the top quark behaves differently
because it is so heavy that it decays before the hadronisation process starts. This property
can be used to identify the top quark produced in pp collisions and recorded by colliding

experiments. The fine-structure constant of QCD depends on the momentum transfer ¢?

127
11in —2f)In(¢*/Agcp)’

as(q®) = ( (2.3)
with n = 3 colours and f = 6 quark flavours for the SM of particle physics. The QCD
scale denoted by Aqcp ~ 200 MeV was measured experimentally. As can be seen from
Equation 2.3, the larger the momentum transfer is, the less are the quarks affected by
the strong interaction. This dependency is called asymptotic freedom. For modern pp
collider experiments, the energy of the hadrons is high enough, that the distances between
interacting quarks become small enough that quarks can be treated nearly as free particles.

The QCD is responsible for holding the atomic nucleus together by a potential well.

In contrast to the other two interactions, the weak interaction has massive bosons. These
are the electrically neutral Z boson with a mass of 91.1876 + 0.0021 GeV [21] and the two
electrically charged bosons W and W~ with a mass of 80.379+0.012 GeV [21]. The finite
masses of these bosons lead to a small effective range of O(107'"m) for this interaction.
The observation of the radioactive J decay has caused the formulation of this theory [24]
and is one crucial example of everyday weak interactions. The W bosons allow transitions
within one generation between a charged lepton and the corresponding neutrino, while the
interaction between different generations is forbidden. Therefore, in the SM of particle
physics, the lepton numbers of all flavours have to be preserved within each interaction.
Quarks, on the other hand, behave differently. Predictions of rates of particle decays
did not match the experimental results, for example, for the K° — p*pu~ process. The
predictions can only match the experimental results, when transitions between different
generations of quarks via a W boson are allowed. A solution was the definition of weak
eigenstates instead of mass eigenstates, which couple differently. A relation between the
mass eigenstates and the weak eigenstates can be established by the Cabbibo-Kobayashi-

Maskawa (CKM) matrix. It is composed of three rotation angles and a complex phase.

11



2 The Standard Model of Particle Physics

Each element squared |V;|? represents the probability of transitions between quarks of the
type i and j via a W boson. The values are determined from experimental measurements
as [21]:

Vadl V| Vil 0.974 0.227 0.004
Vea|  |Ves|  |Ven| | = 0.226 0.973 0.041 |, (2.4)
Vial  [Vis|  |Vin] 0.009 0.040 0.999

and includes assumptions of the unitarity. The CKM matrix shows, that transitions be-
tween all quark generations are possible, but the probability of transitions across two
generations is suppressed. W bosons couple only to particles that carry the weak isospin

T3. Left-handed fermions or right-handed antifermions can be grouped into isospin dou-
blets:
/v \F/u \T/¢
U c t
) , ) 2.6
L L L

Neutrinos and up-type quarks carry weak isospin of T3 = —l—%. Charged leptons and
down-type quarks carry weak isospin of T3 = —%. Right-handed fermions (and left-
handed antifermions) are isospin singlets and carry weak isospin of T3 = 0. Unlike the W
bosons, the Z boson couples not only to isospin doublets, but also to isospin singlets. This
behaviour can be explained with the unification of electromagnetic and weak interaction,

which is described in the next section.

2.2 Electroweak Unification

The unification of the electromagnetic and the weak forces to the electroweak sector
U(l)y ® SU(2)y, was first described by Salam, Glashow and Weinberg in the 1960s [25,
26]. It was experimentally observed that Z bosons couple to the left- and right-handed
particles, but with different strengths and before the unification, this was not allowed by

the weak theory.

Besides the weak isospin T3, the weak interaction introduces three gauge fields, Wy, Wy
and Wj;. Right-handed fermions carry an isospin of 0 and can not interact with charged

currents of the weak interaction, represented by the three new gauge fields. Linear com-

12



2.3 Electroweak Symmetry Breaking and Higgs Mechanism
binations between two of the three fields describe the two W bosons:

1
W* = —(Wy F Wa). 2.7
\/5( 1 F W) (2.7)
The electromagnetic gauge group is introduced together with the hypercharge Y and the
gauge field B. The correlation between the electromagnetic charge @), the hypercharge Y

and the weak isospin T3 is:

Q_R+§. (2.8)

The connection between the electromagnetic force g, and the weak force gg is:

Gem = gs sin ew, (29)

with Ow being the Weinberg angle or weak mixing angle.
The Z boson and the photon v can be derived by using the Weinberg angle and the two
remaining gauge fields, W5 and B:

7 _ CO.SQW sin Ow _ B ‘ (2.10)
v —sinfw cos by Ws

The mixing of the two gauge fields, W3 and B, explains why the Z boson allows weak
neutral current interactions, with couplings (of different strength) to left and right-handed
particles.

Gauge invariance under electroweak transformation is only achieved when all vector fields,
and hence fermions as well as W and Z bosons are massless, which is in contrast to all

experimental observations.

2.3 Electroweak Symmetry Breaking and Higgs

Mechanism

Even though the mathematical constructs of the SM of particle physics can describe many
experimental results and precise measurements were performed, it is not a consistent
theory. For example, the local gauge symmetry in the U(1) gauge group is only valid
because the photon is a massless particle. However, for the electroweak interaction the
situation is different, since the W and Z bosons are experimentally found to be massive.
The Brout-Englert-Higgs (BEH) mechanism developed independently by Brout, Englert [27],

13



2 The Standard Model of Particle Physics

and Higgs [28] introduces the masses of the electroweak gauge bosons in such a way that
the local gauge invariance is preserved. It is based on the so-called spontaneous symme-
try breaking. Spontaneous indicates that no external interactions are responsible in this
context, instead, the theory model itself is the initiator. First, a new complex scalar field

in the form of an electroweak isospin doublet is introduced:

RS 1 [P +1D
o= _ () (2.11)
) V2 \ D3+ iy
It contains one electromagnetically charged and one neutral component and is the only

spin-0 field in the SM of particle physics. The BEH mechanism postulates the potential
V(®) = p2d'® + \(DTD)?, (2.12)

where the first term can be interpreted as the mass of the particle and the last term
describes self-interaction among the scalar field, and A and p are two new parameters.
Only A > 0 gives a stable vacuum, while 2 can be either positive or negative. A value
of % > 0 leads to a symmetric, parabolic potential with one minimum and does not help
solve the initial problem. Instead, with p? < 0, the shape of the potential is similar to a

Mexican hat with an infinite set of minima

2 2
o = —% - % (2.13)

with v being called the vacuum expectation value. This ground state is responsible for
symmetry breaking since it is no longer invariant under SU(2), ® U(1)y transformations.

Due to the invariance under U(1) transformations, the photon has to be massless, and

therefore the minimum of the neutral scalar field is

o 1 (0
i _\/5<U). (2.14)

Expanding the fields around the minimum introduces a massive scalar boson h

1 {0
P = NG (U s h) . (2.15)

This new boson can be interpreted as the Higgs boson.
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2.4 The Higgs Boson

After symmetry breaking, the electroweak gauge boson masses are predicted as

1 1 ) e \?
mwy = —gwv and my = =/ gw + <> ) (2.16)
2 2 Ow

Based on the experimentally measured masses of W and Z bosons, the vacuum expecta-
tion value is found to be v = 246 GeV. The Higgs boson mass itself can be described by
the equation:

my = 27, (2.17)

The theory predicts that the Higgs boson couples only to massive particles. In addition,
fermion loops make indirect couplings to massless particles such as photons and gluons
possible.

Furthermore, the BEH mechanism can include the masses of the fermions to the SM
of particle physics. With the so-called Yukawa coupling y;, defined as the interaction
between fermions with the Higgs field, the masses of each fermion type ¢ can be derived

as
_ Yy

m; = .
V2

The coupling strength between the Higgs boson and all fermions is proportional to their

(2.18)

mass.

2.4 The Higgs Boson

The Higgs boson was predicted since 1964, but the discovery took until 2012. This
last missing piece of the SM of particle physics was found by the ATLAS and the CMS
experiments at the LHC [2,3]. These experiments also measured the mass of the Higgs
boson to be approximately 125 GeV. Since 2012 the Higgs boson is included in the SM of
particle physics and is the only spin-0 particle within the theory.

Different production modes of the Higgs boson are possible. The leading order Feyn-
man diagrams of these processes are shown in Figure 2.1. A focus was set to processes
mainly happening at the LHC and are from the top left to the bottom right: ggF, vector
boson associated production, VBF and the associated production with heavy quarks?.
Each production mode has a certain production cross section, depending on the centre-

of-mass energy and the mass of the Higgs boson. Figure 2.2 (left) shows the production

3top or bottom quarks
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g

Figure 2.1: Feynman diagrams of different Higgs boson production modes are shown:
Gluon-gluon fusion (upper left), vector-boson associated production (upper
right), vector-boson fusion (lower left) and the associated production with
heavy quarks (lower right). Drawn with [29].

cross sections for /s = 13TeV. The ggF, has the highest production cross section. With
approximately one order of magnitude lower cross section, it is followed by the VBF
production mode and the associated production with a W or Z boson. Higgs bosons
produced in association with a W or a Z boson can be easier identified due to the addi-
tional particles present in the event. The production modes with heavy quarks allow a
measurement of the direct Yukawa couplings of the Higgs boson to the heavy quarks. So
far, only the production associated with top quarks was observed [30,31], while the asso-
ciated production with bottom quarks is harder to distinguish from other SM background

processes.

The branching ratios of the Higgs boson into other particles are determined by the mass of
the Higgs boson. Since the Higgs boson couples to all massive particles, decays into various
particles are possible. Furthermore, decays via fermion loops make massless particles in
the final states possible. An overview is shown in Figure 2.2 (right). Even though the
final state with bb quarks has the highest branching ratio, it was not the decay channel
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Figure 2.2: The production cross sections (left) and the branching ratios (right) as func-
tion of the Higgs boson mass are shown. Taken from [10].
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Figure 2.3: Reduced coupling modifiers of fermions (red and green circles) and weak
bosons (black circles) as a function of the particle mass compared to their
SM prediction (blue dashed line). Taken from [35].

with which the Higgs boson was initially found. Instead, the vy and ZZ channels gave
enough discrimination power to observe and measure the Higgs boson [2,3]. Over time,
other decay channels were also observed (e.g. [32-34]) since more data or new analysis

techniques with better algorithms increased the sensitivity.

Besides measurements of the production cross sections and branching ratios, other prop-
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2 The Standard Model of Particle Physics

erties of this neutral scalar particle have been intensively investigated since the discovery.
Of immense interest is, for example, the exact mass of the Higgs boson, since this is a
free parameter in the BEH mechanism. In addition, the couplings of the Higgs boson
to different particles can be derived from experimental results [35]. For each particle a
coupling modifier x includes the production and decay rate of a certain channel. Since
the Yukawa coupling between the Higgs boson and any fermion is proportional to the
fermion’s mass, while the coupling to the gauge bosons of the weak interaction is pro-
portional to the square of their masses, the reduced coupling strength modifier is either
expressed as kpmp /v or as \/kymy /v, with v being the vacuum expectation value of the
Higgs field. Six of these reduced coupling strength modifiers are derived from experimen-
tal measurements so far and presented as a function of the particle mass in Figure 2.3,
which all agree well with the prediction from the SM. Additional properties of the Higgs
boson, as the decay widths, the spin and CP properties have been investigated, e.g.in
References [36-39]. So far, all measured properties of the found Higgs boson agree with

the predictions of the SM of particle physics.
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3 Open Questions of the Standard
Model

Although many experimental results agree well with the theoretical predictions of the
SM of particle physics, several open questions remain unanswered. A few of such open

questions are introduced in the following, focussing on those relevant to this thesis.

The overview of the SM of particle physics given above shows only a small part of the
complex theory. In total, it is a mixture of the Dirac equation of relativistic quantum
mechanics motivating the dynamics of fermions, QFTs describing particles and their inter-
actions, and a local gauge principle motivating the interaction behaviour. Furthermore,
the Higgs mechanism of electroweak symmetry breaking explaining why particles are mas-
sive [16]. Many experimental results confirmed predictions of the SM of particle physics
and provided additionally values to free parameters! of the theory such as particle masses

or the CKM matrix elements (see Equation 2.4).
Like the masses of all particles in the SM of particle physics, the mass of the Higgs boson

was not predicted by the theory. When the new particle was found with a mass of around
125 GeV in 2012, it was first unclear whether it was the Higgs boson or not. A higher mass
for this new boson was expected, but all other investigated properties are consistent with
the predictions for the Higgs boson. A higher mass was predicted since the SM of particle
physics can theoretically be valid up to the Planck scale Apjanac &~ 10 GeV. At such high
scales gravitational affects can not longer be neglected. Therefore, at some cutoff scale
Acutosr there should be new physics experimentally observable, which is not explainable by
the SM of particle physics. Unfortunately, such a cutoff scale affects the properties of the
Higgs boson and is called the naturalness problem [40,41]. The Higgs boson’s interaction

with different particle types corrects the mass of the Higgs boson. These corrections are

'More than 20 free parameters exist in the SM of particle physics, which are not predicted from theory
and are independent of other parameters.
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in addition dependent on the energy scale A:

3G
44/ 21

with Gy Fermi’s constant, m¢, mw, my and my, the masses of the top quark, the W,

omy = (4m? — 2m, — mz — mi)A?, (3.1)

7 and Higgs bosons, respectively. When the SM of particle physics is valid up to the
Planck scale, the Higgs boson mass has to be kept constant, which leads to corrections
to the Higgs boson mass that are orders of magnitudes larger than the observed mass.
This issue is called the hierarchy problem. Only when individual contributions to the loop
corrections are fine-tuned and cancel out each other is the Higgs boson mass independent
of the energy scale. This fine-tuning is required to be of at least 15 orders of magnitude,
but this is considered to be unnatural.

Another unexplained fact is the imbalance between matter and anti-matter in our universe.
In the Big Bang cosmology, both particle types existed equally often in the early universe,
while the universe mainly consists of matter particles today.

Although observations of galaxy velocities or precise measurements of the cosmic mi-
crowave background have shown that dark matter exists, no particle can provide the
necessary matter density in the SM of particle physics.

No massive particles are allowed in the SM of particle physics without the Higgs mecha-
nism. Even though the Higgs mechanism solves the problem for most of the particles, the
neutrinos remain massless in the current state of the theory. This is in contrast to mea-
surements [22,42], which show that neutrinos have a mass and that differences between
the neutrino mass eigenvalues were detectable.

A rather new experimental evidence that the SM of particle physics is not complete was
given by the g — 2 experiment [43] in 20212. The magnetic moment g of muons was
measured with high precision. The SM of particle physics predicts g to be very close to
two, where exact predictions are provided by theory. Measurements of electrons showed
very good agreement with the predictions. However, the g — 2 experiment measurement
showed differences for muons, and recent results increased the difference between theoret-
ical prediction and experimental result to 4.2 standard deviations [44].

The mentioned open questions are just a short overview, while much more exist, e.g.,
gravity was so far not possible to be described as a QFT, and therefore it is impossible

to include it in the SM of particle physics. Therefore, several theories were developed

2The collaboration outstandingly improved the experimental and theoretical significance compared to
previous results.
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to extend the SM of particle physics and address one or more of these open questions.
The benchmark model used for the search described in this thesis is one of these possible

extensions and is explained in the following chapter.
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4 Extending the Standard Model of
Particle Physics

Various so-called BSM theories have been proposed to answer one or several open questions
of the SM of particle physics. Many of them have in common that they predict new and
not yet detected particles. Furthermore, some of these BSM theories predict LLPs that
can travel a finite distance within the detector before they decay.

One of the major BSM theories is Supersymmetry (SUSY) [45,46], which connects fermions
and bosons via a new symmetry. In that theory, each SM particle has a supersymmetric
partner with the same properties but different spin. The supersymmetric partner of the
top quark cancels out the quadratic corrections of the top quark to the Higgs boson mass
and hence solves the hierarchy problem. Although the theory of SUSY has existed for a
long time and searches have been performed at different collider experiments, no evidence
for SUSY has yet been found. All these searches provided limits that exclude several
regions of phase space.

Instead of searching for new particles that carry colour charge, different kinds of theories
requiring new particles without colour charge come more and more into the focus of
particle physicists. The Twin Higgs models [11-13] are examples of such theories and
try to solve the hierarchy problem of the Higgs boson. The Twin Higgs models are in
this thesis the analyses benchmarks, and are presented in the following section. Mainly
References [11-13,47,48] are used, if not indicated differently.

4.1 Twin Higgs Models

The basic idea behind the Twin Higgs models is to introduce a new SU(4) gauge group
with a discrete Zs symmetry between the SM and the new group. This new group contains
mirror (or twin) partners of the SM particles, which are only charged under the new gauge

group, but not under the SM gauge groups, often referred to as Neutral Naturalness. The
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4 Extending the Standard Model of Particle Physics

twin sector does not carry SM quantum numbers, which is also referred to as dark sector.

The twin particles are expected to have masses up to a few hundred GeV.

A complex scalar field H with the potential V' is introduced:
2
V=X(HP - 22) (4.1)

with the vacuum expectation value (H) = f/+/2 and f being the decay constant of the
Higgs boson. The Higgs fields of the SM and the twin sector are invariant under the spon-
taneously broken global symmetry. The field H with its potential breaking SU(4)—SU(3),
results in the prediction of seven pseudo Nambu-Goldstone bosons [48], where pseudo in-
dicates that they are massive bosons. Six of them can be interpreted as the vector bosons
of the SM and the twin gauge groups, and the remaining one is considered to be the
Higgs boson. The theory would also explain why the mass of the Higgs boson is so small.
The largest contribution to the correction to the Higgs boson mass originates from the top
quark. The Z; symmetry protects the mass of the Higgs boson from these large correction
contributions since the contributions of the top quark of the SM and of its twin partners

cancel each other out.

The complex scalar field H is composed of the two doublets A and B, H = (A, B), where
A is the doublet of the SM Higgs, while B represents the doublet of the twin version. A
and B can be exchanged due to the Z; symmetry. The vacuum expectation values of the
Higgs field vz /v/2 and the twin field vg/v/2 fulfil 2 = v% + v&. The mixing between the

Higgs boson and both sectors can be characterised by defining:

va = fsin(v/f) = fsin(#) and wvp:= fcos(v/f) = fcos(h), (4.2)

with vy = 246 GeV. The Higgs boson is only an equal mixture of the SM and the twin
sectors, when 6 = /4 [47], which would reduce the coupling of the SM particles to the
Higgs boson. This can not be correct since the SM Higgs boson has been observed exper-
imentally, and the couplings have been measured precisely with no significant deviations
observed so far. The Higgs boson is mixing more with the SM field when the discrete
symmetry Zj is softly broken. This modest mixing makes the Higgs boson a perfect can-
didate to build portals to the twin sector. Furthermore, it introduces masses of the twin

fermions mp,, which are connected to the SM fermion masses in the following a way:

mpy. = mp cot(f) ~ mp - f/v. (4.3)
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4.1 Twin Higgs Models

A similar correlation is also true for the gauge bosons of both sectors.
The twin top partner ¢r gives the main contribution, within the twin sector, to the Higgs

mass parameter:

3 z A
omi = YerMip 1) ( > : (4.4)

42 Mty
with y,, and my, the Yukawa coupling and mass of the twin top particle, respectively.
A cancellation of the twin and the SM top contribution is only the case if the Yukawa
couplings of both top quark particles have a similar strength. A is the cutoff scale of the

model, which is valid up to a few TeV and the tuning is of the form:

) »

The model solves the so-called little hierarchy problem, with valid ranges between the

2

2
| Imi
My

weak scale and a cutoff of at the multi-TeV region, where no significant fine-tuning is

needed [12,48].

Fraternal Twin Higgs Model

The baseline model explained above predicts a twin of each of the SM particles. In
contrast, the Fraternal Twin Higgs [48] scenario has only twins of the third generation
(top, bottom quark, tau lepton and neutrino). This model is similar to the Hidden Valley
models [49,50]. The twin particles of the third generation can decay to twin gluons?,
which can hadronise within the twin sector into so-called glueballs, which can travel a
finite distance. There are 12 stable glueball states predicted, but more unstable ones are
possible. Within the twin sector, a cascade of decays of massive, metastable and neutral?
states can happen until the lightest and stable bound state is reached, leading to a travel
distance of micrometres to kilometres (depending on the parameters of the theory). Only
this lightest twin glueball 07" can mix again with the SM Higgs boson, making a decay
back to detectable light SM fields Y possible within the detector via an off-shell Higgs
boson 07" — h* — YY. The decay width of 0*" — Y'Y as the dominant decay is:

A~ 2
dzv fo
F0++—>YY = (67Tf2 (m%[ — m(Q))) FE%YY(”&))’ (46)

'Due to the absense of light mirror particles.
2Neutral under the SM gauge group, but there might be charge within the twin group.

25



4 Extending the Standard Model of Particle Physics

with TPM 1 (m2) the width of a SM like Higgs boson with the mass myg, fo the 07 decay
constant and 4wdsfy = 3.06mJ [48]. All other possible decays, such as the decay to twin
leptons, are negligible. Expecting that the glueballs are much lighter than the Higgs

boson, the following approximation of the decay width becomes possible:

T (750 GeV ) *
T ~1.1x10°"7 ( Mo ) 4,
x 107" GeV X [0Gov 7 , (4.7)

and the corresponding decay length of:

10GeV " o\
~1 — | . 4.
ero S X < mo > (750 GeV) (4.8)

The glueballs are expected to have masses between 10-60 GeV [47], while the higher the
predicted glueball mass is, the prompter is the decay back to SM particles. In addition

to the glueballs, a light enough twin bottom quark might mix with the SM Higgs boson

and enhance the signal detectable at collider experiments.

4.1.1 Signal Properties

A simplified signal model of the Twin Higgs Model is used for this thesis, following Ref-
erence [51], where the Higgs boson decays into a pair of hidden scalars m,. These new
scalars (also called LLPs in the following) are mixing with the Higgs boson, and the
dominant decay to pairs of SM particles are bottom quark (85 %), tau leptons (8 %) and
charm quarks (5%) [51]. For searches at colliding experiments, benchmark masses and
lifetimes of the LLP are suggested in Reference [10] to be: m,, = [7,15,40,55] GeV and
¢ty between 5-107° and 10 m.

The signal benchmark is H — 7,7, — bbbb, and the VBF and ggF Higgs boson produc-
tion modes are taken into account for the analyses in this thesis. The properties of the
generator particles of the signal simulation are presented in the following, focussing on
those LLP mass-lifetime combinations used in the analyses later on.

In Figure 4.1, the pt of the Higgs boson is shown. The distributions are produced from
the signal simulation samples and represent the distributions of the SM Higgs boson
production modes, since only the Higgs boson decay is of exotic nature. As expected,
a clear difference is visible between the pr distributions of the VBF and the ggF Higgs
production mode. The additional radiation in the ggF Higgs production mode is typically
hard and leads to a Higgs boson with lower pr, compared to the VBF production mode.
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Figure 4.1: The pr of the Higgs boson on generator level of the VBF (blue) and the ggF
(green) production modes.

The pr of the LLP for a lifetime of 1 mm and different masses is shown in Figure 4.2.
Similar to the Higgs boson, the pr distribution of the LLP is softer in the ggF Higgs
boson production mode. A similar difference is visible for both production modes amongst
the different masses, where, as expected, the higher the LLP mass is, the softer the pr
becomes. Furthermore, a difference between the leading and subleading LLP, sorted via
pr, is visible as expected, since pr is not conserved in such a 2-body decay in a collider
experiment.

The same comparison as for the LLPs was performed for their direct decay products, the
generator b quarks, and the result is presented in Figure 4.3. The maximum and minimum
pr amongst the four b quarks is shown in the upper and lower row, respectively. Similar
distributions are visible for the two production modes, while the distribution for the VBF
Higgs production mode is wider. The b quarks with the minimum pt are much softer. The
LLP masses of 15 GeV and 40 GeV have similar distributions, while the mass of 55 GeV
shows slightly shifted values. The low transversal momentum of the b quarks, might lead
to missing reconstructed objects in the analysis and is discussed in Chapter 11.
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