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Abstract

This thesis presents the first studies at the LHC for a search for heavy Higgs bosons in the decay
mode A — ZH (tf). The analysis is performed with simulated proton-proton collision data at a
centre of mass energy of /s = 13 TeV at the CMS experiment.

A comprehensive study of the Two-Higgs doublet model 2HDM (type II) parameter space is
given by analysing production cross section and branching ratios with respect to the 2HDM
model parameters. Signal events have been simulated for different mass configurations and their
kinematic properties have been compared, also to several standard model background processes.
The transverse momentum of the reconstructed Z boson is found to be a powerful variable
discriminating the signal from the background. Expected exclusion limits on the A — ZH
production cross section are derived. They are expected to exclude a large part of the 2HDM
parameter space, especially in the high m4 and low tan(f) regime, complementing existing

searches in other channels.






Kurzfassung

Diese Arbeit stellt die erste Analysestrategie am LHC fiir eine Suche nach schweren Higgs-
Bosonen im Zerfallskanal A — ZH (tf) vor. Die Analyse basiert auf simulierten Proton-Proton-
Kollisionsdaten des CMS-Experiments am LHC bei einer Energie von /s = 13 TeV.

Diese Arbeit liefert eine umfassende Analyse des 2HDM-(Typ II)-Parameterraumes durch die
Betrachtung des Wirkungsquerschnitts und der Verzweigungsverhiltnisse in Abhédngigkeit der
2HDM-Modellparameter. Signalereignisse fiir die verschiedenen Massenpunkte wurden simuliert
und ihre kinematischen Eigenschaften wurden untereinander und mit diversen Standardmod-
ellhintergriinden verglichen. Der transversale Impuls des rekonstruierten Z-Bosons wurde als
Variable identifiziert, mit der das Signal effektiv vom Hintergrund getrennt werden kann. Er-
wartete Ausschlusslimits auf den A — ZH Produktionsquerschnitt wurden berechnet. Die berech-
neten Limits schlieBen einen grolen Bereich des Parameterraums aus, insbesondere die Bere-
iche mit hohen Massen m, und niedrigen Werten fiir tan(f3 ), und erginzen so bereits bestehende

Analysen anderer Zerfallskanile.
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1 Introduction

The question of what the universe is made of is as old as mankind. The philosophical idea
of a smallest building block for all matter in the universe is present in many ancient philoso-
phies such as Jainism in India [1], or Atomism in Greece [2]. For more than 2000 years this
remained a philosophical paradigm rather than a scientific theory. J. Dalton and his work in
stoichiometry in the early 19th century was the first evidence for the existence of small parti-
cles constituting all matter. Believing the smallest particles had been found, they were named
atoms after the Greek word for indivisible. However, this idea was proven wrong about 100
years later when it was discovered that atoms have a substructure. The following years marked
a series of important discoveries in physics. The structure of the atom was unravelled by the
discovery of the electron (J.J. Thomson 1897 [3]), the proton (E. Rutherford 1918 [4]) and the
neutron (J. Chadwick 1932 [5]). The proof that the cores of the so called atoms were in fact
divisible was provided by L. Meitner, O.R. Frisch, O. Hahn and F. StraBmann in 1939 [6],[7].
In parallel, quantum mechanics, a description of the kinematics and interactions of the smallest
particles, was formulated by people like M. Planck [8], E. Schrodinger [9], W. Heisenberg [10]
and N. Bohr [11]. The Standard Model (SM) of particle physics was proposed in the 1970s
as a gauge theory. It describes the fundamental particles and their interactions. However, the
Standard Model is not complete since it lacks an extension beyond the Planck scale where grav-
ity becomes relevant and can not explain a number of physical phenomena. Consequently, the
search for physics beyond the Standard Model (BSM) has become an important field of particle
physics.

Several BSM models predict an extended Higgs sector with an additional Higgs doublet com-
pared to the SM, which leads to the existence of five physical Higgs bosons. The phenomenol-
ogy of such models is described generically by Two-Higgs-Doublet-Models (2HDM), which
are used as a benchmark in this thesis.

In this thesis a strategy for a search for heavy Higgs bosons A in the #7Z final state with the CMS
experiment is developed. It targets the decay channel A — ZH with H — tf, where A and H
are two of the four additional heavy Higgs bosons. This channel has not yet been probed at the
LHC. The analysis follows the strategy proposed in Ref. [12] and extends it for the application
to CMS data for the first time.

This thesis is structured as follows: In chapter 2 an overview of the Standard Model, its short-
comings and the 2HDM is given. Important basis transformation laws are derived, which are
needed for the subsequent generation of signal events. Chapter 3 examines the properties of the
2HDM parameter space and the dependency of branching ratios and production cross sections
on the model parameters. The chapters 4 and 5 give an overview of the LHC, the CMS detector
and the particle reconstruction techniques used by CMS. In chapter 6, the results of this analysis

are presented. The kinematic properties of signal events produced with DELPHES as part of this
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thesis are compared to background processes. The transverse momentum spectrum of the Z
boson is examined and used as a sensitive variable. With the help of the CL method, expected
limits on the production cross section of heavy Higgs bosons are derived and compared to the
predicted cross sections. Chapter 7 concludes this thesis and gives an outlook on possible next

steps in the analysis.

2 Theoretical background

This chapter introduces the basic theoretical concepts of this analysis. In section 2.1 an overview
of the Standard Model of particle physics is given. A special focus will be set on the Higgs
mechanism. This first section is based on Refs. [13], [14] and [15]. With this information
on hand, an introduction to the Two-Higgs-doublet model is given in section 2.3, where an
important basis transformation law will be derived. An overview over recent 2HDM searches
will be given in section 2.4. Since the experimental results considered in this thesis are obtained
with data recorded by the CMS experiment at the LHC, an introduction to collider experiments

is given in section 2.5.

2.1 The Standard Model

The Standard Model of particle physics (SM) is one of the most successful physical theories
in history. It describes the elementary particles of the universe and the forces acting between
them. Mathematically, the Standard Model is based on different gauge groups under which
the Lagrangian is imposed to be invariant. The most general renormalizable Lagrangian ful-
filling these relations is then constructed and its dynamic studied by using the Euler-Lagrange

equation. The local symmetry groups of the SM are:
SUB3)c@SU(2)L®SU(1)y 2.1

SU(3)¢ is responsible for the strong interaction. The weak and the electromagnetic force can
be unified to the electroweak force represented by the product SU(2), @ SU(1)y.

The Lagrangian invariant under this gauge groups represents quantum fields, pervading space-
time. Quantum excitations of these fields can be interpreted as fundamental particles with

different properties described in the next sections.

2.1.1 Particles in the SM

A common way to classify the particles of the Standard Model is via their spin. If the spin is
half-integer, the particle is called a fermion. Fermions follow the Fermi-Dirac statistic and the

Pauli exclusion principle, meaning that two fermions can never be in exactly the same quantum
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state. If the spin is an integer (including zero), the particle is called a boson. These particles
follow the Bose-Einstein statistic, meaning they can be in a collective ground state. An overview

over all particles of the Standard Model can be found in Fig. 2.1.

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il 11l
mass =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c2 0 =124.97 GeVic2
charge 24 %A %A 0 0
o | (U x (@ v . @ |- H
up charm top gluon higgs
=47 MeV/c2 =96 MeV/c2 =4.18 GeV/c2 0
1,/: :.”S |/‘j 0
. v S » (B .
down strange bottom photon
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
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7] e 15 |.l k23 T 1 ;
electron muon tau Z boson
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Figure 2.1 Depiction of all particles of the Standard Model, the numbers in the upper left part
from top to bottom being mass, charge and spin. For the neutrinos an upper mass limit is shown
although the Standard Model assumes them to be massless. Taken from [16].

Fermions

The Standard Model of particle physics includes 12 fermions. They can be further divided
into two groups: Quarks carry colour charge and therefore interact via the strong interaction.
They are also electrically charged with fractional elementary charges of +2/3e or -1/3e. The
positively charged quarks are the up quark (u), the charm quark (c) and the top quark (t). The
negatively charged quarks are the down quark (d), the strange quark (s) and the bottom quark
(b). Up and down quarks are the building blocks of protons and neutrons and therefore among
the main constituents of the world around us.

The other six fermions are called leptons and not carry colour charge. Three of them carry
electric charge: The electron (e), the muon () and the tauon (7). In addition there are three
other fermions called neutrinos. The neutrinos (V) are electrically neutral and interact only via

the weak force. Like for the leptons and quarks, there are three generations of neutrinos, the
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electron neutrino (V,), the muon neutrino (v;;) and the tauon neutrino (vc).
Each of the fermions has its antiparticle with the exact same properties, but the opposite charge,
e.g. the positron (e™) or the anti-top-quark (7).

All fermions carry the weak charge and therefore interact via the weak interaction.

Bosons

In the Standard Model there are gauge bosons and the Higgs boson. The gauge bosons all carry
a spin of 1. Photons (y) are mediators of the electromagnetic charge and carry no mass or
charge themselves. W and Z° bosons are the carriers of the weak interaction, they have a mass
of 80 GeV respectively 91 GeV and differ in charge. The gluon is the massless mediator of the
strong interaction. In contrast to the previous bosons, the gluon carries the charge of the strong
interaction, the so called colour charge, by itself and can therefore interact with itself.

The final boson is the Higgs boson, the “youngest” particle of the Standard Model in terms
of discovery date. The theoretical proposal, however, dates back to 1964, when P. Higgs, the
team of F. Englert and R. Brout from Brussels and the team of G. Guralnik, C. Hagen and T.W.
Kibble formulated the theory of spontaneous symmetry breaking and the Higgs mechanism (see

section 2.1.5). The Higgs boson is massive, has a spin of 0 and carries no charge.

2.1.2 Quantum electrodynamics

Quantum electrodynamics (QED) describes the electromagnetic interactions of elementary par-
ticles. It is the oldest of the field theories involved with the Standard Model and was developed
by Richard Feynman, Julian Schwinger, Shin’ichiro Tomonaga and many others. The Lagrange

density of a free fermion must result in the Dirac equation
(i oy —m)¥ =0, (2.2)

describing the dynamics of a spin 1/2 particle where W is the wavefunction of the electron and
Y* are the Dirac matrices. The Einstein convention is used, implying a summation over identical
lower and upper indices. The simplest Lagrange density that yields the Dirac equation when

the Euler-Lagrange equation is used, is the following term:
L =iPy* WY — mP¥ (2.3)

This Lagrange density, however, is not gauge invariant under U (1) with its local transformation
W — /49 with an arbitrary phase 0 (x) that is allowed to depend on spacetime and a coupling
constant g. One solution is the introduction of a massless field A, that cancels the non-gauge
invariant terms by construction of its transformation behaviour: A, — Ay — dy, 0(x). The field

is introduced by replacing the partial derivative dy, with dy +igA (). The full Lagrangian now
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reads: |
—— N ———

mass term . .
interaction

kinetic term for ¥ kinetic term for A

where the field strength tensor Fy,y = dyAy — dyAy has been introduced. The Lagrange density
now includes not only a kinematic term for the fermions and a mass term, but also a kinematic
term for the electromagnetic field A and an interaction term between the fermions and the field
A.

2.1.3 Quantum chromodynamics

A similar approach to quantum chromodynamics, the field theory for the strong interaction, can
be chosen. Replacing the U (1) symmetry by the SU (3) symmetry, the local transformation now
reads: ¥ — 6 @OTY_ with o (x) as a set of functions depending on space time, 7¢ as a set
of linear independent 3x3 matrices and the generators of SU(3), and g; as a coupling constant.
The common choice for the generators are the Gell-Mann matrices. The same approach as for
QED gives a non-gauge invariant Lagrangian that can be fixed by introducing a set of eight
vector fields Gj; which represent the eight gluons. Again, the partial derivative is replaced by

du + igsT“Gy;. This leads to a Lagrangian of the following form:

= - = 1
Zocp = iFPHY; — PWim — g FATGIW,— -GG, 2.5)
N—— N R ~— Y 4
kinetic term for ' Mass (erm interaction kinetic+ self interaction
term for

where the index i indicates the six quark generations which are summed over. Again, an inter-
action term arises from the requirement of gauge invariance. The field strength tensor Gy, now
takes the form:

Gy = 0uGy — 9y Gl — g f° Gl G, (2.6)

where %S is defined via the commutator [T¢, T?] = 2i f*°T,. The third term corresponds to self
interaction of gluons, a major difference to QED, where a photon-photon vertex is not allowed.
Another important property arises from the renormalization of the coupling constant. For QCD
this renormalization process differs by a minus sign to the renormalization of the other interac-
tions, implying that quarks can only be described as free particles for small ranges. At larger
distances, the potential energy between two quarks increases, meaning that free single quarks
can not exist. Instead they form colourless hadrons, as for example the neutron, consisting of
two down quarks and one up quark, or the proton consisting of two up quarks and one down
quark. This observation is called confinement, its counterpart, the decreasing potential at small

distances, asymptotic freedom.
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2.1.4 Electroweak unification

Similar to QCD and QED, the Lagrangian for the electroweak interaction can be defined. The
underlying gauge symmetry is the SU(2); symmetry, the charge is the third component of the
weak isospin 73. The local gauge transformation for SU(2) are ¥; — W e80T where T¢
are the SU(2) generators, often represented by the Pauli matrices. One important difference
to the previous two interactions poses the fact that the weak interaction couples only to left-
handed fermions. This property is known from experimental evidence, most prominently the
Wu experiment [17]. The chirality of a fermion is defined via the projection operator P, =
%(1 — ¥°) for left-handed and Pg = %(1 + ) for right-handed particles. For massless particles
the chirality equals the helicity of a particle, defined as its spin projected on its momentum.
Particles with their spin and momentum aligned have a positive helicity and a right-handed
chirality, for particles with an anti-parallel alignment the helicity is negative and the chirality is
left-handed.

The left-handed fermions can be arranged in doublets with upper (lower) components having a

weak isospin of I3 = (—)%:

(4:60,0,0.6, -

The ’ in the lower component of the quarks signals that these are not the mass eigenstates but the
flavour eigenstates of the quark. They differ by a rotation defined by the Cabbibo-Kobayashi-

Maskawa matrix Vyp:

d d
s 1 =Vup| s (2.8)
b b

If the mass and flavour eigenstates were identical, the matrix would be diagonal. However,
the appearing off-diagonal elements imply that the weak interaction allows the change between

quark families. According to [18], the exact values of the components of Vyp are:

0.97370+£0.00014  0.224540.0008  (3.8240.24) x 1073
Vup = 0.221 £0.004 0.978 £0.011 (41.04+1.4) x 1073 2.9)
(8.0+£03x 1073 (38.84+1.1) x 10-3 1.013£0.030

By exchanging a W boson with its third isospin component of 73 = +1 it is possible for one
particle of the upper component to change to the lower component or vice versa. Using these

constraints to construct a Lagrangian, introduce a three dimensional vector field W, and define
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its transformation laws, the result is:

. ] 1
Sw = i\PL}/“&u\PL — ngy“TaW§w€ — ZWa“"W[fv (2.10)
kinetic tgrrm for ¥ interzl?:tion

kinetic+ self inter-
action term for W

Again, self interaction between the newly introduced fields are possible since its field strength
tensor is defined as
Wi, = duWy — o Wil — ge™™ W Wy (2.11)

where g%¢

is the Levi-Civita symbol. Most notably the mass term is missing. A designated
mass term in the Lagrangian of the weak interaction would not be invariant under gauge trans-
formation since it would require the left- and right-handed components to transform equally,
which is generally not the case. This problem will be solved by the Higgs-mechanism de-
scribed in section 2.1.5.

The electroweak unification is the combination of the U(1)y and the SU(2); symmetries into
one singular theory. The U (1)y symmetry is very similar to QED, the only difference is the use
of the hypercharge Y = 2(Q — Iz, the coupling constant g’ and the mediator field B,. Summing

up the Lagrange densities for U(1)y and SU(2);, the total Lagrange density takes the form:

__ , 4
f = l‘PR’)/Hau‘PL - g‘PL’)/HTaWﬁ\PL - g/\PL’}’” EBlilPL

- = Y
+i‘PRy“<9u‘PR —g/‘PR’}/'UEBIJlPR (2.12)
1 1
_ Wk _ _pkv
4Wa le 4B B,

where a summation over all left-handed doublets and right-handed singlets is implied. Often a
short hand notation, the covariant derivative, is introduced D, = 07“ + igT“W[j +ig’ %B“, so that

the first three terms can be expressed as one. Inserting the Pauli matrices in the gy* TWy term,

g w3 wl—iw?
2 \wltyiw? —wB 219
u

it results in the term:

The off-diagonal elements represent a flavour change, which means that the W* boson can be
identified as |
WE = —(W!'Fiw?) (2.14)

V2

In a similar way, the remaining field, namely Wﬁ and By, can be rotated into the Z boson and

the photon. This is necessary to ensure that the photon field is massless, as shown in section
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2.1.5. The rotation angle between the fields is called Weinberg angle Oy .

<W3> _ < co's(GW) sm(OW)) (Z) 2.15)
B " —sin(By) cos(Bw)/) \A "

In the history of physics there are many examples of unifications of theories. Phenomenons
that were thought to have different origins turned out to have a common cause. Notable exam-
ples include the unification of electrodynamics and magnetodynamics to electromagnetics by
Maxwell and Heaviside in the mid 19th century, or the discussed unification of QED and the
weak interaction to the electroweak interaction. Naturally, the question arises whether the elec-
troweak interaction and the strong interaction can further be unified to a so called Grand Unified
Theory (GUT). All though the theoretical consideration and experimental search for evidences

of such a GUT have been performed for several decades, so far no conclusive evidence for or

against the existence of a GUT has been found.

2.1.5 The Higgs mechanism

The Higgs mechanism postulates a complex scalar field ¢ in the form of a weak isospin doublet:

1 + ]
o= L ¢0 _ ¢1+l.¢2 (2.16)
V2 \¢ ¢3+i4
Assuming the spin of the doublet is zero and its dynamic therefore governed by the Klein-

Gordon equation, its Lagrangian reads:
Ly = (D*9)"(Duo) —V(9) 2.17)

where D), is the covariant derivative defined in the previous section. Note that a potential V' that

depends on the Higgs field has been postulated. This Higgs potential takes the form:

V($)=p>9)*+ Aol (2.18)

with A > 0 to ensure vacuum stability. The different shapes of the potential depending on u
can be seen in Fig. 2.2. For u? > 0, the potential forms a minimum at ¢ = 0. For u? it takes
the famous “sombrero” or "Mexican hat” shape. For the latter the minimum now lies at the
position:
—u?
V=1/—" 2.19
1 (2.19)

Instead of a single minimum, the four dimensional potential has a continuos set of degenerated

minima. By making a particular choice for the ground state, the symmetry of the system is
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u2>0,?\.>0 u2<0,7L>0

V(o)
V(o)

Figure 2.2 The Higgs potential for positive t (left) and negative u (right). Taken from Ref [19]

broken. By choosing the neutral ground state

1 (0
vacuum — ~ — y 2.20
¢ V2 (v) ( )

further calculations can be simplified. All other choices do not change the physical behaviour of
the system since they can be transformed by the SU(2) gauge transformation into the form writ-
ten above. Now it is possible to develop the field around its minima, by allowing an excitation
H(x):

1 0
=— 2.21
VG (v -|—H(x)> 22D
By inserting this relation into equation 2.18, the following terms arise:
1
V =—u’H?+ AvH? + ZAH“ (2.22)
The first term can be interpreted as a mass term with my = \/—2u2. The second and third

terms are the Higgs boson self interaction terms, representing three- and four-Higgs vertices.

By inserting the expanded Higgs doublet into equation 2.17 and rearranging for the gauge
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bosons, one gets the expression:

(D) (Du9) = %((WH)(&uH) + %gz(v+H)2W+’“W‘j

1 2 w3 (2.23)
+-(v+H) (W“i B“) £ "
8 —g¢' ¢ By

The first term can be interpreted as the kinetic term of the Higgs boson. By multiplying out
the (v+H )2 terms, a variety of interaction terms arise, consisting of all summands including a
factor of H or H2. These terms describe the interaction between the gauge bosons and the Higgs
boson. But furthermore several terms appear that have the same form as mass terms. Those
terms can indeed be interpreted as the masses of the gauge bosons. By reading the prefactors,
the mass of the W bosons can be directly identified with m%, = 1g??. For the second term, the
matrix has to be diagonalised first, resulting in the eigenstates:

W3 +¢'B 'W2 —gB
LTI Sl R (2.24)

with the corresponding eigenvalues 0 and %\/ g2+ g’%. With this transformation one additional

massive gauge boson with m% = Alfvz(g2 + ¢'?) and one massless gauge boson are described.

Ap

These are the Z boson and the photon, respectively. Comparing the rotation with the Weinberg

angle from section 2.1.4, one can express it in terms of the coupling constants:

cos(Bw) = ———. (2.25)
g8 tg
This resolves the question how the gauge bosons acquire their mass without adding an explicit
mass term: Their interaction with the Higgs field produces dynamically a mass term in the
Lagrangian.
With the Higgs boson there is another isospin doublet that can be connected to the fermion

doublets in a way that mass terms in the Lagrangian become gauge invariant:
L =N (PLoWr+ ProT ) (2.26)
By inserting the expansion from equation 2.21 for ¢, the Lagrangian takes the form:

< (lPL\PR -+ \PRlPL) (lPLlPR —+ ‘PR‘PL) 2.27)

v H

— A i

f \/i f \/z

This Lagrangian now consists of a mass term and a Yukawa interaction between fermions and
the Higgs field:

- me -
Lermions = —mp¥ Wy — TfH\Pf\Pf (2.28)

10
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where the fermion mass in terms of the Yukawa coupling strength A is given by:

_ Ay

/3 (2.29)

myg

2.2 Shortcoming of the Standard Model

Despite its success, there are open questions that remain unanswered by the Standard Model.
For this reason it is clear that the Standard Model at least is not complete. The following section

gives a brief overview over the most important shortcomings of the Standard Model.

Gravity

The fourth force of nature, gravity, is not included in the Standard Model. Our current theory
of gravity is the general theory of relativity by A. Einstein which has not yet been included in
the Standard Model.

Dark matter and dark energy

The existence of dark matter is known from gravitational effects observed by astrophysicists
that can not be explained with the visible matter [20]. Dark matter is considered neutral in terms
of electromagnetic charge, but massive. No particle of the Standard Model matches with the
properties of dark matter, leading to the postulation of new particles beyond the Standard Model.
In addition the acceleration of the expansion of the universe requires a yet unknown form of
energy called dark energy. Around 27% of all matter and 68% of all energy is considered to be
dark matter and dark energy [21].

Matter-antimatter asymmetry

The matter-antimatter asymmetry problem arises from the simple observation that there is more
baryonic matter than baryonic anti-matter in the universe. This is an imbalanced, hence unnatu-
ral, state and neither the Standard Model nor general relativity can explain this asymmetry. The
only way of producing a matter-antimatter asymmetry is by CP violation, but the only mecha-
nism in the Standard Model responsible for CP violation, the weak interaction, is not sufficient

to explain the asymmetry [22].

Hierarchy problem and fine-tuning

While technically not a clear contradiction to the Standard Model, the large discrepancy be-
tween the four forces of nature (e.g. gravity is around 24 orders of magnitude weaker than the

weak interaction) seems unnatural. The Standard Model does not give an explanation to these
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2 Theoretical background

large differences. One result is the unstable Higgs mass mg with respect to higher order cor-
rection. These corrections result in a quadratically divergent term ~ A% where A is the Planck
scale at around 10'°GeV. In order to cancel these large contributions, the uncorrected Higgs
mass my would have to be fine-tuned to the Planck scale. Whether this is in fact the case or

whether there is another mechanism cancelling out the quadratic contributions is unknown.

2.3 The Two-Higgs-doublet model

The shortcomings explained above gave rise to a variety of extensions of the Standard Model.
Those extensions are generally formulated under two paradigms. On one hand their predictions
must agree with existing data and verified predictions of the standard model. On the other hand
they have to address the imperfections of the Standard Model in a way that answers at least
some of the above questions, ideally also predicting results contradicting the Standard Model
that can be searched for in experiments. To achieve this, different approaches have been used
ranging from the plain extension of the Standard Model (Supersymmetry, Two-Higgs-doublet
model) to its complete reinvention (String theory, Loop quantum gravity).

One of the extensions of the Standard Model in the Higgs sector is the Two-Higgs-doublet
model (2HDM). The discussion in this chapter follows [23]. The 2HDM adds a second Higgs

isospin doublet to the minimal version implemented in the Standard Model:

¢ ¢y
d, = <¢19> , D) = <¢2§> (2.30)

All four components are complex numbers in general, resulting in a total of eight real degrees of
freedom. Following the logic of the spontaneous symmetry breaking, it immediately becomes
evident that adding the second doublet results in a total of five Higgs bosons and three Goldstone

bosons.

2.3.1 The 2HDM potential

To understand the nature of the five different Higgs bosons and the meaning of the new free
parameters arising from the model, the Lagrangian has to be studied. It consists of a kinetic

term and a potential similar in shape as before:
XQHDM = (Duq)l)T(D“q)l) + (D”‘bz)T(D“q)z) — V(q)l,q)z) (2.31)

with the covariant derivative defined as in section 2.1.4. Analogously to the Standard Model
Higgs mechanism, a symmetric quartic potential is assumed. This potential can generally con-

tain all possible two- and four-combinations of the two fields and their complex conjugate. The
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2.3 The Two-Higgs-doublet model

most general form therefore can be written as:

V =m} (6] 91) +m3y (63 ¢2) —miy (] $2) + .c.

Fam (000 + 220302 + 2s(0]0)(0300) + (o[ 0)(001)  232)

+[325(0020 + [(6]01) + 11(0502)] (6] 2) + .

This potential introduces the real parameters m,my;, A1, A2, A3, A4 and the complex parameters
miy,As, Ag, A7 resulting in a total of 6+ 2 -4 = 14 degrees of freedom for the potential.

It should be emphasized that although their naming implies otherwise the parameters m;; are
not masses in a classical sense. To obtain the masses of the physical Higgs bosons a rotation
between the doublets has to be performed.

There are several empirically motivated constraints one can demand, which reduce the number

of degrees of freedom significantly:
* The absence of flavor-changing neutral currents (FCNC) at tree level
* CP conservation

To ensure the absence of FCNC, an additional Z; symmetry must be imposed to ensure that the
interactions with the Z boson are still flavour diagonal as in the Standard Model. For a rigorous
proof see Ref. [24]. The Z, symmetry implies that the parameters Ag and A7 are equal to zero.

The potential is CP conserving if and only if a basis can be found in which all parameters are
real [25]. This condition renders mj, and A5 real and reduces the total number of degrees of

freedom to 8. The potential now reads:

V= mi (9] 01) +mdy (63 62) —mIy (9] ¢2) + h.c.

1 1
+§7Ll (0] 1)*+ 5/12(¢2T¢2)2 +2A3(0] 01) (93 62) + A4 (9] 92) (63 01) (2.33)
1 .
45| (6/02)* +(9;92)'

It is further demanded that both doublets develop a vacuum expectation value in their lower
(neutral) component marking the minimum of the Higgs potential. The existence of such a
minimum is generally non-trivial for the 2HDM. However, calculations show that under some
assumptions the minimum always exists and is stable [26]. By convention the two vacuum

expectation values are denoted as:

(@1)0 = (0/4]0) = \% (31) (@20 = (0]®20) = % (i) (2.34)
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2 Theoretical background

The fields of the two doublets can now be developed around the ground state:

@ = V20! @y = V20; (2.35)
V2 \vi+pi+in )’ V2 \Va+p2+im

The excitations of the fields around this minimum can be interpreted as the different physical
Higgs particles. The excitations of the fields ¢i+ represent the charged Higgs bosons. Its isospin
I3 is 0.5, while the hypercharge is equal to 1 by construction. To calculate the electrical charge,

the Gell-Mann-Nishijima formula can be used:

1
0=5L+ EY (2.36)

This yields a charge of 1 for the upper components and O for the lower parts.

The fields p; are the real valued perturbations of the ground state and therefore comparable
to the Standard Model Higgs bosons. They are electrically neutral and CP-even.
The fields 1n; on the other hand are the imaginary perturbations from the ground state resulting

in the neutral CP-odd Higgs boson.

This gives a total of five Higgs bosons, two of which are charged, two CP even and one CP
odd.

For the analysis of this thesis, the masses of the Higgs bosons in terms of the parameters of
the Higgs potential have to be obtained to correctly configure the simulation tool described in
section 6.1.1. In the following paragraphs the corresponding basis transformation laws from the
generic to the physical mass basis will be derived based on the derivation of the transformation
laws between other 2HDM basis in [27] and [28].

The two doublets from equation (2.35) have to be substituted in (2.33). Ignoring all terms that
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2.3 The Two-Higgs-doublet model

are cubic and quartic in the fields, this yields:

v3 RY
V=mn <m11 +/11— —Vz(m12—13+7t4+15¥))

3 2%
+M2 <m%2 —l—lzjz -V (m12 — A3+ A+ ).5¥)>

+% (20707 +pipy+n{m) +my (205765 +pipa+nimy)
—m, (2¢1+¢2— +205 0 +p3p1+pip2+ nim + nfnz)
+7L1< V1P1P1+ V1771771+V1¢1 o )+)vz( V2P2P2+ V2772772+V2¢2 ‘1’2)
Ms( 2p1p1+ P2P2+V1V2(P1P2+P2P1)+ nm 1+ n2n2+Vz¢1 ¢ +V1¢2+¢2>
+A4(—22p1p +—P2P2+V1V2(P1P2+P2P1)+ 77177 + 772772+"1V2<¢1+¢2 0701 ))

v2
i F
+1s (%pfp + glpipz +Viva(pip2+p3p1) — fnfm — glnz*nz +viva(n{ma+mim)
FViva(9i7 05 + 65070 ) | + O ()
f S {ni;Pi7¢i}

(2.37)
The first two terms linear in N represent the tadpole diagrams. These are one-loop Feynman
diagrams with one external leg, reminiscent of a tadpole. However, two minimization conditions
can be used in the case of CP-conservation. Those two equations follow from the form of the

potential as shown in Ref. [29] and make the tadpole terms vanish:

\% 1 1

my = —omly — MV — = (A3 + A+ As5)V3 (2.38)
Vi 2 2
\% 1

M = v—;m%z l2"22 — 5@3 4+ Ag+As5)Vi (2.39)

The quadratic terms on the other hand can be rearranged and sorted by the fields:

1 T T
=3 () ()« () e () (2) ()] o
2 1\m Up) p2 p2 ¢y Y

where the mass matrices are:

2 2
(M M A5 —m3, + AsVi V2
My = i S > (2.41)
—mi, +AsViVa myy + A5+ A3s—55
2 2
C(mh 3T dsus g —my + Asasviva
My = ) ) g " (2.42)
—mi, +A3asViva  m3y+3A 5 + Azas 5
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2 Theoretical background

M,y — (2m%1 +7L]V12 +13v22 —Zm%z + Au5vViVa ) (2.43)

—Zm%z + A5V Vo 2m%2 +A V22 + A3 V12
using the short hand notation A;;_ = A +A; — A4+ ....

With the help of equations 2.38 and 2.39 one can eliminate m; and my; from the matrices:

m — AsV2 —m2 + A5V
Mn: 12 5V 12 5Vl 2 (244)
Mo — z—fm%fr?tlv]z —m%2+l345V1V2 (2.45)
p— 2 42 Vi 4, v2 :
—mi, + A345VI V2 v—2m12—1— 2V5

2% AasVe:  —2m3, + dusVi Vv
My = m12 45V m12+ 45V1V2 (2.46)
2m12—|-7t45V1V2 2% m12 7(‘45\/1

The matrices above are the equivalent to the prefactor —u? from the Standard Model Higgs
mechanism in section 2.1.5. This matrix appearance of the prefactors in a two dimensional
model is natural. Still, an obvious problem arises from the fact that the choice of basis is ar-
bitrary, which results in the non-diagonal form above: To obtain the masses of the new Higgs
bosons, the three matrices have to be diagonalized. This can be done by finding their eigen-
values. The eigenvalues of a matrix A can be calculated with the zeros of its characteristic
polynomial:

det(A—I-x) =0 (2.47)

Hence for My we get:

€

2 \ ) 2, Y1 2 2
> =x"—x(—=mi7, — Asv5 + —mi, — AsVyi)
Vi \%)

l
+(m12+15v1v2 2vzv1m127ts) (m12+15v1v2 215m12v1vz) 0

X1:0

=
2 Vitvi
X2 = m12 ViVa

—As(Vvi+v3)

which are the diagonal elements of the mass matrix for the fields 1;. One of them is 0, which
corresponds to the massless neutral Goldstone boson, the origin of the Z mass.

The other mass term corresponds to the squared mass of the CP-odd Higgs boson A. By chang-
ing into polar coordinates with v2 = v +v2, v{ = vcos(f) and v, = vsin(f) the final expres-
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2.3 The Two-Higgs-doublet model

sion of my is:
2
2 _ mi

A = sin(B)cos(B)

The same procedure can be applied to the third matrix My. Again, one of its eigenvalues is 0

—Asv (2.48)

corresponding to the two massless, but charged Goldstone bosons. These charged Goldstone
bosons result in the mass of the W*. The other eigenvalue and therefore the mass of the charged

Higgs bosons is:

2

iy = sin(B)cos(B) 2

The matrix M, is more difficult to diagonalize because the constant terms do not cancel, mean-

(2.49)

ing there is no eigenvalue equal to zero:

det(My —1T-x) = x* —l—x(m%zv —|—m12 +/11v1—|—7tzv2)
V3 3 4 2 2 2.2
+mi, +m12 +m12 +/11 VidaVvi — (mfy — miyAzasviva +A34s5Viva)

mlzvl Jrmlzv + Vi +Av;
=412 = > (2.50)

2

+
2

—-q
3 3
Vi ) 4 2
q=+mi, JFm12 +m12 +)~1)“2V1 Vi — (mlz—m12)~345V1V2+7\345V1 Vi)

However, these relations can be dramatically simplified by introducing the rotational angle o.
This is the angle by which the diagonal basis is rotated with respect to the original one, or in

other words: it is the angle of the rotational matrix that diagonalizes M:

co§(a) sin(a) M, c?s(a) —sin(o) _[ma O 2.51)
—sin(o) cos(a) sin(a)  cos() 0 my,
This relation results in a total of four equations. Two equivalent equations will give rise to a

definition of ¢ in terms of the known parameters:

—sin(a)cos(t) (%m%ﬁllv%) —sin(a)?(m?, + Aags)

) : (2.52)

+cos(a) sin(ar) (v—lm%zmzvg) +cos(0)*(miy + A345) =0
2

Rearranging and simplifying with trigonometric addition and multiplication laws, this yields:

sin(f—a) 5

2
(B cos ()2 = % [sin(za) ( —cos(B)?A; + sin(/s)%z) +cos(2a) sin(zﬁ)/1345] (2.53)

17
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Similarly, the other two equations can be obtained from the matrix relation. They represent the

masses of the two CP-even Higgs bosons in terms of o:

sin(a — B)? sin sin
mi = %m?z +v? [cos(ﬁ)zcos(a)zll +sin(B)?sin( o)A, + (29) > <2B)/1345]
cos(a — B)? sin(2a) SiH(ZB)%f;D
mp; = Wm%z—kvz [cos(ﬁ)zsin(a)ZM +sin(B)?cos(0t)? A — 5 ]
(2.55)

It turns out that applying the same technique for the first two matrices and determining their
rotational angle will not result in a new parameter but rather gives 3 from the earlier definition

of it being the the arctan(z—f). So the three mass eigenstates are:

p1\ H m\ n o\ ¢
() o0 3w 3 () o

A brief recap of what has been done so far: writing down the potential of the 2HDM results
in 14 degrees of freedom, which can be reduced to 8 by imposing CP conservation and the ab-
sence of FCNC. Those 8 parameters plus the two vacuum expectation values v; and v, is often
referred to as the generic basis: {A1,A2,A3, A4, A5, my1,ma,my2, Vi, V2 }

Using the two relations 2.38, 2.39 and further the results 2.48, 2.49, 2.54 and 2.55, two param-
eters can be eliminated and the rest expressed in terms of the Higgs boson masses and other

parameters: {ma,my+,my,my,As, o, B v}. This is often called the physical mass basis.

By inverting the equations above the following back transformations have been calculated:

1
M= cos(B)2V2 (COS(O‘)Z"’%I +sin(a)’mj, —sin(B) (mj + /lsvz)> (2.57a)
1

b= B (COS(O‘)Z’”/% +sin(e) my; —cos(B)* (mj + lsvz)) (2.57b)

in(2c 1
T sisr?(léﬁ)\)ﬂ (g = miy) = 5 (m3 = 2mpg) = A5 (2.57¢)

2 2
A4 = M +4s (2.57d)
\%

mpp = \/cos(ﬁ)sin([i)(mf\+/15v2) (2.57¢)
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2.3 The Two-Higgs-doublet model

2.3.2 Interaction with fermions

Just like in the Standard Model the interactions between the Higgs bosons and the fermions are
described by a Yukawa term in the Lagrangian. The general Yukawa part of the Lagrangian in

the physical mass basis notation from Ref.[30] reads as follows:

R == Y (SL&] Frn+hfrH —i&] Frsfa)
S (2.58)

. [\/Evud i \/EmlgAl v
1% 1%

(myE4PL+myEd Pr)dH + IRHt + h.c]

Here, f denotes the different fermion categories (up-type quarks, down-type quarks and lep-
tons), v, (Ig) denote the neutrinos (leptons), P, and Pg denote the projection operators and &

denotes the coupling constants for the respective interaction.

At this point a fundamental choice has to be made: Which one of the two doublets couples
to which family?

There are four different schemes to match each class of fermions to exactly one doublet. The
coupling of two doublets to the same class of fermions generally results in FCNC. An overview
over all possibilities can be found in Table 1. The following classifications are taken from Ref.
[23].

Table 1 Different Types of 2HDMs based on their couplings to different kinds of fermions.

Type up-type quarks (1;) down-type quarks (d;) charged leptons (/;)
Type I ¢ ¢ ¢
Type II ¢ ¢1 ¢
Lepton-specific M (0153 O
Flipped ¢ 1 ¢

In the type I model charged fermions couple to one doublet solely. It has been discussed
in the early stages of 2HDM research history and has been used in more general analysis.
However, it is rarely analysed in recent papers.

The type II model is arguably the most studied model. Different supersymmetric and Peccei-
Quinn models all require an extended Higgs sector of type II, therefore this thesis will focus on
the type II model, where the down-type quarks and the leptons couple to the same doublet.

In the lepton-specific model one doublet couples to the two quark families and the other one
to the leptons. Many aspects are similar to the type I model, except for the behaviour of the
charged Higgs bosons. The lepton specific model has recently been discussed in the context of
dark matter and neutrino mass [31].

The flipped model is similar to the type Il model, as only the couplings to the two quark families
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2 Theoretical background

are switched. For tan(f8) = 1 the branching ratios are identical to the type II model. When

deviating from that value, the coupling will show a behaviour with respect to tan(f3) inverse to

the type II model.

Inserting the original Higgs doublets with their respective rotation matrix defined in equation

2.56 into equation 2.58, one obtains the values for the fermion-Higgs boson coupling constants
+» Where x denotes the fermion class (up, down, lepton) and y denotes the Higgs boson (H, A,

h). They are listed in Table 2.

Table 2 The different coupling constants for a type Il 2ZHDM

. | cos(a) d _sin(a) ! _ sin(a@)
S sin(B) S cos(B) Sh cos(B)
o [28]u| =2 [a] =9
i | cot(B) || & tan(f3) &l tan(f)

|AVV | 0 ||HVV [ SMxcos(B—a) [ hVV | SMxsin(B — o) |

In the last row of Table 2 the couplings between the Higgs bosons A, H, h and vector bosons V
are listed according to [23]. They are universal for every type.

To achieve Standard Model like couplings of one of the CP-even Higgs bosons, either cos(a —
B) or sin(o — ) has to be 1.

In the first case this would mean that the H could be identified with the Standard Model Higgs
boson at 125 GeV. Since my > my,, a new Higgs boson lighter than the discovered one had
to exist. This however constrains the parameter space significantly because in many regions it
would have already been discovered. Therefore, analysis of the first case is uncommon today.
The second choice leads to the so called alignment limit. In it sin(ac — ) — 1, and therefore,
cos(a — ) — 0. In this alignment limit / can be identified with the Standard Model Higgs,
implying the existence of a heavier Higgs boson at my > 125 GeV. This analysis has been
carried out in the alignment limit, meaning that the Standard Model Higgs boson is the lightest

of all Higgs bosons.

2.4 Previous 2ZHDM searches

For the heavy Higgs bosons A and H there are different possible decay channels. In addition
to the decay into leptons or quarks, the decay to another Higgs boson and a Z boson is also
possible. Furthermore, the decay into two bosons (e.g. hh,gg or YY) is possible. In the last years
several searches for additional Higgs bosons have been performed in those channels at the LHC,
the LEP and Tevatron. The data so far does not show any evidence of additional 2HDM-like
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Figure 2.3 Observed and expected 95% CL upper limits for m,4 and tan(f) at 13 TeV. Taken
from [36].

Higgs bosons. An overview over the excluded regions can be found in Fig. 2.3. An explanation
of the observed flavour anomalies [32] and the result of the g-2 experiment [33] might also
be possible within the framework of 2HDMs which would result in further constraints of the
parameter space [34], [35]. In this section, a brief overview of recent searches in various decay

channels is given.

Decay scenario A — ZH

At masses below the threshold for a decay into top quarks the decay into a Z boson and a heavy
Higgs boson H. For this decay channel the mass difference between A and H must be at least
mgz. Some of the 2HDM models imply a different mass hierarchy resulting in the decay channel
A — ZH. In this channel many different studies have been performed over the years. The CMS
collaboration published several searches (at /s = 8 TeV [37] and /s = 13 TeV [38]), probing
the channel H — ZA(bb or 17). The limits for this search can be seen in Fig. 2.4. At the
ATLAS collaboration a similar search has been performed at /s = 13 TeV [39]. Depending
on the tan(f) value, masses up to 400 GeV have been excluded. The regions of higher masses
where the top decay channel opens up can not be excluded with either analysis. The analysis
presented in this thesis will provide an extension to the higher mass regions where the previous

searches only have a limited sensitivity

21



2 Theoretical background

-1
- 1000 -CMS 5 : 35.9fb™ (13 TeV)
) Type-ll 2HDM ---- Exp. excl.
% tan B = 15 cos(p - q) =001 —— Ops. excl.
E o001 : : B 68% excl.

95% excl.

600" - ................  reerenneerneneed Frnsssnsnsscnns
4001

2001

30 200 400 600 800 1000
Ma [G EV]

Figure 2.4 Observed and expected 95% CL upper limits for m4 and tan(f) at 13 TeV for the
decay channel A — ZH — 00bb. Taken from [38].

Decay scenario A — Zh

Another possible decay mode is the decay into a Z boson and a SM like Higgs boson. For this
channel the lower boundary is the sum of the masses of the standard model Higgs and the Z
boson. On the other hand there is again the problem of the rising branching ratio for the decay
into a pair of top quarks, impeding the exclusion of heavier regions. Overall this results in a
comparably small range of the parameter space that can effectively be excluded.

This search has been performed by the ATLAS collaboration at 8 TeV [40] and 13 TeV [41]
and also by CMS at 8 TeV [42] and 13 TeV [43]. Depending on the luminosity and the choice

of parameters masses up to m4 = 380 GeV have been excluded.

Decay scenario A/H — 1

At higher masses the decay into top quarks becomes the most important concurrence process
to the ZH decay. This channel opens up at a mass of around my /4 =350 GeV, when a pair
of top quarks can be produced on-shell. This allows the examination of higher mass regions.
However, due to the rather unspecific signature of this channel, the distinction between signal

and background is a challenging task. One previous search for 2HDM bosons and other physics
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beyond the standard model has been performed by CMS [44]. The regions 350-360 GeV for
scalar and 350-410 GeV for pseudoscalar bosons have been excluded by this analysis. Another
search at ATLAS [45] in the same channel does not mention 2HDMs explicitly, but should also

be sensitive to them.

Decay scenario A/H — bb

Similar to the decay into top quarks, a decay into bottom quarks is also possible. Since the top
quark is more than 40 times heavier than the bottom quark, this decay channel is minor, if the
coupling to down-type like quarks is not directly enhanced by a high value of tan(f3 ). Therefore
only at high values of tan(f3) or at lower masses beneath the threshold of 2m;,, noteworthy
exclusion can be achieved. A CMS search in this channel [46] obtains limits of m4 = 300 GeV
at tan(f3) = 25.

Decay scenario A/H — [T~

The decay into leptons is minor in nearly all of the parameter space. For low Higgs boson
masses the decay into a pair of tauons can be observed. Their measurement however results
in large uncertainties. One search in the tau channel by CMS [47] reports exclusion limits of
my = 250 GeV at tan(f3) = 6.

The branching fraction of the muonic decay channel is around 300 times smaller than the one
for the tau decay. Still, there has been a search with CMS data [48] in this channel as the muon
momentum resolution of CMS is significantly better than for taus.

2.5 The physics of collider experiments

Since the simulated data used in this thesis comes from proton-proton collision, a brief overview
over the physics of this process will be given in this section.

The proton itself is not a fundamental particle, but it consists of quarks held together by the
strong force. Protons consist of two up and one down quark. These three quarks are called va-
lence quarks. Further quarks can be found in the proton, the short living sea quarks. Since there
is a continuos exchange of gluons in the proton, these gluons can produce quark-antiquark pairs
which then annihilate to a gluon again. These quarks can be of any flavour, not being limited to
up or down. Gluons, valence and sea quarks in a proton are collectively called partons.

When colliding protons, the individual partons interact, each carrying only a fraction x of the
proton’s momentum. Therefore the centre of mass energy of parton-parton collisions varies,

even for constant energies of the protons:

y/ Sparton = /X1X2S (2.59)
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Figure 2.5 Proton PDFs at different energy scales. Taken from [49].

where x1,x; denote the two four-momentum fractions of the protons and /s the total centre
of mass energy of the protons. The probability of a certain parton carrying a certain fraction
x of energy depends on the parton type and the momentum Q? exchanged in the collision and
is described by the parton distribution functions (PDFs). Fig. 2.5 shows the proton PDFs at
different energy scales. It can be seen that at high x values the valence quarks dominate, while
for low values the sea quark and gluons dominate.

For the calculation of cross sections, the measure of how probable a reaction is in a collider
experiment, the factorisation theorem [50] can be used. It states that the inclusive cross section
for a reaction in a proton-proton-collision is given by the convolution over all x of the PDFs

with the parton level cross section:
0 =¥, [[ dnidafi(x1, Q%) (02, 0%) 031 0x1,31.0°) (2.60)
iJ

where the sum runs over all partons and o;; denotes the parton-parton cross section.
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3 Analysis of the 2HDM parameter space

In this chapter the impact of the different parameters on the branching fractions and the pro-
duction cross section of the 2HDM is discussed. The basis of this analysis are the 2HDM cross
sections and branching ratios taken from Ref.[51]. With those numbers all relevant branching
fractions and the production cross section are examined with respect to the 2HDM parameters
in the physical mass basis. For the process A — ZH — {*T{"tf these parameters are the two
masses of involved Higgs bosons m4 and mpy and the ratio between the two vacuum expectation
values tan(f}). All other 2HDM parameters are fixed: Since the charged Higgs boson is not
involved in the process, its mass does not contribute to the branching fractions at leading order.
For this reason it is set to max (mg,my4 ). To match the & to the Standard Model Higgs boson, the
alignment limit is chosen, i.e. sin(at — ) = 1 and mj, = 125GeV. The parameter v = 4 / V12 + v22
is set to match its Standard Model counterpart at v = 246 GeV. The parameter m, is fixed to
m3 tan(B)/(1+tan(B)?)), which gives a valid model, according to Ref.[51]. With the help of

equation 2.57e this can be transformed into a condition for A5 of the physical mass basis.

3.1 Branching ratios

In this section, the two decays A — ZH and H — tf and the competing processes are discussed.

3.1.1 General remarks on the branching ratios of the involved processes

To obtain a general understanding of the nature of the different Higgs bosons and the para-
meter space, the various decay channels can be examined. A quantification of the probability
of a given decay channel is described by the branching ratio. The branching ratio of an initial
state X decaying into the final state Y is given by

Br(X —Y)= 3.1
where I'(X — Y) is the particle decay width of the process in question and I'(X) is the total
decay width consisting of the sum of all partial decay widths. Those decay widths can be cal-
culated with Fermi’s Golden Rule (see Ref. [52]) as the product of the squared matrix element
times the size of the phase space element. The squared matrix elements can be calculated using
the Feynman rules (see Ref. [53]) for the corresponding decay diagrams.

The final results of those calculations for all cases involved in this thesis can be found in
Ref. [54]. For additional decay widths especially in the QCD sector see Ref. [55].
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3 Analysis of the 2HDM parameter space

For decays involving top quarks, the decay width above the kinematic threshold reads [54]:

_ 3GFmt2 2 th 3
['A —1tf) = cot m 1-4— 3.2
(i) =2 Lot may  (1-475 ) (3:2)

showing the characteristic Yukawa dependence on the mass of the decay products which causes
decay into fermions with greater mass to be favoured. The decay width for the decay into any
other pair of charged fermions can be obtained by replacing the cot(f) with the correct coupling
constant according to Table 2 and the top mass with the mass of the respective decay product.
For the decay A — ZH the decay width is [54]:

GF . 2m4z ) 5 )
['A—ZH) = o — B2 A (2 m2 . m2A 33
( ) 4x/§nsm( P) mA\/ (mig,mz,m) A (mig, my, mz) (3.3)
with the A-function:
X X
7L<X7Y»Z):(1———X)2—4—§. (3.4)
Z z Z

Note that the two A terms result in a complex dependence on the different masses. However, by
calculating the Taylor series for my > mz,mpy the behaviour for high masses can be calculated.
The second A factor tends to 1, while the first factor tends to infinity by the order of & (mj).
Together with the 1/my from the prefactor this leads to a dependence on mf‘ for large masses,

meaning that this decay width grows faster than the Yukawa one.

312 A—ZH

There are many different decay channels for the heavy Higgs boson A. It can decay hadronically
into a pair of quarks, leptonically into a pair of muons or taus, into a pair of photons or into a Z
boson plus another Higgs (h or H).

One of the most important parameters is the mass of the A boson. Plots of the branching ratios of
the different decay channels with respect to m4 are shown in figure 3.1. For this figure the ratio
of the vacuum expectation values tan(f) is set to 1 and my to 200 GeV. The plot shows that for
the low mass region m, < 300 GeV the decay into Zh and bb dominates, since neither the decay
channel into top quarks nor the one into ZH has opened up yet. At my = mz +mpyg ~ 290 GeV
the A is heavy enough for decaying into HZ, the decay channel of this analysis. It immediately
dominates over the other decay channels, becoming the leading channel with a branching ratio
of almost 1, causing a decline of the other branching ratios by two to three orders of magnitude.
At my = 2m; =~ 350GeV the on-shell decay into a pair of top quarks is possible resulting in
the branching ratio for the respective channel to peak. The branching ratio for the ZH channel
decreases to around 0.2 as a result. At even higher masses the ZH branching ratio rises again
due to its cubic dependence on my as described in equation 3.3.

The two branching ratios intersect at around my = 550 GeV resulting in ZH to become the
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3.1 Branching ratios
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Figure 3.1 Branching fractions for several decays of the heavy Higgs boson A as a function of
1ts mass my.

leading channel again. At higher masses m4 > 800 GeV the branching ratio for ZH tends to 1
while all the other steadily decline.

When studying the dependence of the branching ratio against tan(f3 ), results are shown Fig. 3.2
(left), the influence of the coupling strength can be observed. For this plot the masses are fixed
to my = 400 GeV and my = 200 GeV. According to the couplings in a type I 2HDM described
in the first chapter, tan(f8) modifies the coupling strengths to up-type quarks on one hand and
down-type quarks and charged leptons on the other. Higher values of tan(f3) result in a higher
coupling to bottom quarks and taus while the coupling to top quarks is suppressed. Interestingly,
the channel ZH peaks at medium values of tan(f3). This is explained by the growing advantage
either the bb or the tf acquires at extreme values of tan(3), while the branching ratio of the ZH
decay does not depend on tan(f3).

As shown in Fig. 3.2 (right), the influence of my is rather small. Looking at mass regions where
the top decay of the A is accessible, the only two significant decay channels are #f and ZH.
The closer my gets to the threshold of my + mz = my, the more the branching ratio of the
ZH channel decreases. Although equation 3.3 breaks down in the near vicinity of threshold
my = my — my, it predicts a steady decrease when approaching this limit, which is in good
agreement with Fig. 3.2 (right).

By only looking at the decay channel of this analysis it is possible to visualize its branching
ratio with respect to two parameters. Choosing both masses my and m4 gives a good overview

of some important features. Such an overview can be found in Fig. 3.3 (left).
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Figure 3.2 Branching fravtions for several decays of the heavy Higgs boson A as a function of
the ration of the vacuum expectation values tan(f) (left) and mp (right), the mass of the H.

The diagonal line represents the chosen mass hierarchy with the A heavier than the H, so only
the lower right half of the plot is filled. Furthermore, for the on-shell production of Z and H
the mass condition m4 > my + mz has to apply rendering the branching ratio to nearly zero in
the 90 GeV broad band connected to the diagonal edge. Also visible is the small area between
250 GeV and 350 GeV where the ZH channel is dominating without its competing process tf
resulting in a small yellow triangle in the bottom left part of the plot. Overall, the tendency that
a large mass difference between A and H leads to a larger branching fraction of the ZH channel
is apparent.

Looking at the my4-tan(f)-plane in Fig. 3.3 (right), many of the above mentioned effects are
visible: A distinct ridge between 300 GeV and 350 GeV again marks the region where the ZH
channel is energetically available, but the 77 channel is not. For higher masses the branching
ratio rises again. Noticeable is also the ridge of maxima with respect to tan(f}) at around 5-
10. As mentioned before, very extreme values favour the decay into one of the quark families.
Since the top decay is favoured due to the higher mass of the top compared to the bottom, the

maximum is shifted to higher tan(f) values.

313 H-—tt

For the heavy Higgs boson H there are generally fewer decay channels, most importantly there
is no leading order decay into another heavy Higgs boson possible as previously the ZH chan-
nel. Dominating channels are again the decay into top or bottom quarks, the decay into gluons
and the leptonic decay.

Looking at the branching ratios with respect to my as shown in Fig. 3.4, it is evident that for the

medium and high mass regions from around my = 400 GeV the ¢f channel reaches branching

28



3.2 Production cross sections

Type Il 2HDM, tan(B)=1 Type Il 2HDM, mH=200GeV
3 3 - g
o) & o 9’\T'
£ £ —Hos<

20900 300 400 500 600 700 800 900
m, [GeV] tan(B)

Figure 3.3 Branching ratio of the decay process A — ZH

fractions of nearly 1. Below the 2m; threshold the bb channel leads for most of the lower mass
area, only briefly being surpassed by the gluon gluon channel at 310 GeV to 340 GeV.

The branching fractions with respect to tan(f) in Fig. 3.5 (left) show a similar behaviour as in
Fig.3.2. Again the higher values favour the bottom decay compared to the pure Yukawa cou-
pling in the Standard Model, while low values favour the top decay. This time the sum of both
branching fractions is close to 1 since there is no important competing process like A — ZH.
For the sake of completeness, Fig. 3.5 (right) shows the dependence on m4. As expected it has
no influence on the different branching ratios which are constant over the whole mass range.
The two dimensional plot (Fig. 3.6) gives a compact overview over some of the features men-
tioned above. The threshold at 350 GeV marks the opening of the ¢f channel. Since there is no
competing channel as before, this time the branching ratio grows monotonously with mp.

A very prominent feature is the strong dependence of the branching ratio on tan(f3). Since the
bb channel shows inverse scaling with respect to tan(f3), the transition zone between the top

quark and the bottom quark decay channel is rather narrow.

3.2 Production cross sections

After studying the parameter space for the different branching ratios a similar study for the
production cross section is performed. The production cross section o gives a quantitative
measure on how likely a certain particle will be produced in a collider experiment. More on this

in section 4.1.
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Figure 3.4 Branching fractions for various decay channels of the heavy Higgs H with respect
to its mass mgy
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Figure 3.5 Branching ratios of the heavy Higgs boson H with respect to ran(f) (left) and the
mass of the heavy Higgs A my (right).

3.2.1 The Standard Model Higgs boson production cross section

Because most of the production cross sections for 2HDM Higgs bosons are given in terms of
the Standard Model cross section, a brief review of the latter is given. The following section

mostly follows Ref. [56]. In the Standard Model there are four leading order production modes:

* Gluon-gluon fusion (ggF). At the LHC this process is the main production mode for the
Higgs boson. Two gluons merge and form a loop of virtual quarks. At the end of the

loop a real Higgs boson emerges. Since the Higgs fermion coupling is proportional to a
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Figure 3.6 Branching ratio for the process H — tf

particles mass, this process happens most often with top- or bottom quarks in the loop.

Such a process is shown in Fig. 3.7a.

Vector boson fusion (VBF). A quark-antiquark pair exchanges a vector boson (W, Z)
which then emits a Higgs boson. For the LHC this is the second most important produc-

tion channel. The corresponding Feynman diagram can be found in Fig. 3.7b.

Higgs-strahlung. A quark-antiquark pair merges and creates a W or Z boson with suffi-
cient energy that it can radiate a Higgs boson. For proton-antiproton colliders such as the
Tevatron this process is the second most important one while for the LHC it is only the

third largest contributor. It is shown in Fig. 3.7c.

tt associated Higgs production (t74). A Higgs boson is produced with a pair of top quarks
in the final state. On possible mode is the following: Two gluons decay into a pair of
heavy quarks each (most likely tops). Then one quark-antiquark pair merges to form a

Higgs boson. This is shown in Fig. 3.7d.

It is possible to calculate the production cross section of the Standard Model Higgs boson as

a function of its mass my, see Ref. [57]. An overview of the cross sections for the different

production modes at different values of my, is shown in figure 3.8.

It becomes evident that ggF is the main production mode at the LHC not only for the the actual
Standard Model Higgs boson mass of 125 GeV. Between 100 GeV and 500 GeV the ggF is

around one order of magnitude larger than VBF, which is the second most important production

mode. Only when approaching 1000 GeV both channels start to converge.
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(c) Higgs-strahlung (d) 7t associated production

Figure 3.7 Feynman diagrams for the four most common Higgs production modes at leading
order

3.2.2 The 2HDM production cross section

For the production of the heavy Higgs bosons A and H there are a few notable differences
compared to the Standard Model. First of all, the coupling between A and two vector bosons
(AVV) is zero, see Table 2. The same is true for the HVV vertex in the alignment limit. This
rules out two import production modes: The VBF and the Higgs-strahlung, leaving only the
ggF and the #7A.

To calculate the 2HDM production cross sections from the SM cross section, correction factors

are applied to the SM results take into account the different coupling constants.
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Figure 3.8 Production cross section for different production modes with respect to m;,. Taken
from Ref. [57].

For the ggF the prefactor is [56]:

Owd 9 )1 (35— ai) @Bl 3.5)
Ogg—h(SM) ma
The gg — A production cross section with respect to tan(f3) is shown in Fig. 3.9 for three dif-
ferent masses 4.

The structure involving a minimum in the middle and growing production rates for lower and
higher values of tan(f3) are explained by the coupling of the A to the quarks in the loop of the
ggF. In the lower region the loop is dominated by top quarks, so a further lowering of tan(f3)
will increase the respective coupling strength since it scales with cot(f). At high values the
opposite is true since bottom quarks dominate the loop whose coupling scales with tan(f3).
The position of the minimum changes to higher values of tan(f3) for higher masses. The reason
for this is that for higher masses the production via top quarks becomes increasingly likely, re-
sulting in the equilibrium between top quarks and bottom quarks being reached at higher values
of tan(f).

Generally a decrease of the production cross section with increasing mass can be observed. This
is mostly caused by the decreasing Standard Model cross section as seen in Fig. 3.8.
The only other leading order production cross section, the ¢7-associated production, can be cal-

culated by the following formula:

Ogg—17A = Oggs17h(SM) -cot’(B) (3.6)
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Figure 3.9 Production cross section for the heavy Higgs A with respect to tan(f3) produced via
ggF for three different masses my

Again due to the Az-coupling the cross section is enhanced for low values of tan(f3), but since
the same effect is true for ggF, the cross section for the A production remains suppressed by
its Standard Model counter part which is approximately two orders of magnitude smaller for
ttA than for ggF.

The same is true for the bbA. Relative to the top cross section it is suppressed by a factor of
g, \ i)
applies, this time for high values of tan(f3). For this reason the total production cross section

and scales with tan(f3) rather than cot(f3). Still, the same argumentation as before

equals roughly the ggF production cross section for the entire parameter space of this analysis.
Therefore, for the rest of this analysis only the ggF cross section is considered which for the
sake of convenience will simply be called production cross section in the following.

This however is not necessarily an appropriate assumption for other types of 2HDMs. For
certain regions of the parameter space in a type I 2HDM, the bb associated production channel

can be the dominating production mode. Such scenarios are discussed in depth in Ref. [58].

3.3 Product of branching ratios and production cross section

For a comprehensive overview the product of the three parameters relevant for this analysis,
namely Gyo,4, BR(A — ZH) and BR(H — tf) has to be discussed. This production cross section

for the final state Ztf with respect to my and mpy is shown in Fig. 3.10 as a two dimensional plot.
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Figure 3.10 Product of the production cross section and the two branching ratios with respect
to masses of the two heavy Higgs bosons A and H my and my. The red lines represent the
thresholds my = my + myz and myg = 2m;.

Since it is the product of the two branching ratios, both thresholds (ms > my + mz and myg >
2m;) are shown in the plot as red lines. Since the colour scaling is logarithmic, the small chance
for an off-shell production of the respective particle below the threshold is visible. Compared
to Fig. 3.3 a few noticeable differences are visible. First of all, Fig. 3.3 does of course not show
the lower threshold on my. Furthermore, the monotonous increase of the branching ratio with
respect to my changes into a structure with a ridge of maxima at around my = 700 GeV. The
reason for this decrease at higher value is the branching ratio which begins to saturate at nearly
one, while the production cross section, as shown in Fig.3.8, starts to decrease rapidly at higher
mass values.

The decay channel of this analysis is dominant in large region of the parameter space. Both
separate decays are the leading channels, especially in the higher regions of my and in regions
with a big mass difference. Compared to the decay into bottom quarks or leptons, the H —
tt channel makes higher mass regions accessible. A search in this channel is promising to
explore further regions of the parameter space. Especially in the lower right centre of figure
3.10 the total cross section from production to final state reaches values of up to 1 pb, promising

a comparatively large number of signal events.
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4 Experimental setup

This thesis uses simulated data based on Run-2 from the Compact Muon Solenoid Detector
(CMS) at the Large Hadron collider (LHC) at CERN. In section 4.1 the general properties of
the LHC are introduced, followed by a description of the CMS detector in section 4.2.

4.1 The Large Hadron Collider

The LHC is a particle ring accelerator in which protons are accelerated and collided at the lo-
cation of different detectors, such as the CMS detector. Section 4.1.1 will explain the most
important properties of particle accelerators, section 4.1.2 will then give an overview over the

specific properties of the LHC.

4.1.1 General feautures of particle colliders

The most important feautures of a particle collider are the centre-of mass energy and the lumi-
nosity.
In a particle collider like the LHC, where particles with the same mass are collided, the centre

of mass energy is:
Vs =2E, 4.1)

with E), the kinetic energy of the proton. The centre of mass energy energy is also the maximum
value for the mass of new particles. Its scaling ~ Ep is characteristic for collider experiments
and one of the advantages compared to fixed target experiments, where the centre of mass en-
ergy scale ~ VE.

The second property is the (instantaneous) luminosity. It describes the incoming flux in a col-

lider per area and time:
_ NNy fNg

A

where Np is the number of bunches (packets of particles) with the area A and the number of

L 4.2)

particles N; and N, in them, colliding with a frequency of f. The instantaneous luminosity can

be integrated over time, to measure the total amount of collision taking place:
Lins = / Ldr 4.3)

The total number of reaction taking place in a certain time is simply the integrated luminosity
over this time period times the cross section of the reaction.

2 is used.

For the cross section and integrated luminosity, the unit barn 1b=10"28m~
The accurate measurement of the luminosity is crucial, since any uncertainty luminosity will

directly transfer into an uncertainty on the number of expected events and therfore the cross
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4.1 The Large Hadron Collider

section measurement. At the LHC the luminosity is measured and calibrated using several
methods, e.g the van der Meer scan. This technique uses overlapping scans to calculate the
extension of the bunches. Since all other variables are fixed by the design of the collider, the
luminosity can be calculated. A detailed description of this method can be found in Ref. [59].

The integrated luminosity of the LHC measured by the CMS detector can be seen in Fig. 4.1.
From the gradient of the different years it can be seen, that the instantaneous luminosity has
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Figure 4.1 The integrated luminosity of the LHC for different years. Taken from Ref [60].

been improved over the years by several different technical upgrades.

4.1.2 Overview over the LHC components and properties

The LHC consists of of two circular, evacuated beam pipes with a radius of 4.3 km. Inside these
beam pipes two beams of protons are accelerated into opposite directions using superconduct-
ing cavities. The principle is described in depth in Ref. [61]. The proton beams are held on the
circular track using dipole magnets and focused using quadrupole and higher order magnets.
[62].

The LHC is designed to reach a centre of mass energy up to 14TeV and a luminosity of
103*cm~2s~! [63]. The highest energy reached so far was 13 TeV during Run-II, in the years
2015-2018.

Because of the acceleration with cavities the beam divides into several bunches of particles,
each with approximately 1.15 x 10!! protons. By design, the LHC can hold up to 2808 bunches.
However, the highest number of bunches used so far was 2556 in 2017 [64].

The two beam pipes intersect at four places. At the four intersection point, four experiments are
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located. The first two: ATLAS [65] and CMS [66] are located at opposite ends of the ring and
are multi-purpose detectors, to observe any new physics phenomenons at the LHC. The other
two experiments are LHCb [67], specialized on the physics of B mesons and ALICE [68], an
experiment specialised on heavy iron collisions.

The LHC does not accelerate the particles from rest. A series of pre-accelerators is used. The
numbers in the following section are taken from Ref. [69]. The protons, produced from hydro-
gen gas which is ionized, run through the linear accelerator LINAC2 (which will be replaced
by LINAC4 for Run-III), which accelerates the protons to 50 MeV. Then a set of circular ac-
celerators is used: First the Proton Synchrotron Booster (PSB) further accelerating the protons
to 1.4 GeV, followed by the Proton synchrotron (PS) which accelerates the protons to 26 GeV
and finally the Super Proton Synchrotron (SPS) where the protons are accelerated to their injec-
tion energy of 450 GeV. The SPS already has a radius of more then a kilometre and is located
around the ATLAS experiment. An overview of the different pre accelerators can be found in
Fig. 4.2.

CMS

2008 27km

LHC

7 TeV

1959 628m

PS

26 GeV

1978 33m

LINAC2

Figure 4.2 The LHC with its pre-accelerator and experiments. Taken from Ref [70].

The whole acceleration process takes approximately 25 minutes whith the pre-acceleration only
taking milliseconds to seconds [71]. After about ten hours of collisions, the beam is exhausted
and being dumped from the LHC.
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4.2 The Compact Muon Solenoid Experiment

The CMS is one of the two multi purpose detectors at the LHC. Based on Ref. [66] the following
sections will give an overview over the coordinate system used at the CMS detector and then

describe its different components and sub-detectors.

4.3 The coordinate system

To describe the properties of the measured interaction products in the CMS detector, a spatial
coordinate system is used based on spherical coordinates. As definition, the z-axis points in the
direction of the beam, while the x-y-plane stand perpendicular to the beam. [72] The azimuthal
angle ¢ describes the angle relative to the x-axis in the x-y-plane. Since the colliding partons in
general carry different fractions of the protons momentum, the decay products receive a Lorentz
boost along the z-axis. This boost alters the polar angle 0 relative to the z-axis. The angle 0 has
an important disadvantage: An angluar difference A0 is not Lorentz invariant under this boost,

which is why it is replaced by the rapidity y, defined as:

y=In [M} (4.4)

E—p;
with pz the z-component of the momentum. A difference between rapidities is Lorentz invari-

ant. Furthermore, the pseudorapidity is defined as:

n=—In [tan (g)} (4.5)

for which the difference between two pseudorapidities is again a Lorentz invariant quantity. For
m < p, the two quantities are approximately equal y ~ 1. Fig. 4.3 shows the pseudorapidity
with respect to 0. Close to the x-y-plane the pseudorapitity approaches zero, closer to the beam
axis, the pseudorapitity tends to 4-co.

The angular distance AR is defined as:
AR = \/AN2 + A¢? (4.6)

The total momentum of a particle is replaced by the transverse momentum of a particle, because
the momentum in z-direction would be difficult to measure, since one would need to measure
precisely all particles and their momentum z-components, which is becoming more difficult
at high pseudorapidities close to the beam pipe, where there are no detector elements. The

transverse momentum pr is defined as:

pT=1\/Pi+ D} (4.7)
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Figure 4.3 The pseudorapidity with respect to the polar angle 6. Taken from Ref. [73].

making it also invariant under a boost in z-direction. The momentum in cartesian coordinates

can be retrieved from pr,n and ¢ by the following relations:

Px = pTCOS(¢)
py = prsin(¢)
p- = prsinh(n)

(4.8)

4.4 CMS sub detectors

The CMS detector consists of several sub detectors, each specialised to measure certain prop-
erties and certain kinds of particles. The next sections will give an overview over the main sub
components of the CMS detector. A cutaway drawing of the detector for an overview can be
found in Fig. 4.4. The beam pipe itself running though the centre of the detector has a diam-
eter of 4.5cm. Starting from the beam pipe and going further and further out, the following
detectors are located inside the CMS.

The Tracking System

The purpose of the innermost layer, the tracking system, is the precise measurement of the
trajectories of the charged particles. The tracker as a whole has a length of ~ 5.8m and a
diameter of ~ 2.5m, meaning that the covered 1 region of the tracker includes approximately
the interval [—2.5,2.5].

An overview over the different components of the tracking system after the upgrade of 2017
can be found in Fig. 4.5.

The tracking system consist of silicon detectors, that are sensitive to charged particles passing
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Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PBWO crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 4.3. Cutaway view of the CMS detector. Taken from Ref. [55].

Figure 4.4 A technical cutaway drawing of the CMS detector with its sub components. Taken
from Ref. [74].
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Figure 4.5 The different components of the tracking system of CMS. Taken from Ref. [75].

though them. The energy loss in the tracker is generally low compared to other detector types

such as the calorimeters.

The inner part of the tracking system consists of the PIXEL detector. Since 2017 it comprises

four layers of pixel detectors at the barrel region, and three layers at the endcap region close

to the beam pipe. The closest layer is placed at a distance of only 3 cm to the collision centre,

the furthest is placed 16 cm from the centre. The close positioning of the pixel detectors is

crucial for the identification of jets originating from b quarks. In total 66 million individual
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pixel sensors measure the tracks in the pixel detector.

Further away from the centre at a radius of 20 to 55 cm the tracker inner barrel (TIB) and at a
radius of 55 to 120 cm the tracker outer barrel (TOB) are located. Both consist of strip detectors,
the TIB of four, the TOB of six.

At the same radius but at a higher distance in z-direction lays the tracker inner disk (TID) and
even further in z-direction expanding along the full radius of the tracking system the tracker
endcap (TEC) is located.

The Electromagnetic Calorimeter

Surrounding the tracking system is the electromagnetic calorimeter (ECAL). Its main purpose
is the measurement of the energy of electromagnetically showering particles as for example
electrons or photons.

The electromagnetic calorimeter is made of ~75800 lead tungsten (PbWOQO,) crystals. In the
ECAL the particles induce a electromagnetic shower, by a cascade of subsequent pair pro-
duction and bremsstrahlung processes. Each process increases the number of particles while
decreasing their average energy until the energy is too low for the production of pairs or
bremsstrahlung. The particles then deposit their energy in the crystals by producing scintil-
lation light. The intensity of this scintillation light is proportional to the energy of the incoming
particle.

The lead tungsten crystals show advantageous properties for building an ECAL with them.
Their density is high p = 8.28 gcm™3 resulting in a short radiation length of Xy = 0.89cm, a
property used to quantify the energy loss of electromagnetically interacting particles when trav-
elling through matter. Furthermore their Molliere radius R,, describing the transversal extent of
an electromagnetic shower is only 2.2 cm, allowing a compact calorimeter with high granular-
ity.

Similar to the Tracker, the ECAL consists of a barrel region at || < 1.5 and an endcap re-
gion at 1.5 < |n| < 3.0. The barrel region consists of 61200 crystals with a surface area of
22mm X 22mm each, while the endcap regions consist of a total of 14648 crystals with a sur-
face area of 28.6mm x 28.6 mm each. Due to continuos improvements and the good r/Xj ratio

the CMS ECAL allows a very precise energy measurement with a resolution of [76] [77]:

OF 2.8% 12%
O 200 403%@ ——— 4.9)
E E[GeV] E[GeV]
The first term represents the stochastic effects from the showering, the second term the calibra-
tion uncertainties, independent from the measured energy, and the third term the noise from the

systems electronic.
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Figure 4.6 Overview over the HCAL. Taken from Ref [66].

The Hadronic Calorimeter

Around the ECAL the hadronic calorimeter (HCAL) is situated. It reaches from r = 1.77m to
r = 2.95m. It can be further divided into the hadron barrel (HB) and the hadron outer (HO) in
the barrel region and the hadron endcap (HE) and the hadron forward (HF) in the endcap region.
A schematic overview can be found in Fig. 4.6.

The HB covers the regions with || < 1.3 and is divided into 36 azimuthal wedges with 18
absorber plates in each wedge. The HO is structured in a similar way and extends the HB
a further radii. The HE covers a the region 1.6 < |n| < 3.0 with its absorbers and detectors
aligned in the x-y plane. For the highest pseurapidities up to || < 5 the HF is designed, to miss
as few particles as possible. The total extension in z-direction of the HCAL is 11.2 m Its main
purpose is the detection of hadronic jets. Similar to the electrons and photons in the ECAL,
hardons form a hadronic shower in the HCAL. Compared to the electromagnetic showering
these showers are broader and have a longer interaction length in the same material. For this
reason, the hadrons only lose a small fraction of their energy in the ECAL.

Some important differences between the ECAL and the HCAL shall be pointed out. The HCAL
is a sampling calorimeter. It is build from two kinds of elements: Brass absorbers and plastic
scintillators. The brass absorber have a relatively short interaction length of only approximately
16.42 cm, meaning that most of the energy of the hadrons is deposited in the brass absorbers. A
certain fraction of the initiated shower is then measured in the plastic scintillators. By knowing
this fraction of ~ 7% very precisely, the total amount of energy deposited in the calorimeter
can be determined. This is contrary to homogenous ECAL, in which all volume is sensitive.
Furthermore, the radius of the ECAL corresponds to approximately 25 radiation lengths, while

the radius of the HCAL corresponds to only around 5 interactions lengths.
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Overall the energy resolution is given by:

|
oF 0% o s59 (4.10)

E - V(EGeV))
With the statistical uncertainty much larger than for the ECAL. For this reason, the noise term

~ 1/E is negligible for most cases.

The Solenoid Magnet

Central element of the CMS is the superconducting solenoid magnet. It is 6 m in diameter, 12 m
long, made out of niobium titanium coils and weighs 220t. A metal return yoke surrounding
the whole detector returns the magnetic flux. Inside the solenoid a magnetic field of 3.8 T is
produced. This magnetic field enables the determination of charge and momentum of charged
particles in the inner detector components. Charged particles are subject to a Lorentz force

when travelling through a magnetic field B:
F=gVxB 4.11)

This forces the particles on a circular path, where for the radius r the following relation holds
true:

Y _ 4B (4.12)
When the magnetic field and the charge of the particles are known, the measured radius deter-
mines the momentum of the particles:

p=qrB (4.13)

The Muon System

Muons are minimally ionizing particles at the energies occurring in the proton-proton collisions,
meaning the travel though all previously mentioned detector components without a significant
energy loss. Since muons play an important role in different kind of analyses, including the one
in these thesis, another sub detector, solely for muons is situated outside of the solenoid magnet.
To measure the energy of the muons it relies on three different kinds of detectors: Drift tube
chambers (DT), cathode strip chambers (CSC) and resistive plate chambers (RPC). A schemat-
ical overview can be found in Fig. 4.7.

The drift tubes are located in the barrel region where the magnetic field is approximately uni-
form and the muon flux is relatively small. The drift tubes are made from 42 mm x 13 mm cells,
filled with a mixture of 85% Argon and 15% CO,. Muons ionize the gas in the drift chambers
and by using timing information, the muons position within the cell can be determined.

The cathode strip chambers are located at the endcap region with an varying magnetic field and
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Figure 4.7 The muon system of the CMS with its sub components. Taken from Ref [78].

a high muons flux. The gas mixture in the CSC consist of 50% CO,, 40% argon and 10% CF;,.
Inside the CSC positively charged strips and negatively charged wires intersect perpendicular.
The muons ionizes the gas and the positively and negatively charged ions are measured by the
wires and strips. This provides a measurement of the muon position with a very high segmen-
tation.

The resistive plate chambers are located throughout the entire muon system. These contain op-
positely charged metal plates which measure the electrons from ionization, resulting in a fast
measurement of the muon momentum. This system is used for trigger purposes only (see sec-
tion 4.5).

All together, the muon system of CMS is able to measure muons with a high momentum res-
olution of 1 to 3% for muons with a transverse momentum of less than 100 GeV respectively
maximal 7% for a pr of less than 1 TeV and with a high efficiency of 94%-99% [79].

4.5 Trigger

The total amount of data produced at the CMS experiment exceeds most data storing capacities.
With a bunch crossing frequency of 40 MHz, every 25 ns the proton bunches hit, with an average
number of interaction of 32 [80], depending on the instantaneous luminosity. Each event creates
about 1 MB of data, resulting in a far too high data stream [81]. To reduce the number of events
that are stored for further analyses a dedicated trigger system has been installed. This trigger

system makes real time decisions about whether to store an event or not.
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The trigger system at CMS consists of two stages [82]: The level-1 Trigger (L1) is hardware
based and reduces the data rate to around 100 kHz. The main criteria for the trigger are the
energy of particles and jets, the amount of missing energy, or the number of photons. With
this informations, the large background from soft QCD events is sorted out. The data selected
is then stored in memory pipelines and further processed at the second stage. This high-level
trigger is software based and uses informations from all of the sub detectors. It reconstructs
physical objects, such as electrons, muons or jets and sorts events into certain categories, like
events with high energetic jets or leptons. The data output of the high-level trigger is around

100 Hz, meaning that only every millionth event occurring in the detector is stored.
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5 Event reconstruction and object identification

The raw data obtained from the detector has to be transformed into physical objects. This
section explains the main steps of the event reconstruction, beginning with the general particle
flow algorithm in section 5.1. Next, the identification of muons and electrons, relevant for this
analysis, is introduced in section 5.2 and 5.3, followed by a description of how a jet is identified
from particle flow objects in section 5.4.1 and which calibration methods are used to increase
the accuracy in section 5.4.2. Finally, the b-jet-tagging is introduced, an important technique to
identify jets originating from b quarks.

Each kind of particle leaves a unique signature in the detector helping to identify it. Fig. 5.1

shows an overview over which particle interacts with which detector component.

. v \\\\ |
Silicon 1
Tracker ;
N
Electromagnetic
Calorimeter
Hadron
Calorimeter Superconducting
Solenoid Iron return yoke interspersed
with muon chambers
Muon Electron Charged hadron (e.g. pion)
===-Neutral hadron (e.g. neutron) ----. Photon

Figure 5.1 Different types of particles interacting with the CMS detector. Taken from Ref [83].

The uppermost line represents a photon. Due to its electric neutrality, it can not be observed
in the tracker but showers completely in the ECAL. A neutral hadron also travels through the
tracker without a track, but showers in the HCAL rather then in the ECAL. A muon is visible
in the tracker and in the muon system with only little interaction in both ECAL and HCAL.
A charged hadron leaves a similar signature to the neutral hadron but is visible in the tracker.
An electron showers in the ECAL and leaves a track in the tracker. To measure each particle

optimally, a combination of all sub detectors is performed.

5.1 Particle Flow Algorithm

This combination of the information from different sub detectors at CMS is achieved by the

particle flow (PF) reconstruction algorithm. The first step of the algorithm is to combine the
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information of the individual hits in the tracker and the muon system. Two to three hits are used
as seeds for a 2 fit of the particle’s trajectory in an iterative procedure. With the trajectory of
a particle the momentum, charge and vertex can be determined. Hits associated with particles
fulfilling certain quality criteria are eliminated from the next iteration for which the quality
criteria are gradually lowered.

In addition the showers in the calorimeters are analysed. Each calorimeter cell containing a
certain minimum energy and more energy than all its neighbouring cells is used as a seed for a
cluster. From this seed, all neighbouring cells containing an energy above a certain threshold
are added to the cluster. This procedure is repeated until all cells directly next to a cluster cell
contain only energy below the threshold.

Next, the different calorimeter clusters and tracks are combined. First, the ECAL and HCAL
clusters are compared. Whenever the envelope around cluster of the HCAL contains the cluster
of the ECAL, the two clusters are linked. Afterwards, the tracks and the ECAL/HCAL clusters
are combined. The two objects are combined if the extrapolated path from the tracker ends in a
cluster in the ECAL or HCAL. Furthermore, the photons originating from the bremsstrahlung
of electrons bending in the tracker are matched to the corresponding electrons by analysing
possible tangents at the electron path in the tracker. The found clusters and tracks are then
combined and matched with the tracks from the muon system. As a last step, the remaining
energy in the ECAL and HCAL are assigned to photons and neutral hadron respectively.

A typical event contains more than one vertex, because on average multiple protons interact.
Therefore a primary vertex is defined by tracing all particle tracks reconstructed with PF back
to their common origin and summing up their transverse momenta. The vertex with the highest
momentum is referred to as the primary vertex. All other vertices found by the PF are referred
to as pileup vertices.

With all the gathered informations, the particle flow algorithm identifies each set of clusters
and tracks as a specific particle. This is done by using the different signatures by every particle
explained in the previous section. A detailed description of the individual criteria and the PF

reconstruction algorithm in general can be found in [84].

5.2 Muon identification

On the particles labelled as muons by the particle flow algorithm, further selection criteria are
imposed. All selection criteria are designed to either increase the efficiency which comes at the
cost of also increasing the misidentification rate (other particles wrongfully identified as muons)
or vice versa. Several working points for selection criteria have been proposed by CMS [85].
The tightest one has been chosen for this analysis. This provides the smallest efficiency but also
the lowest misidentification rate. The efficiency of the tight working point is well above 95%

as shown in Ref. [79]. Each muon identified from the PF has to fulfil additional quality criteria,
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for example the following:

* The path of the muon is reconstructed in the tracker and the muon system. Such muons

are referred to as global muons.

» The global track fit matches a goodness of fit criterion (in this case x2/ndof < 10) where

ndof is the number of degrees of freedom.

¢ At least one hit in the muon chamber is included in the muon track fit. This reduces the

amount of punch though hadrons that do not deposit all their energy in the HCAL.
* At least one hit in the pixel detector. This suppresses muons from in flight decay.

* Hits in at least five different layers in the detector. This ensures a good accuracy of the

measured pr.

Furthermore, all muons are required to be isolated, which is defined by [79]:

Yt pr+max(0,Y,0 Er + Yy Er — 1/2 Zﬁf Pr)
m
Pt

Le1 = <0.15 (5.1)
where the sums run over all charged hadrons, neutral hadron, photons and estimated pileup in a
cone with radius R < 0.4. This isolation criterion is used to differentiate muons that originate
from weak interaction in jets.

In addition, muon are required to have |n| < 2.4 and a pt > 20GeV. The pr criterion will be

further discussed in section 6.3.1.

5.3 Electron identification

For electrons, a very similar procedure as for the muons is applied. Requirements for the elec-
trons include similar general points as for the muons, e.g the total number of hits, but also
include the ratio of energy deposited at the ECAL and the HCAL and the shower shape in 1 di-
rection. The efficiency for electrons ranges from 90% to 97% depending on the pseudo rapidity
[86]. The I < 0.15, pt > 20GeV and |n| < 2.4 criteria are the same as for the muons since
the performance and the expected kinematics are very similar. Again the tightest of the CMS

working points is chosen [87].

54 Jets

High pr quarks can radiate off gluons, which in term can then from quark-antiquark pairs and
start parton showers. Below an energy threshold, quarks and gluons hadronize and form colour
neutral states by building groups. In a detector these hadronized particles are measured rather

than the particle initiating the hadronization. A collection of the reconstructed particles from
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such a hadron shower is called a jer. To define a jet from a collection of hits, different jet

clustering algorithms are used.

5.4.1 Jet clustering

In this thesis the anti-k; algorithm is used [88].

The anti-k; algortihm clusters jets from particle four-vectors depending on their transverse mo-

mentum. For this purpose a distance parameter d;; is defined between two particles:

A2,
. i
dij = min(p}, p) =5 (5.2)
where A;; is the distance in the ¢-y-plane:
NG = i—yi) + (90— 9;)° (5.3)

with the rapidity y. The parameter n and R are free parameters of the algorithm, changing its
behaviour. For this analysis, n is set to -1, the definition of the anti-k; algorithm. By chosing
different values for n, other clusterin algorithms are defined. For the k; algorithm #n is set to
+1, and for the Cambridge/Aachen algorithm it is set to 0, completely ignoring the transverse

momentum. A second quantity is defined as:
dig = p7"; (5.4)

which can be understood as the distance in transverse momentum between the jet and beam.
First, all d;; and d;p values are calculated. The smallest one is found; if it is a d;j value, the
objects i and j are added together into one object k, if it is a d;p value, the object i is removed
from the collection and stored as a jet. This procedure is done until all objects are clustered into
jets.

One main property of the anti-k; algorithm is the clustering of low pt objects to the nearest
high prt object first, rather than clustering them to each other. It produces circular, cone-shaped
jets. The clustering behaviour of the anti-k; algorithm can be seen in Fig. 5.2. It can be seen
that low pr objects do not influence the cone structure. As seen in the case of the purple and
green jets, a high prt particle with low pr particles around forms a jet by their own, leaving the
low p particles to form another jet by their own.

The anti-k7 algorithm is collinear- and infrared safe, meaning that the collinear splitting or the
addition of a soft emission does not change the set of hard jets [89].

The radius parameter R changes the tendency for the jets to cluster at larger or smaller radii.

For this analysis R = 0.4 has been chosen.
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Figure 5.2 A parton-level event clustered with the anti-k; algorithm. Each colour represents a
different jet. Taken from Ref. [88].

5.4.2 Jet calibration

Corrections are applied to the measured jet energies to correct for systematic detector effects.
For these jet energy corrections (JEC) the correction terms targeting different effects are fac-
torised and individually be accounted for. The terms include correction of for example pile-up
or the non-linear detector response.

To account for differences between simulated jets and measured jets in the jet energy resolution
(JER), the simulated jets are further corrected to match the JER of the data.

Furthermore, certain quality criteria are applied. Similar to the criteria of muons and electrons,
this quality criteria check things as e.g. the share of hadrons and leptons in a jet, or the number
of hits in the HCAL. Again, the tight working point has been used, defined in Ref. [90].

Since prompt leptons clustered as jets lead to a double counting of the kinematic variables, a
jet-lepton cleaning has been used to reduce this effect. To achieve this, the AR between each jet
and each lepton is calculated. If AR < 0.4, the transverse momentum of the lepton is subtracted
from the jet. This is done before jets with a pt < 30GeV and || > 2.4 are sorted out, so that
leptons identified as jets are sorted out after losing most of there transverse energy from the

jet-lepton cleaner.
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5.5 Pileup mitigation

Since during each crossing several proton-proton collisions happen, the detector is confronted
with particles from several collision vertices. These additional processes consist mainly of soft
QCD interactions. They can distort the measured kinematic variables of the particles of interest.
To mitigate the effects of pileup, the pileup per particle identification (PUPPI) is used [91].
PUPPI assigns a variable to each particle that differs greatly for pileup and the reaction products
from hard scattering processes. This variable is calculated using kinematic informations of the
particles and their relation to each other.

Based on the variable, a weight is assigned to each event ranging from O to 1, based on how
likely this particle is a pileup particle. Values close to zero indicate that the particle originated
from pileup, values close to 1 indicate the opposite. The weight is then used to rescale the

four-momenta of the particles.

5.6 B-jet-tagging

Jets originating from b quarks can be distinguished from other jets by their distinct signature
in the detector. They decay into either charm or up quarks. But since these decays are heavily
suppressed by the respective CKM-matrix elements, b quarks form B mesons. B mesons have a
lifetime of around 1.5 x 10~!2 seconds, meaning they travel a certain distance from the primary
vertex before decaying and forming a secondary vertex. This characteristic can be used to
identify jets originating from a b quark, a process called b-tagging.

Multiple algorithms have been developed for this task. In this analysis, the DeepJet tagger [92]
is used, based on a deep neural network. The algorithm uses the information on secondary and
primary vertices as an input and returns a discriminator as an output. This discriminator takes
values from O to 1, depending on how likely it is that the jet is a b jet. For this analysis, the
medium working point has been used, with an efficiency of 82% to correctly identify b jets and

a misidentification rate of approximately 1% for light-quark jets and gluon jets. [93].
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In this chapter the analysis strategy is presented. For the analysis several sets of signal events
have been simulated for different Higgs boson masses of the A — ZH — Ztf channel.

In subsection 6.1 simulated signal and background samples are discussed. The signal samples
have been simulated specifically for this analysis as part of this thesis. To distinguish the signal
events from the background events, various object and event selections have been tested and

applied. An overview of these can be found in subsection 6.3.2

For this thesis the pure hadronic decay of the top quarks and the leptonic decay of the Z boson
has been studied. The signal topology of this /7]~ + 6 jets final state is discussed in subsection
6.4.

Subsection 6.5 will then review the statistical methods used in the analysis with which the

exclusion limits have been calculated.

6.1 Signal and background samples
6.1.1 The signal samples
The signal simulation consists of several steps.

* Production of the heavy Higgs boson A, only through gluon-gluon fusion.

Decay of the A boson into a heavy Higgs boson H and a Z boson.

Decay of the H boson into a pair of top quarks.

Decay of the Z boson into a pair of muons. Contrary to the previous processes this
branching ratio does not depend on the parameters. The branching ratio for this decay is

approximately 3.4% [94] .

Hadronic decay of the top quarks. This branching ratio is know to be approximately
45.7% (see Ref. [95]).

A Feynman diagram of the process at leading order (LO) perturbation theory for this process
can be found in Fig. 6.1. Choosing the hadronic decay results in a signature of six jets, the
leptonical decay of the Z provides two opposite sign same flavour leptons (OSSF) in the final
State.

To probe the relevant my4-mpy-parameter space, a total of 19 signal samples have been simulated.

Those signal samples have been simulated inclusively to all top decays in order for them to be
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Figure 6.1 Signal process with production mode (left) and further decay of the top system
(right) analysed in this thesis.

reusable for future analysis probing different decay modes and to also take into account contri-
butions due to migration from misreconstructed other top decay modes. Regarding the Z decay
the samples have been produced only inclusive to the decay into electrons and muons. This
choice was made since the hadronic decay of the Z loses the prominent OSSF-signature and the
invisible decay into neutrinos is much harder to reconstruct. The focus of this analysis will also
lie on muons since they can be reconstructed with a high precision at the CMS detector.

The samples have been simulated with MADGRAPH5 aMC@NLO [96], using the 2HDMtII NLO
model [97], which is specifically designed for a type II 2HDM scenario. It features QCD
corrections at next to leading order (NLO). This is important because of the gluon-gluon fu-
sion production mode loop, not included in most leading order models. The top quark mass is
assumed to be 172.5 GeV. The parton distribution functions (PDF) have been taken from the
NNPDEF3.1 set [98]. MADSPIN [99] has been activated for the decay of the H and the Z boson
since MADGRAPH does not allow decay chains at NLO. All parameters apart from the masses,
such as tan(f3), cos(a — B) and My+, do not have a leading order influence on the kinematics
of this decay channel. They were set to the values defined at the beginning of section 3. The
cross section has not been calculated with MADGRAPH, but rather with equation 3.5. An overview
over the chosen mass points can be found in Table 4. The column cross section lists the prod-
uct of the A boson production cross section via gluon-gluon fusion and the decay A — ZH
with Z — pup and H — tf: 04e(A) X BR(A — ZH) X BR(Z — uu) x BR(H — tf) For each
signal sample a total number of 10,000 events has been simulated. The subsequent showering
and hadronization has been simulated with Pythia8 [100].The parameters for the underlying
event description correspond to the CP5 tune [101]. The detector response is simulated using
DELPHES [102], a fast detector response simulation. It simulates the response of a multi-purpose
detector in a parametrized way, including effects like pile-up, the tracking system, hadronic and

leptonic calorimeters and the muons system. Its main purpose is the fast and effective scanning
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of a large parameter space rather than a high precision analysis. By reducing the computation
time per event from around 100 s to 10 ms compared to a GEANT-based [103] full-sim [104], it
enables the fast probing of different points in the parameter space, making it ideal for a first
study of the analysis sensitivity presented in this thesis.

Interference between the signal and the Standard Model background has been studied in [12]
and is expected to be small for the relevant kinematic distributions such as pZ. Interference

effects have therefore not been included in this analysis.

6.1.2 Background processes

Different Standard Model processes can have a similar topology as the signal and thus contribute
as background. This section gives a brief overview over the different background processes and
why they were considered.

Different Monte Carlo event generators are used to model the background events, depending
on the process. With the generators POWHEG (v.2) [105-109] or MADGRAPH5 aMC@NLO (v.2.4.2)
(Ref. [96]), events are simulated at NLO, or with PYTHIA (v.8.230) (Ref. [100]) at LO. For all
the background events the same assumptions as for the signal events regarding the top quark
mass, the PDFs and the CP5 tune are made. For all background processes detector effects have
been simulated using the GEANT-based full CMS detector simulation. The background samples
have been centrally provided by the CMS Collaboration.

The ¢t events are produced with POWHEG, the single top events with POWHEG or MADGRAPH, de-
pending on the decay channel, QCD, ¢7Z, W+jets and Drell-Yan with MADGRAPH and Diboson
events with PYTHIA.

Irreducible background to the signal process is the t7Z production. Irreducible in this con-
text means that the ¢7Z and the signal events share the exact same final state and differ only in
certain kinematic variables, such as invariant mass distributions. Two example diagrams of this
type of background can be found in Fig. 6.2 (top). With a production cross section of ¢ =
0.86pb and o - BR(Z — ¢¢) = 0.088 pb it is comparatively small (NLO results from Ref.[110]).
The Drell-Yan process (also referred to as Z+jets) is a second large contributor to the back-
ground. In a Drell-Yan two partons (e.g a quark and a gluon or a quark and an antiquark) react
to form a Z boson. At higher orders an increasing number of jets can be emitted at some point
of the process. A Drell-Yan process with 6 jets in the final state results the same topology as the
signal but often without b jets.

A similar process is the production of a W boson plus jets. The mechanism is similar to the
Drell-Yan process. The W boson decays into a lepton-neutrino pair, resulting in missing trans-
verse energy from the neutrino. This topology is different to the signal, but still, through lepton
misidentification, some events can be mistaken for a signal event.

Similarly, the production of a pair of top quarks and the single top production has both been
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Table 3 Inclusive cross sections for the most important background processes

Background sample | cross section [pb] Ref.

QCD 1.96x 108 [111]
Wjets 3162 | [112],[113]

1t 832 [114]

Drell-Yan 271 [112]

Single top 237 [115]

Diboson 116 [112]

1tz 0.86 [110]

taken into account. Two exemplary Feynman diagrams for the ## production can be found in
Fig. 6.2 (bottom).

Depending on the further decay, the Diboson production can also result in a pair of leptons and
a varying number of jets.

The largest fraction of background before the event selections comes from QCD processes. Its
cross section is around nine orders of magnitude larger than e.g. the t7Z production. Despite its
large total rate the event selection can efficiently reduce it such that it plays only a minor role in
the analysis. Due to initial and final state radiation, a large variety of final states is possible.
Table 3 gives an overview over all the used background samples and their respective cross sec-
tions. Of final importance are not only the cross sections but also the selection efficiencies. The
relevant event yields after the selection are listed in Table 7

The event yields for both signal and background have been normalised to the Run-II luminosity
of the year 2018 of 59fb~!

56
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o~

L 1|

Figure 6.2 Examplary Fenmann diagrams for several background procceses. The upper two
diagrams show the irreducable t7Z background, the lower two diagrams show the dominant 7
background.
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6.2 Signal topology at generator level

In this chapter the signal topology for different mass configurations of the heavy Higgs bosons
will be discussed. A special focus will be set on the transverse momentum spectrum of the Z
boson.

As a first step, the kinematic distributions of the signal samples have been studied at generator
level, meaning after the parton shower and hadonization but before the inclusion of any de-
tector effects. To highlight the differences and similarities between the signal, the irreducible
ttZ background and the largest background ¢7, several kinematic observables are compared.
Therefore, three mass configurations of the signal are chosen to represent three different points
in the parameter space: One configuration with a large mass difference between the two Higgs
bosons (my =900 GeV and myg = 400 GeV), one with a small difference but overall high masses
(my = 800GeV and my = 700 GeV) and one with medium values (my4 =700 GeV and my =
500 GeV). For all samples the other parameters have been chosen as before, setting tan(f8) = 1,

cos(ax — 3) = 0 and my+ = max(mg,my ). All of the distributions are normalized to unity

6.2.1 Jets

All processes discussed in this section involve a pair of top quarks. The (anti)-top quark will
decay into a (anti)-bottom quark and a W (W ™) boson. For the further decay of the two W
bosons three different decay channels are open: The fully hadronic decay in which both W
bosons decay into a quark-antiquark pair (this channel is shown in figure 6.1 (right)), the fully
leptonic, in which both W bosons decay into on lepton and one neutrino each and the ¢ + jets,
in which one W boson decays into leptons and one into quarks. Since all analysed events are
inclusive for all three decay channels, any jet multiplicity between 2 and 6 is expected at LO and
ignoring acceptance (pr, 1) effects. In Fig. 6.3 (top left) it can be seen that the jet multiplicity
of the signal processes are in general higher than for the background processes. The reason
for this is the higher transverse momentum spectrum (see Fig. 6.3 (top right)) of jets in signal
events. A requirement of 30 GeV on the transverse momentum has been applied (see section
6.3.2). On average, more jets in signal than in background events fail this criterion resulting in
a slightly higher jet multiplicity for the signal events.

The pt spectrum of of the jets shows the characteristic decreasing behaviour making high pr
jets unlikely. However, some differences between the signal and background processes can be
observed. Compared to 7 production, the #7Z spectrum is harder. This effect comes from the
higher momentum transfer in the process that is necessary to produce a pair of top quarks and a
Z boson.

The same can be observed for the signal events. The higher the mass of the A boson the higher
the centre of mass energy and therefore the average transverse momentum of the jets.

A similar argumentation is true for the pseudorapidity 71, defined in section 4.3. A higher
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Figure 6.3 Kinematic properties of generator level jets for the two main background and sin-
gal processes at three different mass configurations. Clockwise from the top left figure the
multiplicity, transverse momentum, azimuthal angle and pseudorapidity are shown.

momentum transfer in the collision process generally leads to a more central production of the
particles, due to kinematic effects explained in Ref. [116]. The n distribution of the heavy
signal events shows a more steep decline towards higher values than the background events.

The distribution of the azimuthal angle ¢ is a good cross check for any simulation errors. The

distributions all show the expected uniform behaviour.

6.2.2 Muons

There are different sources for prompt muons in the signal processes: The Z boson decay and
the top quark decay. For the t7Z events, there are two possible decay paths leading to two muons
in the final state: Either the top quarks decay into two muons and the Z boson decays into a pair
of neutrinos, or the Z decays into muons and the top quarks decay hadronically. The number
of muons for each process can be found in Fig. 6.4 (top left). The effects explained above are
clearly visible, since most top quarks decay without any muons in their final state. Since the
ttZ samples have two possible decay paths leading to two muons and no electrons in the final
state their fraction of no muon events is smaller. Independent from the masses, the three signal

processes all show the highest numbers of muons in the final state, since they are produced
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Figure 6.4 Kinematic properties of generator level muons for the two main background and
three singal processes at different mass configurations. Clockwise from the top left panel the
multiplicity, transverse momentum, azimuthal angle and pseudorapidity are shown.

inclusively to only the leptonic decay of the Z boson.

The pr spectrum of the muons is shown in Fig. 6.4 (top right). The most significant differ-
ence can be seen between the different signal mass configurations. For the process with my =
900 GeV and my = 400 GeV, the transverse momentum of the muons is the highest. The large
mass difference between the two Higgs bosons results in a large amount of kinetic energy for
the decay products. The smaller the mass difference, the less kinetic energy is transferred to the
Z boson. Therefore, the pr distributions tend to lower values for smaller mass differences.
Similar to the jets, the 1 distribution of the muons is more central for the signal events, since
they are all produced at a higher momentum transfer compared to the background processes.
The ¢ distribution is again completely uniform, showing no signs of asymmetry.

The two muons in the final state can be used to reconstruct the Z boson. The requirement of
exactly two muons and no electrons in the final state reduces the number of muons originating
from the top quarks. The invariant mass of the two muons is shown in Fig. 6.5 (left). For the
signal and the #7Z background events a prominent peak can be seen around the mass of the Z
boson myz ~ 90 GeV. For the t7Z events the Lorentz shaped resonance profile is clearly visible.

For the signal events, the Lorentz shape is cut off at the upper end. The occurrence of this
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Figure 6.5 Kinematic properties of sum of the two muon four-momenta. for the two main
background and singal processes at three different mass configurations. The left plot show
the invariant mass, the right plot the transverse momentum. The three vertical lines mark the
theoretical prediction for the position of the edges.

edge is not yet fully understood, but attributed to the narrow width approximation used in the
A — ZH configuration. Left and right to the peak a plateau is reached with a gentle decline at
higher values. The 7 events on the other hand do not show such a feature, but the distribution
is rather monotonously falling for values larger than 50 GeV. Rejecting events outside the mass
window of the Z boson therefore is an efficient way to minimize the number of background
events involving no Z boson.

One key property for this analysis is the transverse momentum of the Z boson, shown in Fig. 6.5
(right). A characteristic edges in the signal distributions can be observed. The position of this
edge varies for different masses of the Higgs boson masses. It can be calculated via the four
momenta of the involved particles. In the rest frame of the heavy Higgs boson A its four mo-
mentum is Py = (mA,a). The heavy Higgs boson A then decays into the Z and the H with their
respective four momenta Pz = (Ez, pz) and Py = (Ey, py). Imposing conservation of the four
momentum this yields Py = Pz + Py. Rearranging for Py and squaring yields:

P = (Py— P;)? = P3 —2P,P; + P2 6.1)

Using the relativistic energy momentum relation E? = p? + m? and as a consequence the fact

that the squared four momentum gives invariant mass P> = m?, the equation can be written as

m2; = m3 — 2myEz +m% (6.2)

which can be rearranged to
2 2 2
E; = W—Z_mH' (6.3)

2mA
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Exchanging E with 4/ ﬁzz + m% and rearranging again, this yields

\pz| =

\/(mfﬁ—m%—m

)2 —4m/%m

ZmA

(6.4)

This end result is in agreement with the formula for the p% edge in Ref. [12]. This edge marks

the limit 17 — oo in which p — pt. This edge structure poses a substantial difference to the

background p% spectra that peak at low values and decrease exponentially for higher transverse

momenta. Therefore, this kinematic property combines several advantages as a discriminator.

Signal and background distributions show a significant difference in shape, the measurement of

this observable is comparatively easy as it can rely on the high precision muon tracking system

of CMS. For these reasons the transverse momentum of the Z boson has been chosen as sensi-

tive observable for the statistical analysis in this thesis. The expected position of the edges can

be found in table 4.

Table 4 Signal samples with their expected edges of the transverse momentum distribution of
the Z boson according to equation 6.4 and their expected cross section.

my [GeV] my [GeV] p% edge [GeV] Cross section [fb]

1200
900
900
900
900
800
800
800
800
800
700
700
700
700
600
600
550
500

400
400
500
600
650
400
500
550
600
700
400
500
550
600
400
500
400
400

529
35
302
238
201
291
231
196
156
41
224
153
107
40
148
40
103
39

13.93
43.88
37.72
26.93
20.13
56.21
41.04
30.92
18.10
0.34
64.26
29.59
11.39
0.58
50.64
10.68
28.28
21.58

For the three signal mass configurations shown in Fig. 6.5 (right), the expected values ob-

tained with equation 6.4 are in good agreement. Vertical lines have been inserted at the position

of the expected edges. For the sample with the largest mass difference the edge is located at

a momentum, where the background distribution decreased significantly. For the sample with
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Figure 6.6 Transverse momentum spectrum of muons on generator level with minimum re-
quirement of 5 GeV.

my = 700 GeV, my = 500 GeV the edge is located in a region where the background is higher,
but due to the distinct shape of the signal distribution the edge can be distinguished. Only the
sample with the lowest mass difference has a significant overlap with the maxima of the back-
grounds. Since its edge lays in the second bin the distribution as a whole is very compressed.
A good acceptance rate of also low pt muons will therefore be key to be to sensitive regions
where the two Higgs boson masses are close to each other.

Following this motivation of the final observable p%, in the next step the reconstructed kine-
matic properties are studied, taking into account detector effects, such a misreconstruction, fake

objects and uncertainties to the measured values.

6.3 Event selection

In this section, the different event selection criteria are discussed. Furthermore the pt criterion

of the muons will be analysed, since it effects the signal to background ratio significantly.

6.3.1 Minimal muon momentum

The transverse momentum criterion has been studied in detail before being fixed to the value
of 20GeV already given in 5.2. For this purpose the lower region of the transverse momen-
tum spectrum of the muons has been analysed. It is displayed in Fig. 6.6. Some significant

differences can be seen between the signal events at different mass configurations. For low
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mass differences between the two heavy Higgs bosons the spectrum shows a high peak at val-
ues around 30 GeV before declining fast. For higher mass differences the spectrum gets harder
and the tail at high momenta increases. Sorting out muons bellow 30 GeV would reduce the
number of signal events significantly, especially for a low mass difference between A and H.
To quantify this effect, the signal over ¢tZ + tf background ratio has been calculated for four
different minimum values of transverse momentum. For those calculations the product of pro-
duction cross section and all relevant branching ratios for A — 7t~ were set to 0.1 pb. The

results are displayed in Table 5. This table shows that a requirement of 30 GeV reduces the sig-

Table 5 Ny;g /\/Npqaci for four different minimal transverse momenta of the muons after all event
selections

ma [GeV], my [GeV] | pr>5GeV  pr>20GeV  pr>30GeV pr> 50 GeV

900, 400 28.8 30.9 324 342
700, 500 23.6 25.3 22.1 15.5
800, 700 23.3 24.1 18.6 10.4

nal over background ratio for all mass configurations except for the one with the highest mass
difference. This is in agreement with Fig. 6.6, where the graph of the two signal samples with
smaller mass difference lay under the graph of the background, meaning that eliminating events
from this region reduces the background more than the signal. The opposite is true for the mass
configuration with the highest mass difference.

From the examined pt values the one at 20 GeV shows the best signal to background ratio for
the majority of the mass points. For further improvement, different pt requirements for dif-
ferent mass point could be included. For this analysis a general requirement of 20 GeV has
been chosen since it improves the signal to background ratio especially for the difficult region
with low mass differences that are generally more vulnerable to the kinetic requirements of the
muons resulting in a lower signal acceptance rate. Furthermore, a dilepton trigger with a mini-
mum pt of 20 GeV is available at CMS.

It should be further noticed that by rejecting muons from the region between 5 GeV and 20 GeV,
a difference in signal acceptance between the different signal points is created. This is the rea-
son for the difference in the total number of signal events after applying all event selections as

shown in Table 7.

6.3.2 Event selection

Ideally, a selection criterion sorts out as many background events as possible while on the other
hand most of the signal events should pass it. This is of course just the ideal scenario. In
reality, misreconstruction and other detection errors occur and no selection will allow all signal

events to pass or sort out all backgrounds. Therefore each selection should be checked for its
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Figure 6.7 Number of events after each criterion divided by the total number of events. Differ-
ent colours represent the seven background processes that have been examined in this analysis.
Black represents a signal process with my = 700GeV and mgy = 500GeV. Statistical error bars
are present, but too small to be visible.

efficiency.

Since the final state of this analysis includes a pair of muons originating from a Z boson, the
first event selection step is the requirement of exactly two muons in the final state with opposite
charge. Furthermore, there should not be any other source of leptons in the event, so all events
containing an electron are vetoed. As shown in Fig. 6.5, the invariant mass of the muon pairs is
also expected to be close to the Z boson mass when their four momenta are added together, so a
selection around the mass of the Z boson has also been applied. To cover approximately 1 ¢ of
the width of the peak, the borders of the mass window have been set to 80 GeV and 100 GeV.
To target the hadronic decays of the top quarks, a total of six jets, two of which b-tagged, is
requested.

The selection efficiency of these criteria on the signal and background events can be seen in
Fig. 6.7. Each bin represents the addition of another criterion. The y-axis shows the number
of events passing the respective selection criterion divided by the total number of all events.
The black bars represent the signal process, in this case a sample with my = 700GeV and

mpy = 500GeV has been chosen to represent a mass point with no extreme properties.
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In the first bin with no selections, signal and background yields are aligned at a value of 1
representing the normalisation with respect to the number of events without any requirements.
The requirement of at least one muon and no electron leads to a decrease to around 2/3 for the
signal. This probability equals the sum of the decay fraction of one top quark decaying into
a muon, which is around 15% plus the decay fraction of the Z boson decaying into a pair of
muons. Since the signals are produced inclusive only to electronic and muonic Z decays, this
branching fraction is 1/2, leading to a total fraction of 0.65 signal events with this topology.
The t7Z background decreases to around 0.25 which is the sum of the probability of one of the
top quarks decaying to a muon, which is again 15% plus the probability of a Z boson decaying
into a muon. Since for this sample the decay is simulated also including the neutrino decay, this
probability is only approximately 1/9. The #f yield is reduced by a factor of approximately 0.15
with contributions mainly from the /+jets decay channel. The muon criterion has by far the
strongest impact on the QCD background. The requirement of one isolated muon alone reduces
the number of QCD events by four orders of magnitude. The second lepton criterion, requiring
exactly two muons, reduces it by eight orders of magnitude in total, compensating the large
cross section of QCD processes. The second selection reduces all processes involving a pair of
top quarks because only the purely leptonic decay of the top quarks results in a pair of muons.
The fraction for this equals the product of the probability of the purely leptonic decay (10.2%)
and the probability for both leptons being muons ((1/3)? = 1/9), which results in a branching
fraction of only around 1%.

Rejecting all events where the invariant mass of two muons does not result in a value close
(£10GeV) to the mass of the Z boson results in a drop for all processes involving no Z boson.
Especially ¢t events are reduced by approximately one order of magnitude. The signal yield is
only reduced by approximately 10%.

The requirement of at least six jets leads to a strong reduction in all channels. The Drell-Yan
events are reduced by three orders of magnitude, since in their dominant production channel
only one jet is expected at leading order, meaning that only at significantly higher orders, 6 jets
are expected. The ¢f events are reduced by also by a large margin, although slightly less than
the Drell-Yan events. By requiring exactly two muons in the final state, only the leptonically
decaying events are selected, setting the number of leading order jets to two. At leading order
two jets are expected as a result from the bottom quark decays. After both the muon and
the number of jets criteria, the total number of ¢7 events has been reduced by five orders of
magnitude. The signal events are affected less by this criterion, since their jet multiplicity is
shifted to higher values (see Fig 6.4).

The requirement of at least one/two b-tagged jets further reduces the number of Drell-Yan events
by approximately one order of magnitude. For the ¢f and the t7Z events pattern similar to Drell-
Yan can be observed. For both processes two b quarks are expected in the final state. The

reduction represents the efficiency of the b-tagging algorithm, missing some of the b quarks.
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Table 6 List of selection criteria.

pt of muons >20GeV
[N | of muons <24
Number of muons 2
Charge of muons Lpt, 1u
Invariant mass of muons | 80 GeV-100 GeV
pr of electrons > 20GeV
In| of electrons <24
Number of electrons 0
pr of jets >30GeV
In| of jets <24
Number of jets >6
Number of b-tagged jets >2

This b-tagging efficiency is not implemented properly in the DELPHES production for the signal
processes, which is the reason they do not change after the b-tagging requirement.

So far no Trigger have been used, since only simulated data has been used at this point in this
analysis. A dilepton high-level trigger path targeting the Z boson will be used when analysing
real data. The complete set of object and event selections are summarized in Table 6. An
overview of the background and signal event yields can be found in Table 7.

From this table the main backgrounds can be identified as t7, Drell-Yan and #7Z. The other
backgrounds have been reduced to nearly zero. The signal events are reduced to 250-550 events,
depending on their mass configuration. Higher masses my4 have a positive effect on the selection

efficiency, because fewer jets and muons are sorted out from the minimum pt requirement.

67



6 Search for A — ZH(tt)

Table 7 Singal and background event yields and their statistical uncertainties after applying all
selection criteria.

Process Number of events
Background
W+jets 1.1+04
QCD 1.94+0.3
Single top 3.3 £0.7
Diboson 52415
ttZ 413 4+2.2
Drell-Yan 107 £ 4
tr 290+ 6
Signal
my [GeV], my [GeV]
500, 400 273+ 14
550, 400 250+ 14
600, 400 287 £ 14
600, 500 315+ 14
700, 400 272 + 14
700, 500 278 + 14
700, 550 296 + 14
700, 600 284 + 14
800, 400 372 £ 15
800, 500 438 + 16
800, 550 411 + 16
800, 600 392 + 16
800, 700 361 £ 15
900, 400 495 + 16
900, 500 469 + 16
900, 600 519 £ 17
900, 650 503 £+ 17
1200, 400 825 +£ 21
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6.4 Signal and background properties at detector level

The study of the events at generator level demonstrated that the p%-distribution poses a very
sensitive variable for the A — ZH process in agreement with the studies in [12]. The next sec-
tion will discuss the kinematic distributions at reconstruction level after application of the event
selection listed above.
For all following plots, the product of production cross section and the branching ratios A — ZH,
H —tfand Z — u u~ have been set to 0.1 pb for the signal events. This value has been chosen
because it sets the total number of signal events after all requirements to a similar level as the
summed backgrounds. Furthermore, this value lies within one order of magnitude to its theo-
retical prediction. In contrast to the generator level plots, the following plots are not normalized
to show the expected yields of the various backgrounds.

The multiplicity of the jets shown in Fig. 6.8 (top, left) reflects the requirement of more than 6
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Figure 6.8 Kinematic properties of reconstructed jets for all background and signal processes
at three different mass configurations. The figures show clockwise beginning from the upper
left figure the multiplicity, transverse momentum, azimuthal angle and pseudorapidity.

jets in the final state. The general shift of the signal towards a higher number of jets discussed
in the previous section is also visible at reconstructed level. The pt, n and ¢ spectra of the
jets is in good agreement to its corresponding distributions at generator level shown in Fig. 6.3.

Again, the signal events generally are produced at higher momenta and more central.
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Figure 6.9 Kinematic properties of reconstructed muons for all background and signal pro-
cesses at three different mass configurations. The figures show the transverse momentum, pseu-
dorapidity and azimuthal angle.

The prt spectrum of the muons (Fig. 6.9) is very similar to the spectra at generator level. The
Drell-Yan events contribute mostly to the lower pr region, increasing the difference between
the signal (especially with large mass differences) and background events even more. The n
and ¢ spectra are similar in shape compared to the generator level plots.

The invariant mass of the di-muon system (Fig. 6.10 left)) represents the sole acceptance of
values between 80 GeV and 100 GeV. In this window all processes involving a Z boson, namely
the signals, the t7Z background and the Drell-Yan background, show a peak structure at the cen-
tre, while the #7 events are evenly distributed throughout the range. The transverse momentum
spectrum of the reconstructed Z boson can be seen in Fig. 6.10 (right). It becomes evident that
the mass difference between the A and the H is crucial for the search in this kinematic variable.
For a large mass difference as in the my = 900GeV and my = 400GeV, the peak is situated at
354 GeV in agreement with equation 6.4 and therefore at a region with very few background
events, while the mass configuration my = 800GeV,my = 700GeV peaks at only 41 GeV situ-
ated at the region with the most background events. All background processes show a similar
behaviour for this kinematic variable: A peak at low pt values (<100 GeV) and then an expo-
nential decrease towards higher values.

A selection of more different mass points can be seen in Fig. 6.11). The left histogram shows
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Figure 6.10 Kinematic properties of the reconstructed Z boson. The invariant mass is shown on
the left, the transverse momentum on the right.

three different masses my € {400GeV,500GeV,600GeV } for a constant mass my4 = 800 GeV.
The edge in the pt spectrum varies from 291 GeV to 41 GeV, showing its dependence on the
mass difference between A and H. The right histogram further verifies this statement, showing

a variation of both masses individually.
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Figure 6.11 Transverse momentum of the Z boson for signals with different mass configura-
tions.

6.5 Results

This section section will statistically quantify the found results. For this a brief introduction
to the statistical analysis method used for this analysis is given. This explanation follows Ref.
[117] (for the general statistics part only), Ref. [118] and Ref. [119]. After the introduction of

the method, the expected exclusion limits for different mass points are presented.

71



6 Search for A — ZH(tt)

6.5.1 The CLg technique

In particle physics, exclusion limits for a certain process mark the end of a parameter region in
which this process can be ruled out by analysing the existing data. Above the exclusion limits,
the process would have been seen as a significant deviation from the background. Past the ex-
clusion limits, the deviation from the background is not significant enough and could as well
been explained by statistical fluctuations and systematic uncertainties of the background.

In particle physics, the C;L method is commonly used to derive exclusion limits. The basic
concept is the likelihood of the data given hypothesis. This likelihood function acts as a mea-
surement of how likely the result of an experiment can be explained by a given hypothesis. With
only one data point n, this likelihood is just the result of this value plugged into the probability
distribution Py (x = n). Most measurements in particle physics are counting experiments, mean-
ing that the number of events in a fixed bin of an observable is counted. Let A be the expected
number of events in this bin under the tested hypothesis. The probability of counting n events

in an experiment is then given by the Poisson distribution:

Alte™"

P(x=n) 0

(6.5)

Let there be a set of k bins. The total likelihood of all bins is retrieved by multiplying all
individual probability densities, resulting in the formula:

Allig™Mi

ni!

k
L=]] (6.6)
which is the definition of the likelihood function for a counting experiment. A search in particle
physics generally features two hypotheses: A background only hypothesis b and a signal plus
background hypothesis s+b. For both hypotheses, a likelihood function can be defined: L(b)
and L(s + b). For each set of measurements, a test statistic Q can be defined as:

L(s+b)
L(b) )

Q0=—-2In ( (6.7)
The better a given measurement agrees with the signal plus background hypothesis, the more
this test statistic will decrease. Plotting the probability of each outcome as a function of Q
under the assumption that either b or s+b is true results in a distribution similar to Fig. 6.12.
A hypothetical measurement is shown as a red line, the areas under the background and signal
plus background curve can be interpreted as different probabilities. The green area is the level
of confidence for the signal plus background hypothesis CLg,. The bigger it is, the higher the
probability of a false exclusion of the signal plus background hypothesis becomes. The yellow
area on the other hand represents the false discovery rate 1-CLy. The bigger the area 1-CLy,
the higher the discovery potential becomes and the bigger the area CLy,, the larger the exclusion
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Figure 6.12 Probability density for the test statistic Q Taken from Ref. [119]

potential. By introducing a signal strength modifier u as s — s, the cross section and with that
the number of events for the signal distribution can be changed. By tuning this parameter slowly
to zero, the signal plus background curve approaches the background curve. In this process the
probability of wrongfully excluding the signal plus background hypothesis increases up to a
point at which the analysis becomes practically insensitive to the signal. By extracting the value
for u where this probability reaches a predefined point, an exclusion limit on the signal cross
section can be defined.

However, this definition leads to some unphysical paradoxes e.g. negative exclusion limits, or
the exclusion of a signal with a cross section of zero, especially when the background and the
signal hypotheses lay close together (see Ref. [120] for more information.)

To solve those problems, the CL; is defined as:

_ CLs+b

CL
T CLy

(6.8)
All though this quantity is not strictly mathematically a confidence interval, it can be understood
as an approximation for a signal-only confidence interval. By defining a confidence level for
the signal-only, the problems mentioned above are solved.

To summarize the procedure: A given signal hypothesis can only be excluded if its cross sec-
tion exceeds a certain value. Bellow this value, the probability of missing the signal in the
background exceeds a certain predefined value meaning that a potential discovery would be
overlooked because a contribution from the signal would lay in the range of the statistical Pois-

son fluctuations of the background. To calculate the minimum number of events that still can
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be discovered with relative certainty, the signal strength is multiplied with a factor and the min-
imal values is extracted and can be transformed into a minimal cross section which can then
be transformed into the desired kinematic variable, in this case for example the masses of the
Higgs boson my4 and my or the tan(f).

The calculation of the limits, according to this method, has been done with the program Combine
[121] using its function Asymptotic limits. Combine implements the explained CLg method to
calculate estimated values for the exclusion limits, relying on an asymptotic approximation of
the LHC test statistic.

6.5.2 Systematic uncertainties

In addition to the statistical uncertainties, systematic uncertainties can affect the result of the
measurement. In this thesis, systematic uncertainties on the cross sections of all background
processes due to renormalization and factorisation scales and due to PDF uncertainties are con-
sidered. Furthermore, the uncertainty of the luminosity is considered for all background and

signal events. The list of all uncertainties can be found in Table 8. All mentioned uncertainties

Table 8 Cross sections for the most important background processes

Background process | QCD scale uncertainty cross section PDF uncertainty
ttZ +8.1%/ —9.3% [110] +3.5% [110]
Drell-Yan 2% [112] 0.2% [112]
Wjets 3.8% [112] +0.8%/ —0.4% [112]
tt +2.4%/ —3.5% [114] 4.2% [114]
Single top 3.1% [115] 2.8% [115]
Diboson 3% [112] 5% [112]

are log normal distributed, meaning they influence the event yield directly. Further sources of
uncertainty are b-tagging, jet energy scale, jet energy resolution or the lepton reconstruction
efficiency. They are not yet considered in this version of the analysis.

To estimate the impact of the systematic uncertainties, for three exemplary mass points the
limits have been calculated with and without those uncertainties. The results can be found in

Table 9. For the largest mass difference, the edge in the p% distribution is expected at 529 GeV.

Table 9 Impact of the systematic uncertainties on three limits.

my [GeV], my [GeV] | expected limit [fb]  expected limit [fb]
with uncertainties  without uncertainties

1200, 400 2.69 2.63
700, 400 7.03 6.87
500, 400 14.36 11.72
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As shown in Fig. 6.10, in those regions there are only very few background events. Since the
statistical uncertainty of a counting experiment is anti-proportional to the square root of the
number of events, it is larger in regions with a low number of events. Systematic uncertainties
on the other hand are often not effected by the number of selected events. For this reason the
dominating uncertainty for the mass points with a large mass difference is expected to be the
statistical one. This is reflected in the only minimal change between the two limits for this mass
configuration. Going to smaller mass differences, the systematic uncertainties become more
important as more background events fall into the region of the expected p% edge, lowering the
statistical uncertainty. For the mass configuration just barely above the Z mass threshold, the

systematic uncertainties change the limit by approximately 23%.

6.5.3 Expected exclusion limits

Upper exclusion limits at 95% CL on the A — Z(up)H (#f) cross section times branching ratio
have been calculated for the different studied mass points. For this, histograms with the trans-
verse momentum of the reconstructed Z boson for signal and background have been used as an
input to Combine [121]. The Asymptotic Limits function outputs the exclusion limits at 95%
CL and the one and two o confidence intervals of this quantity. The limits have been calculated
three times, once for the 2018 integrated luminosity of 59fb~!, once for the full Run-II lumi-
nosity of 140fb~! and once for the expected total luminosity after Run-III of 300fb~'. One
motivation for the calculation of the exclusion limits at the expected Run-III luminosity was to
compare the results with the theoretical predictions in Ref. [12]. They are listed together with
the theoretical prediction of the cross section in Table 10. All mass points with a predicted cross
section times branching ratio greater than the upper cross section limit can be considered as ex-
cluded. A graphical overview of which points on the mass plane are expected to be excluded
with the 2018 data can be found in Fig. 6.13. The background in this plot is a colour scale
representing the theory prediction cross section times branching ratio similar to Fig. 3.10, this
time including also the branching ratio Z — ¢ ¢~ since the signal samples have been produced
inclusive to only this decay channel.

The only points not excluded are all located at regions with low mass differences of 100 GeV-
150 GeV. In this region, two main effects coincide: The production cross section and the
branching fraction for the A — ZH process decrease significantly as already discussed in section
3. Furthermore, the transverse momentum of the Z boson shrinks, resulting in the signal to be
located in a part of the p spectrum with more background. This dependency on m4 — mpy is the
main correlation noticeable in Table 10. Some minor effects regarding the absolute value of the
individual masses can be seen as well: Higher masses have slightly lower exclusion limits. For
example the mass point at my = 900GeV and mgy = 600GeV has an exclusion limit of 5.71 {b,
while the mass point at my = 700GeV and my = 400GeV has an exclusion limit of 7.03 fb
even though both mass points share the same difference. This trend can be observed for all sets
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Table 10 Predicted cross section times branching ratio and predicted exclusion limits for 2018
(59fb~1), Run-TI(140fb ') and Run-IIT (300fb~") luminosities.

my [GeV], | predicted cross section  exclusion limit exclusion limit  exclusion limit
my[GeV] | times branching ratio [fb] at 59fb~! [fb] at 140fb~! [fb] at 300fb~' [fb]
500, 400 2.2 14.4 753 122 754 10.8 737
550, 400 28.3 12.1 +41 10.0 133 8.1133
600, 400 50.6 11.3 42 9.5 133 8.0 153
600, 500 1.1 11.6 754 9.7 732 8.1 132
700, 400 64.3 7.0 32 6.3 5] 5.1 +2¢
700, 500 29.6 9.8 30 7.8 129 6.2 +24
700, 550 11.4 12.0 749 8.6 37 7.0 155
700, 600 0.58 14.3 t44 11.5 32 9.7 437
800, 400 56.2 5.51%3¢ 3.8 2.4 102
800, 500 41.0 7.3 132 5.9 143 52123
800, 600 30.9 8.6 3 6.7 739 56137
800, 650 4.1 9.4 T3¢ 76135 6.1 15
800, 700 0.34 9.4 538 7.9 534 6.8 23
900, 400 43.9 4.0 37 2.6 T 1.8 +07
900, 500 37.7 4.4 38 28 t11 2.0 +0:8
900, 600 26.9 57134 4148 2.8 710
900, 650 20.1 6.4 j%:g 4.3 J_r%:g 32 ir%:g
1200, 400 13.9 2.7 104 1.7 £5 12493
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Figure 6.13 Expected exclusion limits on Gge—,4 X BR(A — ZH) x BR(H — tf X BR(Z — 1))
at 95% C.L. with 2018 luminosity of 59fb~!, tan(B) = 1, my+ = max(ma,mg), cos(a — ) = 0.
Red asterisks mark points that are expected to be excluded, green squares mark points that are
not excluded. The colour scale represents the predicted cross section times branching ratios.
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of mass points with identical mass difference. The main cause for this effect is not the different
position of the p% edge. Although equation 6.4 does not depend solely on the mass difference,
the predicted position of the edge does not vary much for samples with the same difference. For
the exemplary points above, the edge only changes from 238 GeV for the point at m4 = 900 GeV
and my = 600GeV to 224 GeV for the point at my = 700GeV and my = 400GeV. The larger
impact on the limits poses the greater number of events surviving the different event selections,
especially the requirement of six jets. For processes requiring a higher centre of mass energy the
pr spectrum of the jets is generally harder, meaning that more jets fulfil the minimal pr criterion
of 30 GeV. The total number of events after all selection criteria for different mass points, inter
alia the two points mentioned above, can be seen in Table 7. The greater the number of events,
the smaller the statistical uncertainty and therefore the better the expected exclusion limit.
Going beyond the highest masses my4 covered in this thesis, different effects are expected. Be-
yond 1000 GeV the production cross section for a heavy Higgs boson decreases significantly.
At the same time the number of background events is expected to decrease further, resulting in
generally lower exclusion limits. A further increase of the energy would at some point pose a
problem to the analysis strategy as the reconstruction of the six highly boosted jet would be-
come more and more difficult. For those reasons an investigation of the parameter space beyond
1000 GeV, that is not covered by this analysis, would be of interest.

Another aspect can be seen when comparing the exclusion limits for different luminosities.
The Run-III luminosity and therefore the expected number of events is approximately 5 times
larger than the 2018 luminosity. Since the statistical uncertainty of a counting experiment
with N events scales with 1/+/N, the statistical uncertainty is expected to drop by a factor
of 1/v/5 ~0.447.

Comparing the results at different luminosities, this holds true for points with high mass dif-
ferences, e.g. my = 1200GeV and my = 400GeV where the ratio is 1.23/2.69 ~ 0.457 or
ma = 900GeV and my = 400GeV with 1.83/4.01 ~ 0.456. For these mass points the expected
number of background events located at the p% edge is small, meaning that the main contribution
to the limits comes from the statistical uncertainties rather than from the systematic uncertain-
ties. For the mass points with a p% edge coinciding with the main background the statistical
errors are much smaller, meaning that the systematic uncertainties are larger. Indeed the ratios
are e.g. my = 500GeV and my = 400GeV with 10.81/14.36 ~ 0.752 or my = 800GeV and
my = 700GeV with 6.8/9.42 =~ 0.722. Higher luminosities would therefore be the most bene-
ficial for the regime of large mass differences, where a lot of values are already excluded. The
upper exclusion limits in the analysed region of the parameter space would therefore not ben-
efit significantly from the higher expected luminosity of Run-III. Only one of the studied mass
points (at my = 700GeV and my = 550GeV ) can be excluded at 300 fb~! while narrowly not
being excluded at 59fb~!. The results for Run-II and Run-III are very similar. The same mass

points are expected to be excluded at both luminosities.
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Slicing parallel to the x-axis through Fig. 6.13 results in Fig. 6.14. This plot shows the predicted
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Figure 6.14 Upper exclusion limits on Gye—,4 X BR(A — ZH) X BR(H — tT X BR(Z — uu)) at
95% C.L. and predicted theory cross section times branching ratio as a function of my.

cross section times branching ratio and the expected upper exclusion limit with its 68% and 95%
confidence level bands. The regions where the predicted cross section runs above the expected
limit is the excluded region. Near the threshold at 500 GeV the product of cross section and
branching ratio is too small to be excluded. For higher masses this changes, making it possible
to exclude a majority of the examined parameter space. For higher events a downward trend in
the product of cross section and branching ratio becomes visible. This is due to the decreasing
production cross section for the A boson, as explained in section 3. However, in the analysed
mass region up to 900 GeV this decrease did not impact the exclusion of these regions.

Following the same principal, the expected exclusion limits with respect to tan(f3) can be de-
termined. The result can be seen in Fig. 6.15 for fixed Higgs boson masses of m4 = 600GeV
and my =400GeV. The exclusion limit does not change with respect to tan(f3) since this vari-
able does not affect the kinematic distributions directly. The predicted product of cross section
times branching ratio on the other hand decreases dramatically at higher tan(f). The detailed
discussion of this can again be found in section 3, the main reason is the decreasing branching
ratio of the process H — t7. The two lines intersect at around tan(f) = 2, excluding lower val-
ues. This intersection point varies for different masses. Two extreme examples can be found in
Fig. 6.16. Fig. 6.16a shows a mass point that is barely not excluded at tan(f8) = 1. Lowering
tan(f) does increase the product of cross section and branching ratio by a small margin, but
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Figure 6.15 Upper exclusion limits at on Gg, 4 X BR(A —ZH) x BR(H — tf x BR(Z — 1))
at 95% C.L. and predicted theory cross section times branching ratio as a function of tan(f3) at
my = 600GeV and my = 400GeV.

since the branching ratio H — tf saturates at nearly 1, this effect is not sufficient to exclude this
mass point at any of the observed tan(f3) values between 0.5 and 20.

The graph in Fig. 6.16b shows a similar behaviour as in Fig. 6.15. The mass difference is
much larger, but the intersection is still at approximately tan(f) = 3. The main difference is the
steeper shape of the curve. One reason for this is the production cross section that changes its
shape and steepness with respect to my.

This rule holds true for most of the mass points at a high mass differences that are excluded.
The intersection lies at tan(f3) values between 2 and 4. Since in this region the branching ratio
A — ZH already saturates at high values, the differences between the points is rather small.
For the points that could not be excluded at tan(f3) = 1, there is no intersection in the analysed
tan(f) range.

A phenomenological study of the expected sensitivity can be found in [12]. This paper con-
siders the A — ZH — Ztt decay and uses the p% spectrum for the calculation of the limits. The
main difference is the consideration of the ¢ + jets decay of the top quarks, compared to the
purely hadronic decay considered in this thesis. The exclusion plot taken from the paper can be
found in Fig. 6.17.

Since the final state is not the same for both analyses, no exact quantitative agreement between
Fig. 6.17 and Fig. 6.13 is expected. Still, qualitatively both figures show similar results. The ex-
cluded regions are both at rather high mass differences. Both plots show significant exclusions

even for masses my up to 1000 GeV. Generally the exclusions in the conducted analysis show
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Figure 6.16 Exclusion limits on 04,4 X BR(A — ZH) x BR(H — tf x BR(Z — uu)) at 95%
C.L. as a function of tan(f) at different mass points.

a broader exclusion region. Table 10 lists a point at my = 1200GeV and mpg = 400GeV which
is still excluded. At values for my4 this high, the plot from [12] does not show any exclusions.
Furthermore, the highest excluded value for my (in the scenario my < my) is at approximately
550 GeV while the analysis of this thesis expects exclusions up to at least 650 GeV. However,
in both cases these highest values are reached at my4 around 900 GeV. One possible reason for
the higher exclusion limits in this plot might be the very small background from tf events, that
are dramatically reduced by the requirement of two leptons in the Z mass window and six jets.
In the ¢ + jets channel a third lepton has to be taken into account in addition to missing trans-
verse energy from the neutrino resulting from the top decay, a quantity not present in the decay
channel of this analysis.

Taking into account the different final states, both results agree in the most important qualitative

points, including the general shape and the exclusion favourability towards higher masses.
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Figure 6.17 Theoretical prediction of exclusion limits at different luminosities and tan(f) = 1.
For my > my the decay channel H — ZA is considered. Taken from [12].
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7 Conlcusion and Outlook

First studies of a search for heavy Higgs bosons within the 2HDM at the LHC have been pre-
sented in this thesis, conducted in the decay channel A — ZH — Ztt where A and H are heavy
Higgs bosons. This channel has not yet been searched for at the LHC. For this analysis, the
muon decay of the Z boson and the purely hadronic decay of the top quarks were considered,
resulting in a final state topology with two leptons and six jets.

In the first part of this thesis, the basis transformation laws between the physical mass basis
and the parameters of the 2HDM Lagrangian have been derived. The parameter space in the
physical mass basis has been studied in detail and the behaviour of the production cross section
and the branching ratios with respect to the heavy Higgs boson masses and the ratio between
the vacuum expectation values tan(f3) has been examined. The study concluded that in most of
the parameter space, especially at large mass differences between the A and the H and at low
values of tan(f3), the decay channel is the dominant decay for a hypothetical heavy Higgs boson
A.

Events at different points in the parameter region have been produced and studied at generator
level. The shape of the transverse momentum distribution of the Z boson has been derived and
the discriminating power of this variable has been shown for several mass points following the
study in [12]. The characteristic edge in the p% spectrum differs greatly from the background
spectrum. Detector effects and showering have been simulated and the kinematic variables have
been discussed after object and event selections. Especially at large mass differences, the p%
edge reaches into areas with a low number of background events.

Exclusion limits have been calculated using the CLg method and compared to the predicted
theory cross sections. Beginning between 50-100 GeV beyond the production thresholds and at
low tan(f) values, most of the examined parameter space is expected to be excluded, provided
no deviation from the predicted curve is observed.

Overall the results of this study are promising. The next natural step is to perform the search
with real data. Some further improvements and future researches are of interest as well.

Even though the simulations with DELPHES are fairly accurate, a full scale GEANT based CMS
detector simulation for the signal events would provide more realism. Furthermore, not all sys-
tematic uncertainties have been investigated so far. Missing are e.g. the b-tagging uncertainty,
the lepton reconstruction efficiency and the trigger efficiency.

The analysis of this thesis was conducted for heavy Higgs boson masses below 1000 GeV. Most
of the mass points in this region were excluded, so naturally an extension to higher masses
would be of interest, to see how far the exclusion reaches. For higher masses a significant de-
crease in the production cross section is expected, a further analysis could determine exactly to
which my expected exclusion region would reach.

Of further interest would be the combination with other sensitive variables as for example the
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reconstructed H or A mass. These quantities could provide higher exclusion limits at regions
with high my. Combining the results of this thesis with the analysis of other kinematic variables
would provide a larger excluded region.

Another field of interest is the analysis of different decay modes for the top quarks. So far only
the purely hadronic decay has been examined. The lepton + jets and the purely leptonic decay
channels could complement the analysed decay channel.

Furthermore, combining the results of other decay modes would provide a conclusive overview

of the excluded 2HDM parameter space to focus future searches on the yet unsearched regions.
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