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Abstract

Studies on alternative signal hypotheses beyond the Standard Model are performed on
a 139fb~! data set recorded at the ATLAS detector from 2015 to 2018 at a centre-of-
mass energy of /s = 13TeV in the context of the search for heavy neutral Higgs bosons
decaying to a pair of tau leptons. Heavy neutral Higgs resonances, massive gravitons, and
7' bosons, as predicted by various theories beyond the Standard Model decay into a pair
of tau leptons and the fully hadronic decay channel is considered in these studies. The
Leptoquark decay X — 7b7b is also included because of the presence of a tau lepton pair.
The simulated signal samples are implemented in the existing analysis framework for the
search for heavy Higgs bosons with a di-tau final state. Signal studies are performed for
assumed mass hypotheses in the range from 500 GeV to 2500 GeV, and their kinematic
differences are investigated.
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1 Introduction

The ATLAS [1] and CMS [2] collaborations at the Large Hadron Collider (LHC) reported
the discovery of a new particle consistent with the Higgs boson predicted by the Stan-
dard Model (SM) in 2012. A fermionic coupling of the Higgs boson was established with
the observation of a H — 77 decay with a signal significance of 5.50 from ATLAS and
CMS results [3] using data collected at the LHC with centre-of-mass energies of 7TeV
and 8 TeV.

However, the possibility of it only being part of an extended Higgs sector with one ad-
ditional Higgs doublet in the frame of the Minimal Supersymmetric Standard Model
(MSSM) [4] is a well-motivated possibility. The coupling of the neutral heavy Higgs
boson, as predicted by MSSM, to down-type fermions is enhanced for large tan 8 val-
ues, where tan [ is the ratio of the vacuum expectation values of both additional Higgs
doublets. This increases the branching fraction to tau leptons and b-quarks and the cross-
section for b-associated heavy Higgs production. This results in a leading role for Higgs
decays into tau leptons and motivated several searches at LEP [5], Tevatron [6], [7] and
LHC [§-11].

Since the SM has several shortcomings, other theories beyond the SM are required. Be-
sides the MSSM, grand unified theories (GUTSs) [12HI4] and quantum gravity theories
[I5HI9] predict the existence of additional heavy bosons. GUTs aim to explain a unifica-
tion of the three fundamental coupling constants on high energy scales. The symmetry
group of the SM can be included in larger symmetry groups, in which at least one extra
heavy neutral Z’' boson is predicted [12]. The Z’ boson couples in a similar way as the
Z boson in the electroweak interaction; hence it also decays into a tau lepton pair, and
the analysis of heavy Higgs bosons decaying to two tau leptons [20] should be sensitive to
these signals as well.

In addition, massive leptoquarks on the TeV scale are predicted by some BSM theories
[21] and would explain a number of anomalies in the SM [22, 23]. Leptoquarks couple
quarks with leptons and one decay channel is X — 70, where X denotes a leptoquark.
Therefore, pair-produced leptoquarks can also result in a di-tau final state, and the cur-

rent analysis for heavy Higgs boson decaying into a tau lepton pair should be sensitive to



1 Introduction

them, too.

The introduction of extra dimensions for the inclusion of gravity in the SM also predicts
additional massive bosons that propagate through extra compactified dimensions [17].
They are called gravitons GG, and since they couple universally, the di-tau final state is
considered a possible decay mode.

The hypothetical signals of massive H,A,Z', X, and G bosons decaying into a pair of
tau leptons are investigated in this thesis. The kinematic differences are compared on
a sample of proton-proton collision data with an integrated luminosity of 139fb~! at
a center-of-mass energy of /s = 13TeV, collected with the ATLAS detector [24] dur-
ing the Run 2 of the LHC (2015-2018) [25] with only the fully hadronic decay channel
considered. Different signal mass assumptions are considered, as well as two different pro-
duction channels: gluon-gluon fusion (ggF) and b-associated production. Both channels
are categorised further into b-tag/b-veto signal regions to distinguish between processes
with a presence/absence of jets originating from b-quarks, respectively. The channel’s
background contributions are estimated for multijet, Z/v* — 77, tt, W(— 7v,{v) + jets,
single top-quark, diboson, and Z/~v*(— ¢¢)+jets production, using a combination of data-
driven techniques and simulation. Furthermore, the hypothetical signals are compared on
truth-level and are implemented in the existing analysis framework from the search for
additional heavy neutral Higgs bosons decaying into a pair of tau leptons to investigate
their kinematic differences.

This thesis is structured as follows. Sections [2] gives a brief introduction to the Standard
Model of particle physics, including the Higgs mechanism, and its shortcomings, while
section [3] presents its various extensions. The following section [4] delivers an overview of
the LHC accelerator chain and the ATLAS detector. After that, a summary of the current
status of the analysis is presented, and the applied search methodology about event se-
lection, reconstruction, and categorisation is explained in section [5] The implementation
and analysis of additional heavy boson signals is shown in Section [ and concluded in

section [71



2 The Standard Model of Particle
Physics

Discoveries and theories of physicists in the 20th century resulted in a remarkable insight

into the fundamental structure and functioning of matter. All matter can be described

by fundamental particles and the interactions between them. These are summarised in

Figure [2.1
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Figure 2.1: The Standard Model visually summarised. Purple, green, red and yellow-

edged particles refer to quarks, leptons, gauge bosons, and scalar bosons,
respectively. Fermions (quarks and leptons) are categorised further into up-
/down-type and generations I-11I as indicated. Corresponding anti-particles
are shown analogously with opposite charge or denoted with a bar over their
corresponding particle’s label. Template based on Ref. [26].

The Standard Model (SM) of particle physics encapsulates this knowledge [27H29] and

successfully explains almost all experimental results and precisely predicted several phe-

nomena. Since then, it has become an established and well-tested physics theory.



2 The Standard Model of Particle Physics

2.1 Overview of the Standard Model

From a theoretical point of view, the SM is a quantum field theory (QFT) with the fun-
damental objects being fields, where all relevant information about the physical system
is contained in a Lagrange density, L. Moreover, the SM is a local gauge theory with the
gauge group SU(3)c x SU(2);, x U(1)y, where the indices denote the colour charge, the
weak isospin, and the hypercharge, respectively.

There are four known fundamental forces in the universe: the strong interaction, the
electromagnetic force between charged particles, the weak nuclear force responsible for
radioactive decays, and gravitation. All of them are effective at different ranges and
strengths, where gravity is the weakest but ranges to infinity. The electromagnetic force
also ranges to infinity but is indeed much stronger. Strong and weak nuclear forces are
only effective over very short (subatomic) distances.

Each generator of the SU(3)¢, SU(2)r, U(1)y symmetry groups corresponds to a spin-1
vector boson field: 8 gluons for SU(3)¢, and Wi y/3 and B for SU(2), x U(1)y. The
latter four fields mix to create mass eigenstates as gauge bosons v, W* and Z. Three
forces can be explained by the exchange of these force-carrier particles. The graviton has
not yet been observed, which should be the corresponding boson for gravity. The reason
why gravity is not included in the SM is that it cannot be consistently expressed as a
quantum field theory. Therefore, the SM only includes strong, weak, and electromagnetic
forces.

Another fundamental boson of the SM is the Higgs boson. It was discovered by ATLAS
and CMS experiments at the Large Hadron Collider at CERN in 2012 and has a mass of
125.09 +0.24 GeV [1} 2]. Tt plays a unique role because it provides a mechanism by which
all other particles acquire mass: the Higgs mechanism, which will be discussed in Section
2.2

All surrounding matter is made of spin-% elementary particles, the fundamental fermions.
They are comprised of 3 generations of spin-% chiral fields, where each generation con-
tains an up-type quark, a down-type quark, a neutrino, and a charged lepton. The first
generation compromises the lightest and only stable particles, while the mass increases
with higher generations. Moreover, all stable matter consists of first-generation particles
since heavier particles quickly decay into lighter particles.

All quarks are massive, electrically charged, and carry different colour charges, implying
they take part in the strong interaction. They are only observed as constituents of colour-
less objects, known as hadrons. Electrically charged leptons are also massive but do not
carry colour charge, and therefore, they do not undergo strong interactions. Neutrinos

carry no charge at all, which means they only interact weakly.



2.2 Electroweak Symmetry Breaking and the Higgs Mechanism

Each of these particles has a corresponding antiparticle with the same mass, spin, mean
lifetime, but with an opposite electric charge. These antiparticles take part in the same

interactions as their partner particle.

In the SM, the 7-leptons are the most massive leptons with a mass of 1776.86 + 0.12 MeV
and an average mean lifetime of (290.3 +0.5) x 107 s[30]. Due to their high mass, they
couple strongly to the Higgs field, making them especially interesting for searches for ad-
ditional, hypothetical Higgs-like particles.

Since 7-leptons are the only leptons heavier than the lightest quarks, they are able to
decay either hadronically (7 — hadrons + v;) or leptonically (7 — ¢+ i + v;). There
can either be one or three charged hadronic decay products in the hadronic final state,
denoted as one-prong and three-prong. Five-prong processes are also possible but occur
with such a low branching fraction (< (9.9 +0.4) - 107 % [30]) that they are neglected
in the further analysis. Furthermore, in the hadronic decay channels, the decay products
are grouped in a cone that can be identified as a jet. As indicated in Figure these

jets typically have a smaller radius than jets from quantum chromodynamics (QCD).

suoJipey jo 1ol

Figure 2.2: The hadronic jets in cones with origin in QCD (top) and in a three-prong
7-decay (bottom). The blue cone contains all decay products and has a
smaller radius than in QCD processes.

2.2 Electroweak Symmetry Breaking and the Higgs

Mechanism

The Higgs boson plays a unique role because it provides a mechanism by which all other

particles acquire mass. This Higgs mechanism is how the W and Z bosons of the weak
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interaction acquire mass without breaking the local gauge symmetry. In an unbroken elec-
troweak symmetry, the gauge fields W /2,3 and B would correspond one-to-one to massless
particles, but since my+ = 80.385+ 0.015 GeV and mz = 91.1876 £ 0.0021 GeV [30], it is
known that the electroweak symmetry must be broken. In electroweak interactions, the
desired mass is provided by introducing new field terms to the Lagrange density. This

requirement implies the existence of a new complex scalar doublet field

¢+> 1 <¢1 + i¢2>
_ - _ ’ 2.1
¢ <¢0 V2 \ 3 + iy 21)
the Higgs field. For these fields, the relevant terms in the Lagrangian are written

L= (0.0)"(0"0) — V() (2:2)

with the Higgs field potential

V(¢) = 12¢'o + Mo')? | (2.3)

where the potential minimum is non-zero in vacuum for u? < 0, where A > 0 to yield a
minimum. Hence there is an infinite set of minima indicated by the dotted circle in Figure

2.3l The physical vacuum state corresponds to a particular point on this circle, and the

@ vi9) ®) vi9)

¢2 \/ ¢1
¢ & 5

Figure 2.8: The Higgs potential V(®) = p?¢p'p + A\(¢T¢)? for (a) u? > 0 and (b) u? <0
[31].

vacuum expectation value corresponds to the radius of this circle. This leads to the fact
that the Higgs field is not rotationally symmetric except at the vanishing field value. The
choice of vacuum state breaks the symmetry of the Lagrangian, known as spontaneous

symmetry breaking. When this happens, three components of the Higgs doublet field are
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absorbed by the W and Z gauge bosons. Consequently, new mass terms for W and Z
bosons emerge in the Lagrange density, which is known as the Higgs mechanism [32].
Quarks and leptons also acquire mass through the Higgs mechanism (Yukawa coupling).

Their masses are proportional to the vacuum expectation value of the Higgs field.

2.3 Shortcomings of the Standard Model

Although the SM can explain various phenomena and accurately predicts the behaviour
of particles up to the TeV energy scale, the SM lacks explanations for some observations,

and additional BSM theories are needed to explain these.

One of the SM’s main problems is that it does not include the fourth fundamental force,
gravity. The whole SM is considered incompatible with the General Theory of Relativity,
which represents the most significant limitation to a unified physics theory. In processes
on very high energy scales (~ 102 GeV), the phenomenon of gravity has to be treated
quantum mechanically, which remains unsolved. In particular, the SM does not deliver
a reasonable explanation of why gravity is so much weaker than the electromagnetic and

nuclear forces.

Electroweak unification [28] 29] can be extended, such that the strong, weak, and elec-
tromagnetic forces could be manifestations of the same fundamental interaction involving
only a single coupling strength. These three interactions could be unified at an energy
scale of ~ 10'° GeV, where the three coupling constants become the same order of mag-
nitude. However, they do not meet in a single unification point [33]. In this scenario, a
gauge group G that contains the SM’s SU(3) x SU(2) x U(1) group is postulated [34].
This group would allow a single unified theory of the electronuclear interaction, known as
a Grand Unified Theory (GUT).

Moreover, the SM only describes visible matter, but there is evidence indicating that
the universe contains about five times more so-called dark matter [35, 36]. Dark matter
is a type of matter that seems to be completely different from ordinary matter since it
does not emit any light and only manifests through gravitational effects. In this regard,
none of the SM particles is a candidate to explain dark matter.

The SM is also unable to explain the large differences between the electroweak scale,
typified by the Higgs mass myg = 125 GeV, and higher fundamental scales, such as the

GUT scale or Planck scale, which are many orders of magnitude higher. The difference
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in scales is referred to as the hierarchy problem [37, 38].

In addition to that, the SM cannot explain the asymmetry of matter over antimatter [39].

All these aspects imply that the SM provides an incomplete picture of the universe,

and new extensions beyond the SM are needed.



3 Extensions of the Standard Model

The SM is a useful but imperfect theory that provides a remarkably successful description
for all present phenomena observed in experiments up to the TeV energy scale. Neverthe-
less, since there are several shortcomings, it seems clear that additional physics beyond
the SM may be needed. Especially at the Planck scale Epjner ~ 10 GeV, where gravi-

tational effects become important, a new framework is required.

3.1 Supersymmetry

The hierarchy problem can be solved when it is assumed that there is a symmetry relating
fermions and bosons, known as supersymmetry (SUSY) [4]. Introducing a perfect SUSY,
correction contributions arise from both bosonic and fermionic particles with opposite
signs. Therefore, they cancel each other out, no fine tuning is necessary, and divergences
are avoided. SUSY transformations turn a fermionic state in a bosonic state and vice

versa. Assuming an anti-commuting spinor operator () with
Q|fermion) = |boson) and @|boson) = |fermion) , (3.1)

where () is an intrinsically complex object, implying that the hermitian conjugate QT is
also a symmetry operator. Since @ and QT carry spin angular momentum of %, SUSY
must be a spacetime symmetry.

Single-particle states of SUSY theories are called supermultiplets, with each containing
both fermion and boson states, which are commonly known as superpartners. In this
extension of the SM, each of the known fundamental particles is contained in a super-
multiplet with a superpartner differing by % unit of spin. Spin-0 partners of fermions are
named by prepending an "s" for scalar, e.g., squarks and sleptons. Left- and right-handed
pieces of fermions are separate two-component fermions with different gauge transfor-
mation properties in the SM. In consequence of this, each must have its complex scalar
partner, where a "~" above the corresponding letter is used to denote the superpartner.

Accordingly, the gauge bosons v, g, W=, and Z also have assigned superpartners denoted
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with an appended "-ino", called photino, gluino, wino, and zino, respectively. Gauge in-
teractions of each of these squark and slepton fields are the same as for the corresponding

SM fermions.

3.2 The Minimal Supersymmetric Standard Model
and Extended Higgs Sectors

Adding the minimum number of new particle states and new interactions consistent with
the observed phenomenology is the Minimal Supersymmetric Standard Model (MSSM)
[4]. The Higgs scalar boson also resides in a supermultiplet. However, in the MSSM, just
one Higgs supermultiplet is not enough due to two reasons. First of all, the electroweak
symmetry would suffer gauge anomalies and would be inconsistent with the quantum
theory, and secondly, only Higgs supermultiplets with weak hypercharge ¥ = +% can
have Yukawa couplings necessary for the mass acquisition of up-type quarks with an
electrical charge of %, while only Higgs supermultiplets with Y = —% couple to down-type
quarks with charge —% and charged leptons [4]. These can be avoided by introducing two
Higgs supermultiplets with Y = i%, called H, and Hyq. The weak isospin components of
H, carry electrical charges 1 and 0 (H and H?), respectively, while for Hy they carry
charges 0 and —1 (HJ and Hj). The Higgs boson associated with the observed particle
with m = 125 GeV would be a linear combination of H_ and HY. The fermionic partners
of the Higgs scalars are the Higgsinos H, and Hy with weak isospin components H~j, ]178,
ﬁg, I:fd_ . Table lists all fundamental particles and their corresponding superpartners
in the MSSM. The enlarged Higgs sector of the MSSM constitutes the minimal structure
needed to guarantee the cancellation of anomalies from the introduction of the Higgsino
superpartners [40].

Since the Higgs scalar fields of the MSSM consist of two SU(2)-multiplets, there are
eight real, scalar degrees of freedom. In consequence of this, after electroweak symmetry is
broken, three of them are the Goldstone bosons G° and G*, which become the longitudinal
modes of the massive vector bosons W= and Z. The remaining Higgs mass eigenstates
are two CP-even neutral scalars h and H, a CP-odd neutral scalar A, and two H* scalars
with the electrical charge of +1 [4].

10



3.3 Grand Unified Theories

Supermultiplet Bosonic field | Fermionic partner
gluon/gluino g g
W boson/wino W+ W
Z boson/zino Z Z
photon/photino ~y 5
squarks/quarks (ur, dy) (u,d)r,
UR UR
dr dr
sleptons/leptons (71, 01) (e, 0)1,
lr lr
Higgs bosons/Higgsinos | (H, H?) (H, H?)
(Hq, Hq ) (Hq, Hy)

Table 3.1: Field content of the MSSM with v = u, ¢, t-quark and ¢ = e~, u=, 7~ -lepton.
For each quark, lepton and Higgs supermultiplet, there is a corresponding an-
tiparticle multiplet of charge-conjugated fermions and their associated scalar
partners.

3.3 Grand Unified Theories

Many physicists believe that all fundamental interactions stem from one common force.
Therefore, it is desirable to unify the strong and electroweak interaction to an electronu-
clear interaction with one simple gauge group G at very high energies with £ > Equyr [12]
in a Grand Unified Theory (GUT). The electronuclear energy scale Egyr must be larger
than 10'° GeV to be consistent with present experiments on proton decay. At E < Equr,
GG must be broken to retain the gauge symmetry of the SM.

The smallest simple gauge group containing the SM’s gauge group as a subgroup is SU(5)
[34]. The number N of neutral gauge bosons is given by N = rank(SU(5)) = 4, hence
there is room for one additional neutral gauge boson. Eqyr is also predicted as the en-
ergy, where the three running coupling constants of the SM become equal, but precision
measurements at LEP indicate that they do not meet if they run as predicted by the
SU(5) group [13].

In order to fix this prediction, a supersymmetric SU(5) version is considered. In Figure [3.1],
it can be seen that if the masses of all superpartners are set at the TeV scale, the running
coupling constants unify in a single point at ~ 10'% GeV, unlike the SM prediction [41].
Moreover, larger unification groups than the SU(5) are also considered, which uniformly
predict the existence of at least one extra neutral gauge boson, the Z’ [12]. The next inter-
esting gauge group is the SO(10) with one extra neutral gauge boson since rank(SO(10)) =

In the SO(10) group, all SM fermions of one generation are united in a single multiplet,

11
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Figure 3.1: The running of the three running coupling constants in the SM scenario
(left) and the low energy MSSM scenario (right) [41].

where furthermore, one additional exotic fermion is needed to be not in contradiction
with present experimental results [14].

The mass of Z’ is not constrained by theory, hence it can be anywhere between the elec-
troweak scale Fyeax ~ O(100 GeV) and Egyr. In some GUTs, the solving of the hierarchy
problem requires a mass of about 1TeV. Besides its mass, the Z’ boson is a very short-
lived particle, which is only observable through its decay products or indirect interference
effects [14]. Its distinction from the SM background is challenging since the Z boson, and
~ are produced by the same processes that create Z’, and a good background estimation
is needed.

Additional particles, so-called leptoquarks X, are predicted in many BSM scenarios [21]
and they mediate between leptons and quarks of a multiplet in GUTs. Recently, an ad-
ditional motivation for leptoquarks arrived from a number of anomalies observed in B
meson decays [22], 23], which can be explained by leptoquarks on the TeV mass scale.
Leptoquarks are particles with a special coupling, allowing them to decay into quarks and
leptons, independent of their handedness. They carry colour and electric charge; hence
they can be pair-produced with large QCD cross-sections. By definition, they can decay
to any of the six SM quarks (or antiquarks) with one of the three charged leptons or three
neutrinos. Therefore, the channel pp — XX — 7-77bb is also considered in this thesis
since the analysis is sensitive to the final state 7-pairs.

The observation of a hypothetical extra gauge boson Z’ or leptoquarks X is of particular
interest for physicists since it would provide new information on the GUT group and its

symmetry breaking.

12



3.4 Quantum Gravity and Extra Dimensions

3.4 Quantum Gravity and Extra Dimensions

The introduction of five-dimensional explanations for the unification of electromagnetism
and gravity [I5, [I6] are considered an essential precursor for present quantum gravity
theories. Multiple extra dimensions are also considered in other theories. In such theories
of extra dimensions, SM particles live in the 3 + 1-dimensional space, while gravity would
propagate in higher dimensions through an additional force carrier particle, the graviton.
The feebleness of gravity compared to the other fundamental forces could be related to
the size of the compactified extra dimensions in such theories. Although the idea of a
3+ 1-dimensional world could be a field-topological defect of a higher-dimensional theory,
it finds a natural setting in the context of several string theory models [I7HI9, 42]. Since
SM particles correspond to open strings with their endpoints attached to a brane, they
are naturally confined to this lower-dimensional space. Gravitons correspond to closed
strings, which propagate in the whole higher-dimensional space.

In a mathematical description of the free propagation of bosonic modes, constraints elim-
inate five degrees of freedom, which leaves five propagating modes corresponding to the
physical degrees of freedom of a massive spin-2 particle, the graviton.

The graviton corresponds to the excitation of a d-dimensional metric. In terms of a 4-
dimensional spacetime, the metric tensor contains particles with spin 0, 1, or 2. Moreover,
since these fields depend on d-dimensional coordinates, they can be expressed as a tower of
Kaluza-Klein modes [17]. Each mode’s mass corresponds to the modulus of its momentum
in the direction transverse to the brane. The consideration of a massless d-dimensional
graviton or a massive four-dimensional Kaluza-Klein graviton is equivalent.
Furthermore, in other extensions of the SM with extra dimensions such as the Randall-
Sundrum model [43], gravitons’ excitations are also predicted. They could decay into
an SM Higgs-pair, possibly resulting in final states with 7-leptons. Hence, the signal of

massive gravitons is also considered in this thesis.
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4 The Large Hadron Collider (LHC)
and the ATLAS Experiment

4.1 The CERN accelerator complex and the LHC

The Conseil européen pour la recherche nucléaire (CERN) is the European organisation
for nuclear research located in Geneva, Switzerland. It is an accelerator complex con-
sisting of multiple linear accelerators, synchrotrons, and other experiments, which are

schematically displayed in Figure There are accelerators for protons, antiprotons,

cMs
North Area "
o GIF++,
-~ CENF EIL-

ALICE B LHCb

SPS

T2
HiRadMat
ISOLDE
y 1999 182
m B [ 1992 |
z, \/ RBs m REX/HIE -
200172015 ] FastAea
[ IRRAD/CHARM
\ LINAC 2
<
Mo
P ions P RIBs (Radioactive lon Beams) » n (neutrons » p (antiprotons) ) e (electrons)

LHC large Hadron Collider SPS Super Proton Synchrotron  PS  Proton Synchrotron  AD Antiproton Decelerator
AWAKE Advanced WAKefield Experiment  ISOLDE Isotope Separator Online ~REX/HIE Radioactive EXperiment/High Intensity and Energy ISOLDE

LEIR Low Energy lon Ring  LINAC LINear ACcelerator n-ToF Neutrons Time HiRadMat High-Radiation to Materials

CHARM Cern High energy AcceleRator Mixed field facility IRRAD proton IRRADiation facility ~GIF++ Gamma Irradiation Facility

CENF CErn Neutrino platForm

Figure 4.1: Schematic overview of the CERN accelerator complex [44].

heavy ions, and electrons. The largest of them is the LHC [25], a proton-proton syn-
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4 The Large Hadron Collider (LHC) and the ATLAS Experiment

chrotron with 27 km in circumference built in a tunnel as deep as 175 m to mainly protect
the environment from radiation emitted by it and reduce background noise. It provides
bunch crossings at a rate of 40 MHz with up to 10! protons per bunch. To force particles
on their circular trajectory, superconducting magnets cooled to 1.9 K by liquid helium are
installed, providing an 8.33 T strong magnetic field [25].

To reach the minimum energy to be injected into the LHC, the protons are pre-accelerated
using smaller and older experiments as boosters. Initially, the Linear Accelerator 2
(LINAC 2) brings the protons to an energy of 50 MeV, to be subsequently boosted by
the Proton Synchrotron Booster (PSB) to 1.4 GeV. After that, they are transferred to
the Proton Synchrotron (PS), which helps them to reach an energy of 26 GeV, before they
are brought to the LHC’s minimum energy of 450 GeV by the Super Proton Synchrotron
(SPS). Finally, the protons are injected into the LHC main ring [25].

There are various experiments located around the LHC. The four most important ones
are ALICE, LHCb, CMS, and ATLAS, installed at crossing points of protons propagating
in opposite directions. ALICE mainly explores QCD phenomena like quark-gluon plasma
and quark deconfinement. At LHCDb, b-physics is examined to investigate CP violation
further. The largest and heaviest detectors are the CMS and ATLAS detector, which were
constructed for general purposes and measurements of various processes and properties of
the Higgs boson or top-quarks, as well as searching for phenomena beyond the SM (e.g.,
SUSY, GUTs, Quantum Gravity).

Through the years, the LHC operated at different energies. During Run 1 it operated at a
centre-of-mass energy /s = 7TeV producing 5.46 fb~! of data from 2010 to 2011, and at
Vs = 8 TeV producing 23 fb~! of data in 2012. After that, it was shutdown for two years
to install hardware upgrades as preparation for higher energies and luminosities. Run 2
began in 2015 and produced 139fb~! of data at y/s = 13TeV by 2018. The delivered
luminosity throughout the years is displayed in Figure At the end of 2018, the LHC

was shut down again to prepare for Run 3.

4.2 The ATLAS Detector

The ATLAS detector at CERN [24] is a many-layered particle detector for the Large
Hadron Collider covering nearly the entire solid angle around the interaction point. It is
schematically displayed in Figure 4.3|and consists of six different detecting subsystems and
magnets wrapped concentrically around the collision point. It is built for particle tracking
and measuring the particles’ energies and momenta. Hence it is possible to differentiate

between individual particles and measure their properties. The ATLAS detector uses a
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Figure 4.2: Delivered luminosity versus time of the year for 2011-2018 [45].

right-handed coordinate system with its origin at the interaction point in the detector’s
centre. The z-axis points along the beamline, while the z-axis and y-axis point towards
the centre of the LHC ring and upward, respectively.

The detector for the ATLAS experiment consists of an inner detector (ID) surrounded by
a thin superconducting solenoid and two electromagnetic (ECAL) and hadronic calorime-
ters (HCAL). The final layer is a muon spectrometer with three large superconducting
toroid magnets.

The ID is further divided into smaller subsystems. It consists of a silicon pixel detector,
which provides four measurements per track, and a surrounding semiconductor tracker
with detecting silicon microstrips providing four two-dimensional measurement points per
track. The silicon pixel detector is made up of 80.3 million readout channels with a res-
olution of 10 x 150 um? and the semiconductor tracker has 6.3 million readout channels,
reaching a resolution of 17 x 580 um?. The entire ID provides measurements of momenta
with a resolution of 0, /pr = 0.05% - pr [GeV] & 1% [24], and measurements of primary,
and secondary vertices for charged tracks covering a pseudorapidity range of |n| < 2.5
with n = — In(tan g), where 6, the polar angle, is the angle between the measured object
and the positive direction of the z-axis.

They are followed by a Transition Radiation Tracker system (TRT) with gaseous straw

tubes filled with a mixture of Xe/CO2/02 gases and measures the momentum and charge
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Figure 4.3: Overview of the ATLAS detector at CERN [24].

of electrically charged particles without impeding the momentum of the particles. In
addition to the ECAL, it contributes to electron identification within |n| < 2 through
measuring transition radiation emitted by highly relativistic electrons. The TRT delivers
the information with roughly 351000 readout channels, resulting in an accuracy of 130 pm
per straw. In 2014 the pixel detector was equipped [46] with an additional layer for higher
precision tracking designed to be very radiation hard to cope with the rising instantaneous
luminosity.

The inner detector system is immersed in a 2 T axial magnetic field from a central solenoid
magnet and provides charged particle tracking for pseudorapidities || < 2.5. Further-
more, to protect the silicon sensors from radiation exposure damage, the ID is cooled to
approximately —5°C to —10°C.

The ECAL is a lead/liquid-argon sampling calorimeter providing electromagnetic en-
ergy measurements with high granularity by inducing electromagnetic showers. Within
a range |n| < 1.475, electromagnetic calorimetry is provided by barrels, and within
1.375 < |n| < 3.2, by endcap discs with an additional pre-sampler for energy loss correc-
tions. It uses liquid Argon as active material and lead as well as stainless steel to induce
the showering.

For |n| < 1.7, a steel/scintillator-tile HCAL is installed via barrels, and is followed by two
copper/liquid-argon hadronic endcap layers extending the covered pseudorapidity range to
In| < 3.2. Furthermore, an additional forward calorimeter (FCAL) optimised for electro-
magnetic and hadronic calorimetry is implemented to ensure a wider-ranging solid angle

coverage 3.1 < |n| < 4.9. The respective achieved energy resolutions of the calorimeters
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4.2 The ATLAS Detector

is summarised in Table [4.11

Since it is unlikely for the high-mass muons to deposit much energy in the ECAL and

Calorimeter | Rel. energy resolution og/FE
ECAL 10%/\/ E [GeV] & 0.7%

HCAL 50%/\/E [GeV] & 3%
FCAL 100%/+/E [GeV] & 10%

Table 4.1: Energy resolution of the different calorimetric systems [24].

HCAL, an additional muon spectrometer is installed at the outermost layer. It contains
high precision chambers and a fast detector for separate triggering. Moreover, it is embed-
ded in three large superconducting air-core toroid magnets for deflection measurements
of muons in its magnetic field. The precision tracking chamber system covers a pseudora-
pidity range of || < 1.4 in the barrel layers and 1.6 < |n| < 2.7 in the end-cap layers with
three layers of monitored drift tubes. The trigger system covers |n| < 2.4 with resistive
plate chambers in the barrel layers and thin gap chambers in the end-cap regions. The
muon spectrometer has a relative transverse momentum resolution of o, /pr = 10% at
pr = 1TeV [24].

Since the initial event rate of 40 MHz is too high to read out every single event, a two-
level trigger system [47] selects the interesting ones among them. Implemented in the
hardware is a level-one trigger (L1) based on custom electronics, which uses a subset
of detector information to reduce the collision rate to roughly 100 kHz. It determines
Regions-of-Interest (Rols) for further analysis for subsequent trigger processing in the
detector. In case the L1 trigger fires, the information from the Rols is processed in a
software-based high-level trigger (HLT) to reduce the average recorded event rate even
more. The HLT reduces the L1 output rate to approximately 1kHz, before the data is

written to permanent storage.
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5 The current status of the MSSM
H/A — 771 search

In Februrary 2020, the ATLAS Collaboration published their results based on a 139 fb*
dataset from Run 2 with a centre-of-mass energy of /s = 13 TeV [20]. To extract signals,
a profile-likelihood method is applied on the total transverse mass to arrive at exclusion
limits for the cross-section times branching fraction o x B for scalar bosons. As a final
result, exclusion limits on the m4 — tan 8 plane are derived.

This chapter describes the major aspects of the analysis strategy. Section presents the
object reconstruction, event selection and their categorisation, followed by a description
of the background estimation methods in Section [5.2] and showing the resulting exclusion
limits in Section 5.3

5.1 Event Selection, Reconstruction and

Categorisation

This thesis only considers fully hadronically decaying m-pairs (H/A/Z'/G — ThadThaa and
X — ThadThade). Events are selected by single-7 triggers with pp-thresholds of 80 GeV
(2015-2016), 125 GeV (2016), and 126 GeV (2016-2018) [20]. Additionally, they must con-
tain at least two candidates for a visible hadronic decay product (henceforth written as
Thad—vis) and no electrons and muons. The leading tau lepton has the larger transverse
momentum and has to be trigger matched. The 7,4 _vis candidates have to carry oppo-
site charge, appear back-to-back in the transverse plane (|A¢(pr -, prr)| > 2.7rad), and
satisfy the medium and loose identification criteria [48] for the leading and subleading
candidates, respectively. Furthermore, the missing transverse energy EX in the selected
event has to exceed 20 GeV, the tau leptons are required have an absolute pseudorapidity
distance |n|(71,72) < 1.5 to reject non-resonant background jets, and their angular dis-
tance is within 0.8 < AR < 2.5. The signal acceptance times efficiency depends on the
signal’s mass and varies between 2% and 20 % for 0.35 TeV < mgigna1 < 2.5 TeV.

Tau leptons typically decay into a neutrino and pions (one or three charged pions and
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5 The current status of the MSSM H/A — 77 search

up to two neutral pions), and their reconstruction is seeded by jets [48]. The Thaq—_vis
candidate must have a transverse momentum pr > 65GeV, while they are required to
have one or three associated tracks, an electrical charge of +1 and |n| < 2.5 (excluding the
crack-region 1.37 < |n| < 1.52). The associated tracks origin in the primary vertex, which
is chosen to be the one with the highest value for > pf ;.- The two leading candidates
with the highest transverse momenta are chosen, and the rest are considered as jets.
Moreover, a boosted decision tree identification procedure is applied for 7,.q_vis candidates
to reject backgrounds from jets. They have to satisfy loose or medium 7 identification
criteria with efficiencies of about 85% (75%) and 75% (60%) for one-track (three-track)
Thad—vis candidates, respectively.

Jets are reconstructed using the anti-k; algorithm [49] with a radius parameter R = 0.4
from topological clusters in the hadronic calorimeter [50]. The energy contribution from
pileup is subtracted according to the jet area. Furthermore, they must have a minimum
transverse momentum pr > 20 GeV, and lie within a pseudorapidity range |n| < 2.5. The
effect of pileup is reduced by using tracking information from the calorimeter-based jets
to reject those not originating from the primary vertex [51].

Additionally, a multivariate algorithm with 70% efficiency is applied to identify b-quark
containing jets [52]. To maximise the b-tagging performance, low-level algorithm results
are combined using two high-level tagging algorithms. The first one, MV2 [53], is based
on a boosted decision tree discriminant, while the second one, DL1 [53], is based on a
deep feed-forward neural network. This is important to define a b-tag (b-veto) category
for events containing at least one (no) b-jet(s).

The hadronic and semileptonic channels are categorised further into b-tag/b-veto signal
regions to distinguish between processes with a presence/absence of jets originating from
b-quarks, respectively.

The missing transverse energy EX which is assumed to originate from final state neu-
trinos, is calculated as the negative vectorial sum of the transverse momenta of all fully
reconstructed and calibrated physics objects [54].

Moreover, with the information about EX the total transverse mass is used to enable

further separation between signal and background in the analysis. It is defined as

g =\ (B, ) + ik (B, ) + ik (1, 7) 6.1)

where the transverse mass of two objects A and B is defined as

mr(A, B) = \/2pr(A)pr(B)(1 — cos(Ag(A, B)))
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with 71 /7, referring to the leading/subleading Tyh.q—vis candidate.

5.2 Background Estimation Methods

In the considered fully hadronic decay channel, the dominant background arises from
multijet production and is calculated using a data-driven technique. Other important
background contributions result from Z/4* — 77 production for high total transverse
masses in the b-veto region, and from tt-production in the b-tag category. These are
calculated using simulation along with all less important backgrounds (W +jets, single
top-quark, diboson, Z/v*(— ¢{¢)+jets). Furthermore, corrections are applied to this sim-
ulation to account for mismodelling of the trigger, reconstruction/identification /isolation
efficiencies, misidentified electrons, momentum scales, and their resolution. In Figure[5.1]

the distributions of the total transverse mass are displayed in the b-veto and b-tag signal

regions.
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Figure 5.1: Total transverse mass after the profile-likelihood fit in the b-veto (left) and
b-tag (right) signal region [20]. Hypothetical BSM H/A signals are also
shown for different parameter choices of mpy,4, and tan 3. Overflows are
included in the last bin of the distributions.

Contributions of multijet events in the signal region (SR) are estimated using a fake-factor
method with two CRs, control region 1 (CR-1), and the dijet fake region (DJ-FR). All
events in CR-1 have to pass the same selection as in the SR, except the subleading Ty, vis
candidate, which must fail the loose identification criterion. The DJ-FR is enriched with

multijet events. Its purpose is to measure fake-factors, which are defined as the ratio of
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5 The current status of the MSSM H/A — 77 search

the number of 7j,.q4_vis candidates that pass to those that fail the identification criterion.
They are later used to weight events in CR-1 that fail the tau identification criteria to
obtain the multijet background estimation in the SR.

The remaining background contributions, predominantly from W +jets and tt-production,
are estimated using Monte Carlo simulation. Rather than applying the same identification
requirement, they are weighted by fake-rates to enhance statistical precision. Fake-rates
are calculated differently for both 7,,q_.is candidates. The sub-leading candidate’s fake-
rate is defined as the ratio of the number of candidates that pass the identification to
the total number of candidates, whereas the leading candidate’s fake-rate is defined as
the ratio of the number of candidates that pass the identification and additionally fulfil
the single-tau trigger requirement to the total number of candidates. Fake-rates are com-
puted using two fake regions (FR), T-FR, and W-FR, which are enriched in ¢t events and
W +jets, respectively. Finally, backgrounds from other processes are subtracted from the
T-FR and W-FR using simulation. The fake-rates are used to weight events, where the

tau lepton is not truth-matched, and obtain the remaining background estimation.

5.3 Current Exclusion Limits

In the statistical analysis, a simultaneous profile-likelihood fit is performed on the mf*

distributions in the b-tag and b-veto regions. The total numbers of observed events in the
b-veto and b-tag categories are 8420 and 381, and the fitted event yields from background
processes are 8430 4 150 and 368 + 27, respectively. The mi{* distributions obtained from
the fit are shown in Figure [5.1]

The results of the analysis are given in terms of exclusion limits. Firstly, upper limits on
the cross-section times branching fraction o x B are set at 95% confidence level. They
are displayed in Figure for gluon-gluon fusionated bosons (a) and for b-associated pro-
duction (b) as a function of the mass of the heavy scalar Higgs boson decaying into a tau
lepton pair. The exclusion limits are obtained from a modified frequentist CLg method
[55] and an asymptotic approximation [56]. Finally, these can be translated to exclusion
limits on 95% confidence level in the m4 — tan 8 plane, shown in Figure

24



o x B(¢ — ) [pb]

—
<

—_
o

—
<
N

—
S
w

—

L L L L L L

ATLAS \s=13 TeV, 139 fb
¢ — tt, 95% CL limits
gluon-gluon fusion

—e— Observed
Expected
R

+20

ATLAS 36 fb”'

Lol

T
R

T T

T

o e e b e e e ey

o x B(¢ — ) [pb]

10

1073

5.3 Current Exclusion Limits

ATLAS Vs=13 TeV, 139 fb
¢ — T, 95% CL limits
b-associated production

—e— Observed
Expected
M+10

20

ATLAS 36 fb!

500 1000 1500 2000 2500 500 1000 1500 2000 2500
m, [GeV] m, [GeV]
(a) (b)
ﬂ —_I T I T T T T | T T T T | T T T T T
§ 80 ATLAS Vs=13 TeV, 139 fb"

70
60
50
40
30
20
10

- M® scenario
H/A — 1, 95% CL limits

—— Observed
Expected
e +i1o

+20
I Not applicable

/

P T I I S K S T N RN

500 1000 1500

()

2000
m, [GeV]

Figure 5.2: Exclusion limits set at 95% confidence level as a function of the heavy scalar
Higgs boson’s mass for gluon-gluon fusion (a) and b-associated production
(b). The derived exclusion limit in the m4 — tan S-plane is shown in ¢) [20].
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6 Investigation and Comparison of
BSM Signals

The main task of this thesis is to examine existing simulated samples of the CP-even
H bosons and CP-odd A bosons and then, adding extra samples of hypothetical signals
that are predicted by various theories beyond the SM. The goal is to investigate different
event kinematics and study their differences. In the beginning, the heavy Higgs boson
signals are only compared to Z’ and graviton G samples, since leptoquarks are harder
to compare because they are assumed to be pair-produced and the ditau system does
not arise from the decay of a heavy resonance. Firstly, truth-level studies give a first
impression of the different heavy resonances, and after that, they are incorporated in the
existing analysis framework of the H — T,,qThaq channel to include the detector’s response.
Finally, leptoquarks are also compared to the heavy Higgs bosons in this framework, and

their kinematic differences are investigated.

6.1 Monte Carlo Generation of BSM Signals

The signal samples of the massive H, A, Z’, X, and G resonances are simulated us-
ing various MC simulators. Heavy Higgs bosons H/A from ggF are generated using
PowHEG-Box v2 [57H59] with the parton distribution function (PDF) NNPDF23LO [60]
and the model used for parton showering, hadronisation and the underlying event (UEPS)
is PyTHIA 8.2 [61] with the A14 [62] set of tuned parameters, or "tune'. For b-associated
produced heavy Higgs bosons, the MADGRAPH5_ aMC@NLO2.1.2 [63], 64] generator is
used with the same PDF, UEPS, and tune as for ggF samples.

The Z' signal samples are generated with PYTHIA 8 using the NNPDF23LO PDF set and
the A14 tune.

Leptoquark samples are simulated using MADGRAPH5 aMCQNLO2.5.4 [63] with the
same PDF, UEPS, and tune as for the heavy Higgs bosons, while graviton samples are
also simulated with the same generator, PDF, and UEPS as the Z’ and X bosons.

The exclusion limits set on 95% confidence level by the current analysis for heavy Higgs
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Resonance OggF [Pb] Tb—assoc. [pb] Resonance o [pb]
mp/a =500GeV | 0.04 0.01 my — 1000 GeV | 0.03
M = 1000GeV | 0.001 0.009 mZ 1900V | 0.001
Mmpsa = 1200GeV | 0.001 0.0009 mX —1000GeV | 0.01
My = 2500 CGeV | 0.0009 0.0009 = :

Table 6.1: The assumed cross-sections for the used signal samples. For heavy Higgs
resonances the cross-sections are categorised with respect to their production
mode.

bosons [I1], Z’ bosons [11], leptoquarks [21], and gravitons [17] define upper limits for the
cross-section assumptions for the samples used in this thesis. In Table [6.1] the assumed
cross-sections are listed, which are used in the further course of this thesis. They were

chosen to be close to the current upper limits.

6.2 Signal Studies of Event Kinematics

6.2.1 Hypotheses on Masses and Cross-sections of H and A

As stated, the existing signal samples of the CP-even H bosons and CP-odd A bosons
from the analysis are used in the analysis framework to compare the differences between
their production modes and various hypotheses on their masses and cross-sections.
Figure displays different mass hypotheses for heavy Higgs bosons A in a MSSM sce-
nario, including both production modes, gluon-gluon fusion (ggF) and b-associated pro-
duction (bbH). For both SRs, it can be seen that the signals yield a similar shape in the
detector. As expected, the signals drop to zero at the respective resonance mass of 500
or 1000 GeV since, according to equation [5.1] the total transverse mass peaks in the case
that both tau candidates are emitted back-to-back (A¢ ~ 7) in the transverse plane at
almost the mass of the mother particle. For any other angle between the tau candidates,
the total transverse mass is lower, reaching zero if both particles fly in the same direction.
The data points in theses figures remain blinded since only differences between the signal
samples are investigated. Furthermore, the samples used in this thesis do not include any
systematic uncertainties yet.

The impact of differently assumed cross sections for the simulated signals is displayed in
Figure[6.2] A different value of tan 8 negligibly affects the shape of the signal since tan /3
only affects the production cross-section of a heavy Higgs boson and the branching ratio

of the decay into down-type fermions like the 7 lepton. This would imply the same scaling
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Figure 6.1: Total transverse mass in the b-veto (left) and b-tag (right) signal region of
hypothetical heavy Higgs signals in the hMSSM scenario for tan 8 = 50,
m4 = 500 GeV, 1000 GeV. In the b-tag region the signal for m 4 = 1000 GeV
is scaled up by a factor 100. Overflows are included in the last bin of the
distributions.

as in the distributions in Figure [6.2]

Plotting other kinematic distributions reveals the mass dependence of the tau candidate’s
pr and the angle A¢ between both candidates, shown in Figure [6.3] Due to the higher
mass of the heavy Higgs boson, more energy is present in the decay process. Consequently,
the tau candidates have higher momenta than those decaying from a lower resonance mass,
and the pr signal distributions shift to higher values. The A¢ distribution shows that the
pair of tau leptons is more likely to be emitted back-to-back in the detector for higher
resonance masses since, for larger assumed Higgs masses, the distribution becomes steeper

and forms a more apparent peak approaching A¢ ~ .

6.2.2 Event Kinematics of H/A, 7', and G

Leptoquarks considered in this thesis are pair-produced and, therefore, harder to compare
with other resonances produced by annihilation. Therefore, in this section, only additional
7" and G samples are included in the study. Distributions are first only shown on truth-
level without any detector response concerning selection and reconstruction. Later on, Z’

samples are implemented in the analysis framework, whereas graviton samples have not
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Figure 6.2: Total transverse mass in the b-veto signal region of hypothetical heavy Higgs
signals in the hMSSM scenario for tan 5 = 50, my, = 500 GeV, 1000 GeV
with decreased (increased) production cross sections by a factor 0.1 (100)
on the left (right). Overflows are included in the last bin of the distributions.

been simulated by the analysis yet.

The mfe* distribution for Z’ and G samples with an assumed mass of 1000 GeV in Figure
6.4)a) behaves similarly to that of the heavy Higgs boson signal since their signal quickly
drops to zero at the resonance mass. It is noticeable that heavy Higgs bosons and gravi-
tons have almost the same shape, in which G has more events for low mi{* values and
fewer events for greater values. This gives the first impression that tau leptons decaying
from gravitons appear more forward in the detector. For lower m{* values, tau candidates
from Z’ exhibit similar behaviour as those from gravitons. However, for larger values, the
distribution resembles more tau candidates from a heavy Higgs decay.

Figure [6.4b) indicates that tau leptons decaying from Z’ and G tend to have similar
behaviour in A¢. The distributions peak when approaching A¢ ~ 7; hence they are more
likely to be emitted back-to-back in the detector. It is noticeable that tau leptons from
7' and G have almost the same shape and are shifted even more towards 7. This leads
to the conclusion that they have a higher probability of back-to-back emission than the
taus decaying from heavy Higgs resonances.

By examining the distribution of the tau candidate’s absolute value of pseudorapidity
n|, shown in Figure[6.5(a), the suspicion that tau leptons from gravitons appear forward
in the detector is supported. Again, the distributions for Z’ and G exhibit a similar

shape, whereas the Higgs distribution differs. Tau leptons decaying from H contribute
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Figure 6.3: pr (a) and A¢ (b) distributions in the b-veto SR with sim-
ulated Higgs signals in the hMSSM scenario for tanf = 50,
m4 = 500 GeV, 1000 GeV, 2500 GeV. For  my4 =1000GeV  and
my = 2500 GeV the signals are up-scaled by a factor 10® for an im-
proved comparability. Overflows are included in the last bin of the
distributions.

more events at lower || values than tau candidates from Z' and G. The opposite case
is displayed for larger values, where more decay products are contributed by Z’ and G.
This trend is observed for all investigated mass hypotheses. This result confirms the first
hypothesis that the tau leptons from G propagate more forward in the detector than the
ones from H. Nevertheless, it also shows that decay products of Z’ move more forward
as well. To find the reason for this forward motion, the |n| distribution of the heavy res-
onances is displayed in Figure [6.5(b) for an assumed mass of 1000 GeV. In this scenario,
Z" and G bosons share a similar shape. The |n| distribution is shifted towards larger
values in comparison with the heavy Higgs boson. This pattern indicates that the heavy
resonances already move forward in the detector. It can be explained by the fact that the
heavy Higgs boson is only simulated via ggF, whereas Z’ and G bosons are fermionically
produced. While gluons can produce gravitons, this is not the case for Z’ bosons due to
conservation of spin since gluons have spin 1 as well as Z’ bosons. Gravitons were also
simulated using ggF, but for a better comparability of Z’ bosons and gravitons, both are
chosen to be produced via ggF here. This is possible since gravitons have spin 2, and the

spin is conserved in a ggF. Depending on the production mode, a different set of parton
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distribution functions is used in the sample generation. Therefore, the initial particles

that produce heavy resonances transfer different momenta.
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Figure 6.5: |n| distributions on truth-level for taus decaying from H, Z’, and G (a)
and for the heavy resonances themselves (b). The assumed masses are
mpyg =Mz = Mg — 1000 GeV.

After investigating truth-level studies, the Z’ samples are now implemented into the anal-
ysis framework to include the detector’s response and the event selection. For gravitons,
no samples have been produced by the analysis yet.

By comparing both signals from a decay of heavy scalar Higgs boson A and a heavy neu-
tral resonance Z' in the analysis framework in Figure [6.6{a), the observation in the mfet
distribution is not confirmed as clearly as on truth-level. The signals are scaled for better

comparability, but the signals have almost the same shape. Only for large m!{* values,
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there are slightly fewer events from a Z’ decay, which confirms the initial hypotheses that
tau leptons decaying from a Z’ boson move more forward in the detector. When the
pr distribution is investigated in Figure (b), the signal shapes are also very similar.
However, there are slightly fewer events for large values from tau leptons decaying from
a Z' boson. This backs up the assumption from the previous truth-level studies, too.
Moreover, by comparing the n distributions of the tau leptons decaying from H and Z’
bosons in Figure [6.7)(a), one finds that those from Z’ bosons have a lower probability of
being emitted in the transverse plane than those from a heavy Higgs boson decay since
there are fewer events for low absolute n values. The distribution for tau leptons from a
7' boson is less steep and broader, which indicates that they are more often emitted in
the forward direction in the detector than the ones from an H boson. This fact indicates
that tau pairs decaying from Z’' bosons move more forward in the detector, which could
be due to the heavy mother particles’ initial forward motion inside the detector.

In Figure (b), the A¢ distribution is shown for the two tau leptons. Both signal simu-
lations peak for higher A¢ values, while the shape is steeper and narrower for tau leptons
from a Z’ decay than from an H decay. This behaviour verifies the previous truth-level
studies’ suspicion, and the tau leptons appear more often back-to-back in the detector for

a Z' decay.

6.2.3 Event Kinematics of H/A and leptoquarks

As mentioned at the beginning of this chapter, the leptoquarks considered in this thesis
are pair-produced to provide a di-tau final state that is detectable within the current
analysis. Therefore, some kinematic distributions may not leave room for meaningful
interpretations since the two tau leptons do not originate from the same mother particle.
Furthermore, each leptoquark decays into a 7b-pair, in which the b-quark can decay fur-
ther to a tau lepton recorded by the detector. Hence there are events from a leptoquark
decay with more than two tau leptons, shown in Figure [6.8(a).

While the m/* distribution displayed in Figure (b) drops as expected at the resonance
mass of the A boson m4 = 1200 GeV, the events from tau leptons decaying from lepto-
quarks are smeared over the whole spectrum. This is due to the fact that in this thesis, the
mother particles are only pair-produced, as explained in the beginning. Therefore, m!*
is not the kinematic quantity to investigate, and other distributions are used to compare
kinematic differences between the signals.

In Figure (a) the A¢ distribution of the two tau leptons is displayed for the decay

of an A boson, and a leptoquark with masses m4 = mx = 1200 GeV. The number of
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Figure 6.6:

mi* (a) and pr (b) distributions for tau leptons from a heavy scalar Higgs

boson A with m 4 = 1000 GeV, and for tau leptons from a heavy neutral
resonance Z' with myz = 1000 GeV in the b-veto region. The Z’ signal is
up-scaled by a factor 100 for an improved comparability. Overflows are
included in the last bin of the distributions.

events is evenly distributed over the whole spectrum and remains almost constant for tau

candidates from an X boson. The events of tau leptons from an A decay still increase for

values approaching A¢ ~ 7. This behaviour implies that tau leptons from leptoquarks

appear everywhere in the detector, which is due to the fact that they do not originate

from the same mother particle.

Consequently, the pr spectrum of the tau decay products displayed in Figure (b) is

more smeared. Therefore, they seem to appear distributed throughout the whole detector.
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Figure 6.7: The n distribution of the leading 7,,4_vis candidate in the b-veto region (a)
and A¢ distribution for the pair of tau leptons from a heavy scalar Higgs
boson A with m 4 = 1000 GeV, and for tau leptons from a heavy neutral
resonance Z' with myz = 1000 GeV in the b-veto region (b). For n the A
and Z' signals are up-scaled by a factor 10® and 10, respectively, for an
improved comparability. For A¢ they are up-scaled by a factor 10° and 10,
respectively. Overflows are included in the last bin of the distributions.
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Figure 6.9: The A¢ distribution of tau leptons from the decay of a heavy Higgs boson
A and a leptoquark X in the b-tag region (a), and the pr distribution of
the leading tau candidate from a decay of H and X bosons in the b-tag
region (b). They are displayed for assumed masses m4 = my = 1200 GeV.
The signals of the A boson are up-scaled by a factor 10 for an improved
comparability. Overflows are included in the last bin of the distributions.
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7 Conclusion

Alternative signals were studied using a data set corresponding to an integrated lumi-
nosity of 139 fb~! from proton-proton collisions at /s = 13 TeV recorded by the ATLAS
detector at the LHC. Since the SM cannot explain various phenomena, the current anal-
ysis performed a search for additional heavy neutral Higgs resonances in the H/A — 77
channel. Upper limits on the cross-section times branching fraction and the m4 — tan 8
dependency were extracted.

However, heavy Higgs bosons are not the only additional particles predicted by theories
beyond the SM. GUTs predict the presence of Z’ bosons, as well as massive leptoquarks
that are assumed to couple quarks and leptons. In several quantum gravity theories intro-
ducing extra dimensions, a massive spin 2 graviton is also predicted. This thesis studies
signal hypotheses of H/A bosons, gravitons, and Z’ bosons that decay into a tau lepton
pair. In addition to that, pair-produced leptoquarks are also considered since they have
a di-tau final state, too. Only the fully hadronic decay channel is considered.

Firstly, different kinematics are investigated on truth-level. Mostly the kinematics of tau
leptons decaying from Z’ bosons and leptoquarks inside the detector differs from tau lep-
tons from a H/A decay. This is mainly due to their different production modes because
the spin has to be conserved.

After event selection and a simulation of the detector’s response, the signal samples of
massive Z' bosons and leptoquarks are included in the current analysis framework from
the search for heavy neutral Higgs resonances. The observed differences from truth-level
studies are not as strongly observed as before. However, it showed that other heavy reso-
nances besides heavy neutral Higgs bosons are also observable within the current analysis
framework since their signature in the detector is distinguishable from the present back-
ground.

The upcoming publication for the search of heavy resonances will include hypothetical
7' signals beside the heavy neutral Higgs bosons. Therefore, this thesis provides addi-
tional insights into this interpretation. It will be shown in the future if leptoquarks and

gravitons are also included in the search and is beyond the scope of this thesis.
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