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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
Z5bosons, 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.

1ii






Contents

1__Introduction| 1
2 The Standard Model of Particle Physics| 3
2.1 Overview of the Standard Modell. . . . . . . . .. .. .. ... ... .... 4
[2.2  Electroweak Symmetry Breaking and the Higgs Mechanism|. . . . . . . .. 5)
[2.3  Shortcomings of the Standard Modell . . . . . . .. ... ... .. ... .. 7
3__kxtensions of the Standard Modell 9
[3.1 Supersymmetry| . . . . ... 9
[3.2  "T'he Minimal Supersymmetric Standard Model and Extended Higgs Sectors| 10
(3.3 Grand Unified Theoriesf. . . . . . . . . ... . oo 11
[3.4 Quantum Gravity and Extra Dimensions| . . . . . . . . . . ... ... ... 13

4 The Large Hadron Collider (LHC) and the ATLAS Experiment| 15
4.1 The CERN accelerator complex and the LHC| . . . .. ... ... ... .. 15
42 The ATLAS Detector] . . . . . . . . . oo oo 16

[5 The current status of the MSSM H/A — 77 search| 21
[>.1  Event Selection, Reconstruction and Categorisation| . . . . . . . . .. . .. 21
[5.2  Background Estimation Methods| . . . . . .. ... ... ... ... ..., 23
h.3  Current Exclusion Limitsl. . . . . . . . . . . ... . 24

6 Investigation and Comparison of BSM Signals| 27
[6.1 Monte Carlo Generation of BSM Signals] . . . . .. . ... ... ... ... 27
[6.2 Signal Studies of Event Kinematics| . . . . . . . . ... .. .. ... .... 28
[6.2.1 Hypotheses on Masses and Cross-sections of H and Af . . . . . . .. 28

[6.2.2  Event Kinematics of H/A, Z5and G| . . . .. ... ... ... ... 29

[6.2.3  Event Kinematics of H/A and leptoquarks| . . . . . . .. ... ... 33
[7__Conclusion| 39






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,Z5X, 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/y= 77, tt, W(— 1v, fv) + jets,
single top-quark, diboson, and Z /Y £¢)+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.

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-11l 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 knowledgel[27 29] 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 eld theory (QFT) with the fun-
damental objects being elds, where all relevant information about the physical system
is contained in aLagrange densityL. Moreover, the SM is alocal gauge theorywith the
gauge groupSU(3)c SU(2). 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 e ective at di erent ranges and
strengths, where gravity is the weakest but ranges to in nity. The electromagnetic force
also ranges to in nity but is indeed much stronger. Strong and weak nuclear forces are
only e ective over very short (subatomic) distances.

Each generator of theSU(3)c, SU(2)., U(1)y symmetry groups corresponds to a spif-
vector boson eld: 8 gluons forSU(3)c, and Wi-,-3 and B for SU(2). U(1)y. The
latter four elds mix to create mass eigenstates as gauge bosonsW 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
guantum eld 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
12509 0:24 GeV[1, 2]. It 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¥2 elementary particles, the fundamental fermions.
They are comprised of 3 generations of spi-chiral elds, where each generation con-
tains an up-type quark, a down-type quark, a neutrino, and a charged lepton. The rst
generation compromises the lightest and only stable particles, while the mass increases
with higher generations. Moreover, all stable matter consists of rst-generation particles
since heavier particles quickly decay into lighter particles.

All quarks are massive, electrically charged, and carry di erent 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 -leptons are the most massive leptons with a mass 577686 0:12 MeV
and an average mean lifetime 2903 0:5) 10 ®s[30]. Due to their high mass, they
couple strongly to the Higgs eld, making them especially interesting for searches for ad-
ditional, hypothetical Higgs-like particles.

Since -leptons are the only leptons heavier than the lightest quarks, they are able to
decay either hadronically ( ! hadrons+ ) or leptonically ( ! ~+ -+ ). There
can either be one or three charged hadronic decay products in the hadronic nal 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) 10 %% [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 identied as a jet. As indicated in Figure 2.2, these
jets typically have a smaller radius than jets from quantum chromodynamics (QCD).

Figure 2.2: The hadronic jets in cones with origin in QCD (top) and in a three-prong
-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 eldsW;-,-3 and B would correspond one-to-one to massless
particles, but sincem,, =80:385 0:015GeVandm; =91:1876 0:0021 GeV[30], itis
known that the electroweak symmetry must be broken. In electroweak interactions, the
desired mass is provided by introducing new eld terms to the Lagrange density. This
requirement implies the existence of a new complex scalar doublet eld

+ 1 1+i 2.
= = p= . ; 2.1
. % s s (2.1)

the Higgs eld. For these elds, the relevant terms in the Lagrangian are written
L=(@ )@ ) V() (2.2)
with the Higgs eld potential
V()= 27+ (V) (2.3)

where the potential minimum is non-zero in vacuum for 2 < 0, where > 0 to yield a
minimum. Hence there is an in nite set of minima indicated by the dotted circle in Figure
2.3. The physical vacuum state corresponds to a particular point on this circle, and the

Figure 2.3: The Higgs potentialV()= 2 7Y + (Y )?for(a) ?>0and(b) ?2<0
[31].

vacuum expectation value corresponds to the radius of this circle. This leads to the fact
that the Higgs eld is not rotationally symmetric except at the vanishing eld 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 eld are
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absorbed by theW and Z gauge bosons. Consequently, new mass terms Yor 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 eld.

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 signi cant limitation to a uni ed physics theory. In processes
on very high energy scales ( 10'° GeV), the phenomenon of gravity has to be treated
guantum 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 uni cation [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 uni ed 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 uni cation point [33]. In this scenario, a
gauge groupG that contains the SM'sSU(3) SU(2) U(1) group is postulated [34].
This group would allow a single uni ed theory of the electronuclear interaction, known as
a Grand Uni ed Theory (GUT).

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

The SM is also unable to explain the large di erences between the electroweak scale,
typi ed by the Higgs mass my = 125GeV, and higher fundamental scales, such as the
GUT scale or Planck scale, which are many orders of magnitude higher. The di erence



2 The Standard Model of Particle Physics

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 scal® o« 10'° GeV, where gravi-
tational e ects 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 ne 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 operato® with

Qjfermioni = jboson and Qjboson = jfermioni ; (3.1)

where Q is an intrinsically complex object, implying that the hermitian conjugateQ is
also a symmetry operator. Sinc& and QY carry spin angular momentum of'2, SUSY
must be a spacetime symmetry.

Single-patrticle 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 di ering by %z 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 di erent 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, 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 elds 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 patrticle 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 su er gauge anomalies and would be inconsistent with the quantum
theory, and secondly, only Higgs supermultiplets with weak hyperchargé = + % can
have Yukawa couplings necessary for the mass acquisition of up-type quarks with an
electrical charge of%, while only Higgs supermultiplets withY = % couple to down-type
quarks with charge % and charged leptons [4]. These can be avoided by introducing two
Higgs supermultiplets withY = 1, calledH, and Hy. The weak isospin components of
H, carry electrical charges 1 and OH; and H?), respectively, while forHy they carry
charges 0 and 1 (HS and H, ). The Higgs boson associated with the observed particle
with m = 125 GeV would be a linear combination oH? and H3. The fermionic partners

of the Higgs scalars are the Higgsind$, and Hy with weak isospin components${}, HY?,
HgS, Hy . Table 3.1 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 elds of the MSSM consist of tw8U(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 bosoi® and G , which become the longitudinal
modes of the massive vector bosoMd and Z. The remaining Higgs mass eigenstates
are two CP-even neutral scalaré and H, a CP-odd neutral scalarA, and twoH scalars
with the electrical charge of 1 [4].
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3.3 Grand Uni ed Theories

Supermultiplet Bosonic eld | Fermionic partner
gluon/gluino g g
W boson/wino W W
Z boson/zino z z
photon/photino e
squarks/quarks (6 ; 8) (u; d),
bR UR
&R dR
sleptons/leptons (eL; &) ()
eR ‘R
Higgs bosons/Higgsinos (H;;H?) (H:;HO)
(H3:Hy) (H3:Hy)
Table 3.1: Field content of the MSSM withu = u, ¢, t-quarkand™ = e , , -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 Uni ed 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 grouf at very high energies withE > E gyt [12]

in a Grand Uni ed Theory (GUT). The electronuclear energy scal& gyt must be larger
than 10'° GeV to be consistent with present experiments on proton decay. &  Egyr,

G must be broken to retain the gauge symmetry of the SM.

The smallest simple gauge group containing the SM's gauge group as a subgroupligs)
[34]. The numberN of neutral gauge bosons is given b = rank(SU(5)) = 4, hence
there is room for one additional neutral gauge bosorkEgyr 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 x 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 uni cation groups than theSU(5) are also considered, which uniformly
predict the existence of at least one extra neutral gauge boson, th&[12]. The next inter-
esting gauge group is th&0O(10) with one extra neutral gauge boson sinaank(SO(10)) = 5.
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 ofZ%is not constrained by theory, hence it can be anywhere between the elec-
troweak scaleE ek O (100 GeV)and Egyt . In some GUTSs, the solving of the hierarchy
problem requires a mass of about TeV. Besides its mass, th&°boson is a very short-
lived particle, which is only observable through its decay products or indirect interference
e ects [14]. Its distinction from the SM background is challenging since th& boson, and
are produced by the same processes that creat€ and a good background estimation
is needed.
Additional particles, so-called leptoquarksX , 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 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 de nition, they can decay
to any of the six SM quarks (or antiquarks) with one of the three charged leptons or three
neutrinos. Therefore, the channepp! XX ! " b is also considered in this thesis
since the analysis is sensitive to the nal state -pairs.
The observation of a hypothetical extra gauge bosan® or leptoquarksX is of particular
interest for physicists since it would provide new information on the GUT group and its
symmetry breaking.

12
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3.4 Quantum Gravity and Extra Dimensions

The introduction of ve-dimensional explanations for the uni cation of electromagnetism
and gravity [15, 16] 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 + 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 compacti ed extra dimensions in such theories. Although the idea of a
3+ 1-dimensional world could be a eld-topological defect of a higher-dimensional theory,
it nds a natural setting in the context of several string theory models [17 19, 42]. Since
SM particles correspond to open strings with their endpoints attached to a brane, they
are naturally con ned 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 ve degrees of freedom, which leaves ve propagating modes corresponding to the
physical degrees of freedom of a massive spin-2 particle, the graviton.

The graviton corresponds to the excitation of al-dimensional metric. In terms of a 4-
dimensional spacetime, the metric tensor contains particles with spin 0, 1, or 2. Moreover,
since these elds depend od-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 masslegsliimensional
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 nal states with -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 nucléai(€ERN) 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 4.1. There are accelerators for protons, antiprotons,

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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