Search for Supersymmetry with
Hadronically and Leptonically Decaying
Tau Leptons at the ATLAS Experiment

Dissertation
zur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der
Rheinischen Friedrich-Wilhelms-Universitat Bonn

£
i
@
om
s 2]
iE
3
@
il

Events / 50 GeV

o ol vl vond vl vl ol vl vl 10 HI_H

v—t

° 0 500 1000 1500 2000 2500
m; [GeV]

+ Data/SM

vorgelegt von
Martin Johannes Schultens
aus
Kirchen (Sieqg)

Bonn 2016







Search for Supersymmetry with Hadronically and
Leptonically Decaying Tau Leptons at the ATLAS
Experiment

Dissertation
zZur
Erlangung des Doktorgrades (Dr. rer. nat.)
der
Mathematisch-Naturwissenschaftlichen Fakultat
der
Rheinischen Friedrich-Wilhelms-Universitat Bonn

vorgelegt von
Martin Johannes Schultens

aus
Kirchen (Sieg)

Bonn 2016



Dieser Forschungsbericht wurde als Dissertation von der Mathematisch-Naturwissenschaftlichen Fakultat
der Universitidt Bonn angenommen und ist auf dem Hochschulschriftenserver der ULB Bonn http:
//hss.ulb.uni-bonn.de/diss_online elektronisch publiziert.

1. Gutachter: Prof. Dr. Klaus Desch
2. Gutachter: Prof. Dr. Jochen Dingfelder

Tag der Promotion:  29.11.2016
Erscheinungsjahr: 2017


http://hss.ulb.uni-bonn.de/diss_online
http://hss.ulb.uni-bonn.de/diss_online

To my parents.






Contents

1__Introduction|

2

Physics of the Standard Model and Beyond|

2.1 Particles and Their Interactions| . .. ........

|g.2 Constructing the Standard Model Lagrangian| s
2.3~ Timitations of the Standard Model . ........

2.4 The Minimal Supersymmetric Extension of the Standard Model| . . . .. ........ ..

2.5 SUSY Phenomenology at the Large Hadron Collider] . . . . .. ................

2.6 A Closer Look at Tau Leptons| . . . .........
2.7 ~ Supersymmetryatthe LHC|. . . . ... ... ....

The ATLAS Experiment at the Large Hadron Collider|

[3.1 'The Large Hadron Collider{ . . . . . ... ... ...

[3.3  Definition of Physics Objects at ATLAS| . ... ..
[3.4  Simulation, Software and Data Samples|. . . . . . .

Baseline Selection and Background Estimation|

4.1  Object and Event Selection| . . . ... ........
2 Standard Model Background . . . . ... ... ..
{4.3  Studying the SM Background in Control Regions| .
b4 Data-driven Estimate for the Multijets Background|
{4.5  Background Control Distributions| . ... ... ..
[4.6  Chapter Summary| . . .. ...............

Search for SUSY Signals|

[5.1  Separation of Signal and Background| . . . . . . ..
[5.2  Systematic Uncertainties| . . ... ..........
.3 Background Expectation in the Signal Regions| . .
F.4 " Signal Grid Characteristics| . . . ... ........
.5 Observation in the Signal Regions|. . . . . . . . ..
[5.6 Interpretation of the Results| . . . . ... ... ...
[5.7  Chapter Summary| . . .. ...............

Improving the Limits|

[p.1 Background Normalization in Control Regions . .

[6.2 " Signal Region Shape Fif] . . . .. ...........

27
27
30
39
46

53
53
57
61
70
73
75

81
81
93
98
110
116
121
127

129
129
131

135
135
136



|A  Additional Figures|

|A.l__Additional Control Distributionsl . . ... ............. ... ............

A.2 Additional Significance Scans| . . . ... ... oL o

A3~ Validation of the Top Quarks Correction]. . . . .. .. ... .. ...t ..

[A.4 Additional Characteristics of the Signal Grids| . . . . .. ....................

[B_Additional Tables

[B.I Monte Carlo Samples| . . . .. ... ..

|B.2 Signa

| Monte Carlo Samples| . . . ... ... . .. ...

B3 Addiional DUMDETS . . - « « o v e e e e e e

[B.4 Systematic Uncertainties| . . . . ... ... ... .. . . . .

[List of Tables|

Bibliograp

vi

y

139
139
143
151
154

159
159
172
179
179

189

193

195



CHAPTER1

Introduction

“First, there’s the room you can see through the glass - that’s just the same as our drawing room,
only the things go the other way. I can see all of it when I get upon a chair - all but the bit
behind the fireplace. Oh! I do so wish I could see THAT bit!”

—Lewis Carroll, Through the Looking-Glass

Elementary Particle Physics

Since the beginning of the 20th century our understanding of nature has fundamentally changed. Physicists
discovered a variety of subatomic particles and developed a theory to describe the elementary constituents
of all matter as well as three out of the four fundamental forces that cause particles to interact. This theory
is called the Standard Model of particle physics.

On a macroscopic level we only encounter two of the fundamental forces. While the effects of the
gravitational force are obvious to everyone, some consequences of the electromagnetic interaction are more
subtle but very important. Without it, no solid matter could form. All interactions between macroscopic
objects that are not caused by gravity, are the result of the electromagnetic force. The other two forces
can only be observed by performing dedicated experiments. The first one is the strong force which keeps
protons and neutrons bound together in the atomic nucleus. Moreover, it also binds together the nucleons’
basic constituents — the quarks. The second force is the weak force which is responsible e.g. for the beta
decay.

The Standard Model describes all these forces but gravity. This fact alone can serve as motivation to
find a more general theory. However, there are more reasons why physicists are not satisfied with our
current understanding of nature. So far, the Standard Model proved itself to be a tremendously successful
theory. It predicted particles like the Z and W bosons, the top quark and the Higgs boson - all these
particles were eventually discovered in experiments. The Higgs boson was the last missing piece in the
“Standard Model puzzle”. But this theory has its limitations. For instance, it fails to explain the origin of
dark matter. It also does not provide a solution to the hierarchy problem. A theory that describes physics
beyond the Standard Model (BSM) and offers solutions to some of these issues is Supersymmetry (SUSY).

In an effort to find BSM physics a common approach is to investigate particles produced at particle
colliders such as the Large Hadron Collider (LHC). Supersymmetric particles might emerge in these highly
energetic collisions and can be studied by thorough analysis of the events that could contain their decay
products. Due to their large mass, these new particles would appear with a high transverse momentum.
Another characteristic feature of supersymmetric decay chains are particles that interact only weakly.
They cannot be detected directly but lead to an imbalance in the momentum of all visible particles, called
the missing transverse momentum E'. Aiming at event attributes like this enables physicists to select
kinematic regions which are dominantly populated by supersymmetric processes. Any significant excess
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in the event count over the expectation from the Standard Model can then be interpreted as evidence for
new physics.

Supersymmetry offers a large variety of different models with a large parameter space. The choice
of model affects the phenomenology of the theory and as a consequence supersymmetric decays could
manifest themselves in very different ways. Because of this, there are many ongoing searches performed
by different analysis groups at the ATLAS experiment. Each focuses on different final states and uses
specialized selections which are tailored for specific SUSY models. Since the models that are considered
for this thesis feature the appearance of multiple tau leptons, the tau lepton plays the key role for defining
the signature. Furthermore, electrons and muons are considered in the selection as well as jets and missing
transverse momentum.

About this Thesis

This thesis describes a search for supersymmetric particles produced in proton-proton collisions at the
ATLAS experiment at the LHC. It is part of an ongoing combined analysis which incorporates different
final states with tau leptons. Previous results were obtained from 2011 data at a center-of-mass energy of
\/s = 7TeV [1]. The results that are presented in this thesis have been published in [2] and are based on
20 fb™! of \/s = 8 TeV data that were collected in 2012. The final states covered by this thesis include tau
leptons and light leptons (an electron or a muon). Final states containing only tau leptons are covered by
two other analysis channels. Those and previous analyses are described in other PhD theses [3-5].

This document is structured as follows. Chapter 2| provides a condensed description of the Standard
Model and its limitations. As a possible solution to some of the remaining issues of the Standard Model,
Supersymmetry is introduced. Four specific SUSY scenarios are investigated in this thesis. A discussion of
their phenomenology motivates the considered signatures and therefore the event selection. At the end of
the chapter a brief overview of the current status of Supersymmetry is presented.

Chapter [3|focuses on the experimental setup. After an introduction to the Large Hadron Collider,
the ATLAS experiment and its various subdetectors are described in detail. This enables the reader to
understand the identification and reconstruction of physics objects. The last section of this chapter deals
with the simulation and data taking of physics events at ATLAS.

Chapter [4]starts with a motivation and description of the baseline selection of the analysis together with
a refinement of the physics object selection criteria. Given this, the resulting Standard Model processes
which lead to similar final states are studied. The correct description of Standard Model processes in
simulated events is tested and possible deviations are corrected.

To obtain the best separation of signal and background an optimization of the event selection is
performed, which is described at the beginning of chapter[5} The background and signal predictions in
those optimized kinematic regions are then compared to observed data, taking into account uncertainties
of statistical nature and uncertainties arising from limited detector precision or theoretical considerations.
Based on the fact that no significant deviation from the Standard Model prediction is observed, the result
is interpreted in terms of exclusion limits in the parameter spaces of the four investigated SUSY models.

In chapter [6]the possibility for improvement in the exclusion limit setting is explored. In the approach
that is presented here the shapes of kinematic variables rather than the total event counts are exploited
to calculate exclusion limits. The final chapter[7|presents a summary of the analysis and an outlook for
future search efforts.



CHAPTER 2

Physics of the Standard Model and
Beyond

The first chapter of this thesis is dedicated to the motivation behind supersymmetric extensions
(SUSY) to the Standard Model of particle physics.

The first the sections provide a brief overview of the Standard Model an its limita-
tions. This is followed by a descriptions of the basic concepts of supersymmetry (2.4). After
that, the phenomenological aspects of this theory are discussed to motivate the choice of final
states used in the analysis (2.5). The last section of this chapter provides a general overview
about the status of searches for supersymmetric particles at the Large Hadron Collider.

2.1 Particles and Their Interactions

In the search for a fundamental description of processes observed on a macroscopic scale, physicists of the
20th century discovered a set of basic building blocks of all matter. Up to today, these building blocks are
considered to be elementary particles. Together with their interactions they are described by the Standard
Model (SM) of particle physics [[6-9] . An illustration of the Standard Model is displayed in ﬁgure It
will be briefly discussed on an empirical basis in this section.

There are two classes of elementary particles which are those with spin %, called fermions, and those
with integer spin, called bosons. Fermions make up matter, while bosons describe the interactions between
different particles. The matter particles can be further categorized into six flavors of quarks (in red in
figure|2.1)) and six types of leptons (blue), which both come in three generations. All observed ordinary
macroscopic matter is made from first generation fermions. The second and third generation particles
have the same properties as those from the first generation, but larger masses. Of particular interest for this
thesis are the charged lepton from the third generation, the tau lepton, and its corresponding counterparts
from the first and second generation - the electron and the muon. For each fermion an anti-particle
with opposite electrical charge exists. In this thesis usually no distinction is made between particles and
antiparticles. Statements about electrons, muons and tau leptons for example include their respective
antiparticles as well. Finally, each quark comes in three color charges which are called red, green and blue.
Anti-quarks respectively carry anti-color.

Three of the four fundamental forces are described by the Standard Model - the electromagnetic force,
the weak force and the strong force. These fundamental interactions need mediators which are depicted in
green in figure[2.1] The electromagnetic force carrier is the photon, while the strong force is mediated by
the gluon and the weak force by the W and Z bosons. The mediators couple to different groups of particles
and therefore not every particle can interact via every force. The gluon only couples to color-charged
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particles and the photon only to electrically charged particles. The participation of the particles in the
three interactions is indicated by the three layers of gray in figure 2.1}
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Figure 2.1: An illustration of the Standard Model of particle physics with three generations of quarks (red) and
leptons (blue), the force carrying bosons (green) and the Higgs particle. The number in the upper left corner of each
particle is the mass in eV as provided by . The upper right corner shows the electrical charge.

2.2 Constructing the Standard Model Lagrangian

In this section the basic theoretical concepts of the Standard Model [6/-9] are briefly discussed. More
detailed descriptions of the formalism can be found e.g. in [11,12].

The Standard Model is a quantum field theory which describes the motion of particles by the Euler-

Lagrange equation
2 (oL ) L, e
ox, \d(oy/ox,) ) oy '

where v is the field in dependence of x,, and £ is the Lagrangian density.

The Standard Model formalism needs to describe all known particles together with their interactions, be
invariant under Poincaré transformations and be renormalizable. Furthermore, it must be invariant under
local gauge transformations obeying the symmetry given by the group SU(3)c x SU(2)r x U(1)y. Here,
SU(3) describes the strong interaction and SU(2), x U(1)y describes the unification of electromagnetic
and weak interactions. The subscripts denote restrictions of the couplings to particles with color charge
(C), hypercharge (Y) and left-handed fermions (L).

2.2.1 Quantum Electrodynamics

Quantum electrodynamics (QED) describes the interactions of relativistic particles due to the electromag-
netic force. The underlying symmetry group is U(1). The Lagrangian for QED must be invariant under
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the local gauge transformation y(x) — e/*)y(x). The Lagrangian of the Dirac equation is
L = iyy, o — myy, (2.2)

where 0¥ = 9/dx, and y* are the Dirac matrices. To achieve local gauge invariance for the derivative
must be replaced by the covariant derivative

D, =0, -ieA, (2.3)

where the field A u transforms as

Ay —>Ay+laﬂoc(x). (2.4)
e

The introduction of the new gauge field A, represents the photon and requires an additional term in
the Lagrangian which corresponds to the kinetic energy. This term needs to be gauge invariant as well.
With the field strength tensor

Fuv = 3,A, - 9,4, (2.5)

we obtain the full Lagrangian for quantum electrodynamics

_ 1
Laqep = Y(iy*Dy — m)y - ZFWFW (2.6)

2.2.2 Electroweak Unification

A unified description of the electromagnetic and the weak forces was proposed by Glashow, Salam
and Weinberg [6-8] in the 1960s. Experimental evidence for this model was found at the Gargamelle
experiment in 1973 with the observation of weak neutral currents between neutrinos and electrons [13]].
The results could only be explained by a massive, neutral mediator of the observed interaction. This
mediator had been predicted by the electroweak theory. The bosons of the weak theory, W* and Z°, were
eventually discovered at the UA1 and UA2 experiments within the predicted mass ranges in 1983 [14-17].

The weak interaction couples to left-handed particles and right-handed antiparticles. The electromag-
netic interaction is independent of the chirality. Therefore, interactions in the electroweak theory arise
from the SU(2), x U(1)y gauge symmetry, where the SU(2), only affects the isospin of left-handed
fermions and U(1)y transformations conserves the hypercharge. For a lepton-neutrino pair the according
Lagrangian is

_ . 1. - Y
Lew = XLY” (’ay -7 W, - g,EBH) XL

\8}

Y 1. - 1
+ ER)/‘M (1(9“ - g,EBH) eRrR — ZWHV - WH - ZB‘M'VB‘LW> (27)
where y1, = (ve, €), is a left-handed fermion doublet, g, ¢’ are the coupling constants and 7 are the Pauli

spin matrices. The field strength tensors are given by

B*' = 9¥B" - 9"BF, (2.8)
W = oW - 9" W - ge W WY (2.9)
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The charged bosons W+ are described by the fields Wli and W[f by

1
+ _ - 1+ 21472
WM—\/;<W#:FZW#), (2.10)

while the neutral fields W[f and B, mix to generate the physical mass eigenstates
Ay =B, cos Oy + Wﬁ sin By and (2.11)
Zy =—B,sin Oy + W; cos Oy, (2.12)
where mixing is described by the Weinberg angle sin” 6y ~ 0.231 [10]. Here A, corresponds to the photon
and Z,, to the Z° boson.
2.2.3 Electroweak Symmetry Breaking

The symmetry of electroweak theory as described above leaves the gauge bosons and fermions massless.
Adding mass terms to the Lagrangian however, would break the gauge invariance. In the Standard Model
this issue is resolved by introducing the Higgs mechanism of electroweak symmetry breaking [18-20].
Four additional fields are introduced in a isospin doublet with hypercharge Y = 1:

¢F 1 [(d1+id
- - 2] 213
¢ (¢0 V2 \ 3+ idy (213)
This doublet is incorporated into the Lagrangian as

2
- (12470 +1(4'9)"), (2.14)

Vu

Ly =

. Lo Y
(za,, -g7- W, _g,EB”) )

where the second term of the equation is the Higgs potential Vi;. The parameter A is the self-coupling
and bounds the field from below. By choosing a negative mass parameter u? < 0 the resulting potential

2
obtains its minimum at ¢'¢ = _g_A' The two imaginary components ¢, and ¢4 and the real component ¢;

2
can be set to zero. With v* = ¢3 = —£- this leaves:

po = (1 /%v) . (215)

Expanding the ground state by a real scalar field h(x) as

$(x) = % (V . g(x)) (2.16)

results in electroweak symmetry breaking. This leaves the photon massless, but generates masses for W*
and Z°. Furthermore, an additional scalar particle - the Higgs boson H - is created. The resulting masses
of W#, Z° and H are

1 1
my = Vg, my = EV\/gZ +g7? and mp = V2v. (2.17)
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In[2.7/gauge invariance excludes fermionic mass terms. This can also be solved by the introduced Higgs
doublet and the SU(2), x U(1)y invariant Yukawa Lagrangian which for electrons is

£L=-G, (veE)L(ﬁg)eR—GezR(w%") (Ve) . (218)

L

After using for symmetry breaking and gauging away all fields but the neutral Higgs field as done

before, m, = \/“E" can be identified as the mass parameter and the Lagrangian becomes

m
L=-m.ee— —eeh. (2.19)
v

This can be performed similarly for the other leptons and for the quarks as well.

2.2.4 Quantum Chromodynamics

The LHC is a proton collider and therefore the interaction of proton constituents is an important part of
the considered physics. The description of the strong force is formulated in Quantum Chromodynamics
(QCD) [21]. Similarly to the construction of[2.6/the QCD Lagrangian is obtained by requiring local gauge
invariance under transformation of a symmetry group which in this case is SU(3)c.
Eight gauge fields G; are introduced which correspond to eight different gluons. The field tensor is
given by
G = 9,Gi - 3,Gl - gs func GG (2.20)

where f,; are the structure constants of the SU(3)¢ group and g is the coupling constant of the strong
interaction.
With the SU(3)c generators T, that commute as [T, T}, | = i fup. T¢, the Lagrangian is given by

— . — a ]' a
Lacp = q(iy*o, —m) - gs(qy* Taq) G, - ZGWGZV' (2.21)

Since the mediating gluons also carry color charge, they couple to themselves where three and four gluon
vertices are allowed.

QCD features two peculiarities which are a result of the running of the strong coupling constant. The
first one is that even though gluons are massless particles, the reach of the strong force is limited due to
confinement [22]]. It excludes the existence of free colored particles. The self-coupling of gluons results in a
force between separated quarks that increases with the distance between them. These quarks therefore
hadronize either as a quark-antiquark pair (mesons) or to a bound state of three quarks (hadrons) to
form a color-singlet. The second feature is asymptotic freedom [23,24], which expresses the fact that the
strong coupling constant decreases with higher energies. At short length scales therefore, quarks can be
considered quasi-free.

Due to the fact that protons are not elementary particles the theoretical description of proton collisions
at the LHC is rather complicated. Protons are made up from three valence quarks, gluons and sea-quarks
which are virtual quark-antiquark pairs constantly created from the vacuum before disappearing again. A
generic term for these proton constituents is partons. Each parton carries a fraction x; of the total proton
momentum. Therefore, in a proton proton collision two partons with unknown momentum interact with
each other.

The cross-section of a process producing a particle X from a proton proton collision is described by
parton distribution functions (PDF). The PDF f;(x, Q?) gives the probability of finding a parton i with
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momentum fraction x with a momentum transfer Q. The cross-section of the process pp — X is then
given by

O'Pp_,X = Z f dXIdXZf,'(xl, Qz)fj(XZ, Qz)OA"ij_,)g (2.22)
1

where ¢ is the partonic cross-section. The parton distribution functions have to be determined experimen-
tally for different values of Q for various processes which are then extrapolated to obtain the description
of the full kinematic range. They are provided for example by the MSTW [25] and CTEQ [26] groups.

2.3 Limitations of the Standard Model

The Standard Model provides a very successful description of particle physics over several orders of
magnitude in energy. However, there are also some fundamental issues with this theory. In this section
three of these issues are discussed: the hierarchy problem, dark matter and the unification of forces. These
issues are the motivation for ongoing searches for physics beyond the Standard Model.

2.3.1 The Hierarchy Problem

The Higgs mass as given in undergoes loop corrections from every particle that couples to the Higgs
field. Figure[2.2shows example contributions from a fermionic and a bosonic loop. With the Yukawa
coupling —~A¢Hf f for fermions the loop in ﬁgureresults in a correction [_27]]

A 2
Am?, = —%A%ﬂ, +o (2.23)
where Ayy represents the ultraviolet cut-off scale energy above which the SM does not give a correct
description anymore. In the absence of new physics a natural choice for this cut-oft would be the Planck
scale Mp ~ 2.43 x 10'® GeV. It describes the energy where the gravitational force becomes so strong that
it needs to be considered too. As a consequence however, the mass correction would be 30 orders of
magnitude higher than the required value of m at the electroweak scale.

(a) Fermionic loop. (b) Bosonic loop.

Figure 2.2: Loop correction to the Higgs mass for scalar particles S and fermions f

To solve this problem within the SM formalism the parameter m?; would have to be fine-tuned by

introducing canceling terms in the Lagrangian. However, this fine-tuning would have to correct the mass
over 17 orders of magnitude which does not satisfy the demand for an elegant theoretical model. This flaw
in the Standard Model is also called the hierarchy problem [28-30].
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A more natural way to obtain the needed cancellation of correction terms is the introduction of a new
symmetry. Considering the bosonic loop in figure[2.2b]yields another correction which is given by
As Auv
Amzz—[Az —2m21n(—)+...]. 2.24
162 |~ S mg (2.24)
Comparing this correction to the fermionic one from[2.23} it is apparent that a symmetry between fermions
and bosons would qualify to introduce such a cancellation due to the relative minus sign between the two
different loop corrections [27]].

2.3.2 Dark Matter

Astrophysical observations suggest the existence of a so far undiscovered type of matter which interacts
gravitationally with visible matter, but is invisible for direct observation itself. Evidence can be found
by studying the kinetic properties of galaxy clusters and the rotation curves of galaxies [31-33]]. The
measurements indicate that the total mass in these galaxies and clusters does not match the mass from
visible stars and interstellar gas. The difference is widely considered to be due to unknown elementary
particles that do not couple to the electromagnetic or the strong force, but only interact weakly and
gravitationally.

Recent measurements by the Planck satellite [34] of temperature fluctuations in the cosmic microwave
background indicate that the universe is made up from 69 % dark energy and 26 % dark matter. The
baryonic matter contributes only 5 %.

2.3.3 Unification of the Forces

Motivated by the unified description of the electromagnetic and the weak interactions, theorists are
searching for a theory that describes all forces of nature in a single model - a Theory of Everything (TOE).
Another step towards a TOE would be the description of electromagnetic, weak and strong force in a
so-called Grand Unified Theory (GUT).

Such a theory would embed the SU(3)¢ x SU(2), x U(1)y Standard Model symmetry in a more
generalized symmetry such as SU(5). For this however, the gauge couplings of the three forces should
unite to a single one at an energy scale of Agyr ~ 10'® GeV. Although the couplings do in fact reach
similar values they never converge completely in the Standard Model. The introduction of new particles
could influence the running of the gauge couplings in such a way that it results in a unification of forces.

2.4 The Minimal Supersymmetric Extension of the Standard Model

Theorists have developed a variety of models of physics beyond the Standard Model which could solve
some of the problems discussed in the previous section. One of the most promising among those theories
is supersymmetry (SUSY) [27, 35H37]. This section provides a brief introduction to the fundamental
concepts of supersymmetry. An in-depth overview of this theory is outside of the scope of this thesis and
can be found in the cited literature.

2.4.1 Fundamentals of Supersymmetry

As discussed above, a symmetry between bosons and fermions would provide an elegant solution to the
hierarchy problem. SUSY imposes such a symmetry by introducing a superpartner for each Standard
Model particle. This supersymmetric partner shares the same quantum numbers apart from the spin,
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particles bosons fermions  SU(3)c SU2)L U(l)y
chiral supermultiplets spin 0 spin Y
squarks, quarks Q (iig,dr)  (ur,dp) 3 2 13
(three generations) il up = ﬁIT{ iy = (ur)¢ 3 1 —4/3
62 dL = JIT{ dL = (dR)C 3 1 2/3
sleptons, leptons L (¥, éL) (vi,eL) 1 2 -1
(three generations) e e = é{ eL=(er)" 1 1 2
higgs, higgsinos H, (Hf,HY) (H{,H) 1 2 1
Hy (H}.Hy) (Hy,Hy) 1 2 -1
gauge supermultiplets spin 1 spin Y
gluinos, gluons g g 1 0
winos, W bosons wE wo  w= wo 0
bino, B boson B B 1 1 0

Table 2.1: Chiral and gauge supermultiplets of the Minimal Supersymmetric Standard Model (adapted from [36]).

which differs by half a unit. That way, each SM fermion corresponds to a supersymmetric boson and each
SM boson corresponds to a supersymmetric fermion.

The Coleman-Mandula theorem [38] states that the only possible symmetries of the S-matrix are the
ones that are generated by the generators of the Poincaré group P, and M, and additional internal
symmetries [39]. However, this is only valid for bosonic generators. Haag, Lopuszanski and Sohnius
showed that spinor operators allow for a different set of symmetries [40]. Such a supersymmetric spinor
operator Q transforms a fermionic state into a bosonic one and the other way around:

Q|fermion) = [boson), Q|boson) = |fermion). (2.25)

The supersymmetric algebra in its simplest form satisfies a set of (anti)-commutator equations [36]

{Qa Qp} = 2(y" ) apPus (2.26)
{Qa» Qp} = {Qa> Qp} = 0, (2.27)
[P¥, Q4] = [Py, Qu] = 0. (2.28)

Fermionic and bosonic fields are placed in supermultiplets. The minimal supersymmetric extension of the
Standard Model (MSSM) adds just one additional field for every known SM particle. Each supermultiplet
contains both bosons and fermions as listed in table[2.]} The chiral or matter supermultiplet contains the
SM fermions in form of two-component Weyl-Spinors together with an complex scalar field. The gauge
supermultiplets contains spin-1 vector bosons and their superpartners, spin % chiral fermions.

Combinations of the operators Q and Q transform one member of a supermultiplet into another
one up to space-time translations and rotations. Due to the fact that these operators commute with the
squared-mass operator —P? which itself commutes with space-time translations and rotations, fields in one
supermultiplet should have the same eigenvalue of —P?. The masses of particles from one supermultiplet
should therefore be of equal mass. Furthermore, Q and Q also commute with the gauge transformation
generators. This means also charge, the weak isospin and color of the superpartners must be the same [27]].

10
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In common notation supersymmetric partners of SM particles are labelled with a tilde (~) above the
normal symbol. The spin-0 partners of fermions are named by adding the character s in front of their
normal names. The general names are therefore squarks and sleptons. As described in [27]], the right-
and left-handed parts of fermions can only behave differently under gauge transformations in the chiral
supermultiplets. For that reason, the fermionic members of the chiral multiplet must be the Standard
Model fermions. Due to the fact that the left-handed and right-handed parts of the charged fermions
transform differently they also have to have their own scalar superpartner. These are indicated by the
subscript R and L in table 2.] which refers to the helicity of their SM partner particle. Since neutrinos are
left-handed, there is only one superpartner for each flavor.

With spin 0 the Higgs scalar belongs to the chiral supermultiplet. However, the fermionic superpartner
of the Higgs causes a gauge anomaly which does not cancel out. This is solved by introducing a second
Higgs supermultiplet with opposite quantum numbers. Furthermore, a single Higgs doublet would not be
able to give mass to both up- and down-type quarks. The two Higgs doublets are therefore (H;, H?) and
(HY, Hy) which couple to up-type (down-type) quarks, respectively [27].

The fermionic superpartners of SM bosons are generally referred to as gauginos. They are characterized
by the suffix ino in their names. The superpartners of gluons are the gluinos (), the ones of the SU(2)1,
gauge bosons are winos W; and the partner of the U(1) gauge field is the bino (B).

The SU(3)¢ x SU(2)L x U(1)y invariant superpotential of the MSSM is given by [36]
W = yJi;Q;- Hy — y1d;iQj- Hy — y/&L;- Hy + uH, - Hy. (2.29)

Hy, Hg, Qj, Lj, i, d; and ¢é; are the chiral superfields which correspond to the chiral supermultiplets in
table 2.1l The superpotential contains the Yukawa interactions of the fermions with the Higgs boson, given
by the 3 x 3 matrices y,/, y;] and y,/. The last term gives the mass terms for the Higgs boson.

2.4.2 Broken Supersymmetry

As discussed earlier, supersymmetric particles should have the exact same mass as their SM partners
if SUSY was an exact symmetry. This obviously means that a light and charged particle like the scalar
superpartner of the electron would have been already observed in many experiments. But since this is
not the case, supersymmetry must be broken. For this, a mechanism is needed which causes the SUSY
particles to have higher masses than their SM partners. The breaking should happen spontaneously which
means the Lagrangian must be invariant unter supersymmetric transformations, while the vacuum state
is not [27].

There is a variety of models with different possible mechanisms to extend the MSSM with this sponta-
neous symmetry breaking. The ones that are relevant for this thesis are discussed in sections[2.5.2]to
However, since the true origin of the breaking is not known, the MSSM includes it as explicit breaking
terms in the Lagrangian. As described in [27], the cancellation of quadratic mass divergences in the
hierarchy problem can be preserved by considering a soft symmetry breaking. This means the MSSM
Lagrangian is of the form

L= £SUSY + 'Csoft) (2-30)

where all gauge and Yukawa interactions are contained in Lgysy while L. breaks supersymmetry but
only contains mass terms and coupling parameters of positive mass. The Lagrangian including all soft
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Chapter 2 Physics of the Standard Model and Beyond

SUSY breaking terms is given by [36]

1 ~ o~ ~
Looft = — 3 (Ms3§®-§° + MoW®- W* + MiB- B+ h.c.) (2.31)
2 3.0 2 =t = 2 gt 3
B méz‘jQi Q- mgiULivLj — mjijdLidLj (2.32)
2 7t 7T 2 =t o=
- mfijLi “Lj- m;ep;eLj (2.33)
- my, Hy - H, — my HY - Hy - (bH, - Hy + h.c.) (2.34)
- a;jﬁuaj -H, + a;jcguaj . Hd + aijéufj . Hd + h.c. (2.35)

InM3, M, and M, are the gaugino mass terms (gluino, wino and bino), where the index a runs from
1to 8 in the gluino term and from 1 to 3 in the wino term. contains the squark mass terms, [2.33the
slepton mass terms and [2.34]the higgs mass terms. Finally,[2.35]are the trilinear couplings. The indices i
and j run from 1 to 3 in each case.

By this approach more than 100 additional free parameters are introduced to describe all the masses
and couplings [41]]. There are some constraints, like experimental results on CP and lepton flavor violating
processes which would arise by some of these parameters [42]. But the resulting parameter space is still
huge. Theoretical models that describe the origin of the symmetry breaking reduce the number of free
parameters to a reasonable amount, enabling experimentalists to search for well-defined signatures as

described in section

2.4.3 R-Parity

The superpotential given in describes the minimal supersymmetric extension of the Standard Model.
However, there is a possibility to include additional gauge-invariant and renormalizable terms into the
superpotential which are [36]

Wiara = ALy - Ligg + AL - Qjdy + el Li - H,, (2.36)

and L
Wiapor = A3 it;d;dy. (2.37)

However, the terms in[2.36] violate lepton number conservation and those in[2.37)violate baryon number
conservation since the superfields carry baryon number B = 1/3 for Q;, B = —1/3 for i1, d and lepton number
L =1for L;, L = —1for é. Such processes are not observed in nature. The presence of the couplings A; and
Ap for example allows the decay of a proton into a positron and a neutral pion. This conflicts with the
observed life-time of a proton of 2.1 x 10%° years [10].

In order to avoid this problem, the lepton and baryon number violating terms are ruled out by intro-
ducing a symmetry, namely the conservation of R parity [43], which is defined by

R = (—1)3B+L+328, (2.38)

Here, S is the spin of the particle. All SM particles have R = +1 while their supersymmetric partners carry
R = —1. This forbids the mentioned couplings which would allow a proton to decay. It has also other
crucial consequences which affect the phenomenology of the theory.

Since R = -1 holds for supersymmetric particles, they can only be produced in pairs from Standard
Model particles. Furthermore, a sparticle cannot decay into SM particles only. At the end of each SUSY
decay chain there must be therefore the lightest supersymmetric particle (LSP) which will be stable. The
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Figure 2.3: Running of the inverse gauge couplings «,'(Q) in the Standard Model (dashed lines) and the MSSM
(solid lines) [27].

LSP can only interact weakly with normal matter because it would have been already observed otherwise.
Hence, the LSP is a good candidate for dark matter as described in section

2.4.4 Gauge Couplings in the MSSM

In section [2.3.3|the possibility for a more general description of the Standard Model symmetries in form
of a GUT model was mentioned. The required convergence of the three SM gauge couplings which
is not featured within the Standard Model can be obtained due to the additional particle fields in the
MSSM [44+-47].

The couplings a;, a; and a3 are related to the gauge couplings g, ¢’ and gg by
g _& 58 _af

a = =, o and o = === 2.39
e *Tan L (239)
The dependence of the couplings on the momentum scale is then described by the one-loop order renor-

malization group equation (RGE) [27]

d -1 bi
—a; )= —, 2.40
dt (a’ ) 2 (240)

where ¢ = In(Q) and Q is the running energy scale. The coefficients b; are determined by the gauge group:

40, -6, -7) SM
(b1, by, b3) = {( fio- =, =7) (2.41)
(33)5,1,-3) MSSM.
Integrating gives a linear dependence of the inverse couplings ;" on In Q:
bi
;' (Q) =0621(Qo)+—1n(g), (2.42)
2m QO

which is displayed in ﬁgurefor the Standard Model (dashed lines) and the MSSM (solid lines). The
couplings become equal in the case of the MSSM at the scale

Q = my ~ 10" GeV. (2.43)
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Figure 2.4: RG evolution of scalar and gaugino mass parameters in a mSugra model [27].

It can be assumed that the masses of SUSY fermions and bosons also unify at the GUT scale to mass
values called m,;, and my:

M3 = My = My = my,, (2.44)
2 .2 _ 2 _ 2 _ 2 _ 2
ma—mﬁ—m(;—mi—mé—mol. (2.45)

Here, 1 is the unit matrix in family space. Using the one-loop RGE for the gaugino mass parameters [36]
and one can show that the ratio M«/g? is constant. Assuming the mass unification at the GUT scale, it
follows that
My My My
& & & %
is valid at any RG scale. Using[2.39} the Weinberg angle 0y and the measured values for agy and «; at the
mass scale of the Z [10, /48], one can derive

(2.46)

Mi(my) = S1012) 0p iy = 2 tan? 0y (imy )My (mg) = 0.5Ma(my)  and (2.47)
0(2(7?’12) 3
)
Ma(mg) = B2 pp Gy 2 SOWEMZ) My () 3.5Mo (), (2.48)
ay(my) apm(mz)

which results in the following relation between the three gaugino mass parameters
M3(mZ)3M2(Mz)3M1(mZ)%7:2:1. (2.49)

This implies that the gluino should be heavier than the particles from the electroweak sector. The depen-
dence of the masses on the renormalization scale is displayed in figure[2.4|for the gaugino mass parameters
as well as squarks, sleptons and the Higgs mass parameters in an example from a mSugra model.

2.4.5 Neutralinos and Charginos

In section a set of four higgsinos and four electroweak gauginos was introduced. Electroweak
symmetry breaking causes these fields to mix. The two neutral higgsinos H{ and Hj mix with the bino B
and the neutral wino W to four neutral mass eigenstates which are called neutralinos. They are denoted

14



2.4 The Minimal Supersymmetric Extension of the Standard Model

by #°(i =1,2,3,4). The charged higgsinos H and H; combine with the two charged winos W+ and W~
to two charged mass eigenstates called charginos which are denoted by f7,.

In gauge-eigenstate basis y° = (E, WO, HS, ﬁg) the mass term of the Lagrangian which describes the
neutralino fields is [27]]

1
Loy =-=W) "My’ +he, (2.50)
X 2 X
where the mass matrix is given by
M; 0 —CpSwmy  SpSwimy
M _

M)Zo _ 0 P cpewmiy spewim; ’ (2.51)

—Ccgswimz  cpcwmg 0 —Y

spswiy  —SgCwi, —U 0

with ¢g = cos B, sg = sin 8, cw = cos 0w, sw = sin Oy M; and M, are the gaugino mass parameters and
—u describe the supersymmetric higgsino mass terms. The mass eigenstates of the neutralinos are obtained
by diagonalization. Given[2.47)is valid, the neutralino mixing would depend on only three parameters.
The lightest neutralino ! is the LSP in many models and therefore a candidate for dark matter [49}|50].
For my << |u + M|, |u + M|, the neutralino mass eigenstates become a bino-like ), a wino-like {5 and
higgsino-like {3, 79

Equivalently, in the gauge-eigenstate basis (W*, H;, W, Hy ) the chargino mass part of the Lagrangian
is given by [27]

1
gmxi = —E(I//i)TMXiI//i +h.c., (2.52)
where - 3
s 0 X . _ M, 25/5mw
Mj: = (X 0 ) with X = (\/Ecﬁmw u ) (2.53)

From this the mass eigenstates can be calculated as shown in [36]]. They are given by

2

m.,+ 1 2 .

(Imxllz) =3 ((M% + |l + Zm%,v) F \/(M% +|ul> +2m3,)" - 4luM, — m?, sm2/3|2) . (2.54)
X2

Similar to the neutralinos, for my << |y + M|, |4 + M;| the mass mixing results in a wino-like §;" and a
higgsino-like §5.

2.4.6 Sfermion Mass Mixing

Mass mixing can in principle occur between any scalar particles that share the same electric charge, color
charge and R-parity. Via the the SUSY breaking parameters in [2.33} [2.32| and [2.35| this mixing would
be allowed across families. In this case, the masses are obtained by diagonalization of a 6 x 6 matrix
for up-type quarks (i), (¢r), (L), (éir), (ér), (fr ), down-type quarks (dy), (51), (b1.), (dr), (8r), (br)
and charged sleptons (éL), (fiL), (L), (ér), (fir), (7r), and a 3 x 3 matrix for sneutrinos. However, most
of these mixings must be very small due to experimental constraints on flavor changing processes. Because
of the large Yukawa couplings and the very different masses of the third family compared to the first and
second one, mixing is expected to be only significant in the pairs (., fr), (br, br), (71, Tr ). The first and
second family sfermions have negligible Yukawa couplings and appear in unmixed pairs. This prevents
the otherwise large contributions to flavor-changing processes from virtual sparticles.
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Chapter 2 Physics of the Standard Model and Beyond

Considering the mixing that occurs for the third family the (mass)? terms for 7, b and 7 in the Lagrangian
are written as [27]

G
—(f, FHymz | 2], (2.55)
(fL fR) f(fR)
where M; for tau e.g. leptons is
2 2
M2 - my o+ mi+ Ay mTZ(AO —zytan/}) (2.56)
me(Ag—ptanf)  mip +mi+ Agy,
with
s = (~L +sin?0 2 d = L2 gy m2
a=\"3 sin® Oy | m7 cos 28 an Asy = gsm wmy cos2f. (2.57)

Diagonalizing the matrix M2 leads to two mass eigenstates 7; and 7,. The value of tan 3 defines the
magnitude of the mixing in the stau sector. If tan f is relatively small, mixing effects will not be very
large, leaving the mass eigenstates relatively close to the gauge eigenstates. For larger values of tan f3
however the mixing becomes more significant. In this case the mass eigenstates can become much lighter
than their counterparts from the other two families. This means the 7; becomes the lightest slepton [36].
Assuming staus are the lightest sleptons has the consequence that they are frequently found in the decays
of neutralinos and charginos. As a result tau-rich final states are expected in these scenarios, which are
the focus of this thesis.

2.5 SUSY Phenomenology at the Large Hadron Collider

Where the previous sections laid the theoretical foundation to motivate searches for supersymmetric
particles, this section focuses on their appearance in the experiment. The first part covers the production
of sparticles from proton collisions. After that, the particular SUSY models that are relevant for this thesis
are discussed. The decay chains of supersymmetric particles in these models define the signatures which
motivate the event selection of the analysis described in chapter 5|

2.5.1 Production of Sparticles in Proton-Proton Collisions

Supersymmetric particles are potentially produced by the proton-proton collisions at the Large Hadron
Collider. As it was discussed in section 2.4.3} the conservation of R-parity imposes the SUSY particles
to be created in pairs. As a consequence, the s-channel contributions to the production processes must
be mediated by Standard Model particles, while in the ¢- and u-channel the interaction takes place via a
squark or a gluino. In the final state of all processes there must be an even number of supersymmetric
particles.

Emerging from the interaction of two partons, gluon-gluon fusion and gluon-quark fusion producing
squarks and gluinos are the dominating processes:

88~ 88.4i4; (2.58)
g4~ §di. (2.59)

The contributing Feynman diagrams are displayed in figures to[2.5q} However, also quark-antiquark
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Figure 2.5: Feynman diagrams of gluino and squark production quark-antiquark annihilation, quark-quark, quark-
gluon fusion and gluon-gluon fusion (adapted from [27]).
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annihilation and quark-quark scattering are possible production modes:

qq9 ~ 8§ 4i4; (2.60)
qq9 = £4i. (2.61)

The according Feynman diagrams for the various processes are displayed in figures to These
types of processes are referred to as strong production. Another possibility for sparticle production are the
electroweak processes resulting in the emergence of sleptons, charginos and neutralinos:

+

94~ 1 Kj» i K> ud > ¥ 7> dic > ¥ 7> (2.62)
aq — €/ &5, v, ud — & v, dii — &7}, (2.63)
The according Feynman diagrams are depicted in figure[2.6] Via s-channel diagrams sleptons, charginos
and neutralinos can be produced through one of the SM mediators of the electroweak force. In the ¢-
and u-channel diagrams neutralinos and charginos are produced via squark exchange. These electroweak
production processes are less relevant than those from strong production. They become important in
SUSY scenarios where the masses of squarks and gluinos are too large to be produced at the given energy

level.
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Figure 2.6: Feynman diagram for electroweak production of SUSY particles (adapted from [27]).
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2.5.2 Gauge Mediated Supersymmetry Breaking

In section it was mentioned that there is a variety of possible SUSY breaking mechanisms. One
scenario is Gauge Mediated Supersymmetry Breaking (GMSB) [51-55]. As indicated by the name, here the
gauge interactions are the reason for soft supersymmetry breaking. In this model so-called messenger fields
are introduced. They are left-handed chiral supermultiplets g, G, ¢, £ that couple to the supersymmetry
breaking which happens in a hidden regime. The content of these supermultiplets are messenger quarks
¥q» V5, scalar quarks g, §, messenger leptons y, ¥ and scalar leptons ¢, . They couple to a gauge-singlet
chiral supermultiplet S via a superpotential [27]

Winess = ;VszE + )’3Sqq; (2.64)

where the scalar component S and its auxiliary F-term have non-zero vacuum expectation values (S) and
(Fs) which generates mass terms for fermions and scalars in the Lagrangian. The squared mass eigenvalues
are

2]

¢, e: m%ermions = |y2< >|2’ mscalars = |)’2(S>|2 + |)’2<FS>|’ (2‘65)
q9 m%ermions = ‘y3<s>‘2’ m?calars = ’y3<S)|2 + ’y2<FS>‘ (2.66)

The breaking of supersymmetry happens for (Fs) # 0 and is communicated to the MSSM sparticles
through loop diagrams. The Feynman diagram depicted in figure[2.7)shows the one-loop contributions
from which the gauginos in the MSSM obtain their masses. The scalar particles obtain their masses from
two-loop diagrams.

(Fs)

- X~
- ~

B,W,§ Y.

{S)

Figure 2.7: Feynman diagram depicting one-loop contributions to the MSSM gaugino masses in GMSB via virtual
messenger particles.

The phenomenology of GMSB is determined by the end of the decay chain where the next-to-lightest
supersymmetric particle (NLSP) decays into the LSP. In GMSB the LSP is the gravitino, which is the
superpartner of the gravitorﬂ

There are six parameters that fully describe the GMSB model and further define the phenomenology.
These parameters are listed below.

o (S): The mass scale of the messenger fields.
o A: The SUSY breaking scale, given by the ratio A = (Fs)/(S).

« tan 3: The ratio of the vacuum expectation values of the two Higgs doublets.

o Ns: The number of messenger fields.

! The graviton is the mediator of the gravitational force. While this particle is not included in the SM, some supersymmetric
models include gravity by imposing local supersymmetry (see section 7.5 in [27]).
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Figure 2.8: Next-to-leading order cross—section and average number of true tau leptons with pr > 20 GeV for
GMSB with the model parameter values used in this thesis [56].

o Cgz: The mass scale factor for the gravitino determines the life-time of the NLSP.

o sgn(u): The sign of the Higgs mass parameter.

The parameters A and N5 determine the mass spectrum. Both the scalar and gaugino masses are pro-
portional to A. Gaugino masses also scale proportional to Ns. The scalar masses however depend on
V/N5. This means that for larger N5 the gaugino masses become heavier than the sfermion masses. While
the NLSP is the neutralino for N5 = 1, it changes to the lightest sfermion (a slepton) for larger Ns. As
discussed in section [2.4.6]the 7; is the lightest slepton for high tan f. In this case and with N5 = 3 the end
of the decay chain is characterized by

| > 1G, (2.67)

where G denotes the gravitino.

Four of the mentioned six parameters are set to fixed values when considering this model for this thesis.
The first one is N5 = 3 to obtain a tau-rich model as described above. Furthermore, the parameter (S) is
required to be sufficiently large to ensure that the mass scale of the hidden sector is out of the experimental
reach. The mass scale factor of the gravitino Cz should not be too large because the NLSP otherwise
becomes a long-lived particle. The last fixed parameter is sgn( ) which does not have a big impact on the
appearance of supersymmetry at the considered energy scale.

This leaves two parameters free, which are A and tan 3. They are varied in the range of A = 40 -110 TeV
and tan § = 2 - 62, while the other parameters are

N5 =3, (S) =250TeV, Cz=1, sgn(p) = +1. (2.68)

Figure[2.8a]shows the next-to-leading order production cross-section in dependence of A and tan f8.
With increasing A the masses of the sparticles get larger which causes the cross-section to decrease. The
average number of tau leptons in the final state for various points in the parameter space is shown in
figure[2.8a] Figure[2.8b|displays the average number of true tau leptons in the same parameter space where
the dependence on tan § becomes clear.

20



2.5 SUSY Phenomenology at the Large Hadron Collider

2.5.3 Natural Gauge Mediation

The discovery of the Higgs boson with a mass of my = 125 GeV [57, 58| put some pressure on the GMSB
model. The found mass value seems to be to high to be easily incorporated into this theory. Within the
GMSB model the maximal mass of the lightest Higgs can only reach up to 121.5 GeV [59]]. However, there
are possibilities to explain a higher Higgs mass, for example by introducing additional vector-like matter
supermultiplets as explained in [60]. But gauge mediated breaking mechanisms can also be modified
in such a way that they are compatible with the observed Higgs mass. These scenarios are referred to as
natural gauge mediation (nGM) [61]].

In nGM the fine tuning of the Higgs sector is minimized while keeping the features of the gauge
mediated supersymmetry breaking mechanisms. The masses of the involved particles are treated such that
the Higgs mass can be fixed at 125 GeV. The gaugino, the stop and the Higgsino masses must be relatively
light. The other particles do not have a big impact on the fine tuning in the Higgs sector and can remain
decoupled. For the scenario that is investigated in this thesis the stau is required to be the NLSP. With
the gravitino still being the LSP, the end of the decay chain is analogous to the one in GMSB as depicted
in[2.67] Free parameters are m; and m;, while

Ag=0, p =400 GeV, mo = 2.5TeV and M; = M, =250 TeV (2.69)

are fixed parameters. A more detailed description of this scenario can be found in [61].

2.5.4 Gravity Mediated Supersymmetry Breaking

The interaction between the hidden sector and the MSSM can also be communicated by the gravitational
force. The according theory is referred to as supergravity [62-69]. One of the most commonly considered
models which describes supersymmetry breaking is minimal supergravity (mSugra) [70-75].

This model is constrained by the unification of gaugino and scalar masses at the GUT scale as described
earlier in section 2.4.4|and displayed in figure[2.4] Furthermore, all trilinear couplings are at the GUT
scale equal to the parameter A(. The model is then reduced to only five free parameters. For this analysis
mSugra is considered in the parameter space of mo and m,;, while the fixed parameters are

tan § = 30 Ay = -2my and sgn(p) = +1. (2.70)

One advantage over the previously described GMSB model is that mSugra allows for a light Higgs mass
which is compatible with the discovery made at the LHC. The set of fixed parameters are chosen in such a
way that they incorporate a Higgs mass of 125 GeV for a large part of the parameter space. For low m, and
large m,, the 7; becomes the LSP as it is indicated by the black hatched area in ﬁgure This possibility
can be excluded however assuming that R-parity is conserved. Since the LSP is only allowed to interact
weakly under this assumption, the 7; is not a suitable candidate. The LSP in the considered parameter
space of the mSugra scenario is the 7. For some combinations of m, /2 and mq the NLSP is again the stau
which means the end of the decay chains predominantly becomes

71— i), (2.71)

Further constraints on the model come from measurements of the branching fractions of the rare
Bs — pp decay [77] and the radiative decay b — sy [78]]. The first disfavors regions with small m, and
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Figure 2.9: Experimental constraints on the mSugra in the parameter space of m, and m;, (adapted from [76]).

small m, ,, while the latter excludes a region in low m,),. In ﬁgurethese regions are indicated by a red
line and a hatched red area respectively.

2.5.5 R-Parity Violating mSUGRA

In section the conservation of R-parity was motivated. However, R-parity does not necessarily have
to be an exact symmetry. It can be spontaneously broken at higher energy scales. A theory in which this
is the case is bilinear R-parity violation (bRPV) [79-81]]. Starting off with a mSugra model, the bilinear
third term in is included in the superpotential by itself to violate the lepton number while the baryon
number is conserved:

Worpv = Wamssm + & LiH,y,. (2.72)

The soft term breaking Lagrangian must then be extended by
Lyrpv = Lot — BeiLiHy, (2.73)

where B is the bilinear soft mass parameter. By introducing these additional terms, a mixing between
neutralinos and neutrinos is generated. As a consequence, the neutrinos acquire mass. This fact can be
used to constrain the new model parameters by existing mixing and mass measurements [80]. The other
mSugra parameters remain the same and the model is investigated in the same parameter space of m, and
my /2

The most striking phenomenological consequence of R-parity violation is the fact that the LSP is no
longer stable, but instead decays into Standard Model particles. There are several possible decay modes
including direct decays into leptons and decays into leptons via intermediate state. This can be a gauge
bosons or a scalar. With the neutralino being the LSP the interesting decay chains for this thesis are:

W vrtr and i) - ver. (2.74)

With the rest of the mSugra decay chain remaining unchanged, there are many possibilities for final states
including multiple tau and light leptons.
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Figure 2.10: Feynman diagram showing an exemplary decay chain in the GMSB model.

2.5.6 SUSY Signatures

The occurrence of sparticles within the considered SUSY models results in unique signatures which can
be searched for in the experiment.

Figure2.10]depicts the Feynman diagram of a possible squark decay chain in the GMSB model which
shall be considered as an example. The analysis described in this thesis aims mainly at strong production
processes due to their dominance at the LHC. In the commonly assumed mass hierarchy gluinos are the
heaviest sparticles, followed by squarks. The gluinos produced in proton-proton collisions can only decay
into a squark and a quark. Squarks decay electroweak into a neutralino or chargino:

g 4q, q- %9 q-xq. (2.75)

In all cases the SM quarks result in high energetic particle jets (compare section[3.3.1). The subsequent
decay chain depends on the mass hierarchy of gauginos and sleptons. As discussed in the previous section
all considered models feature decay chains with tau leptons, which are the linchpin of the signature. Due
to its decay, the tau lepton itself requires a thorough analysis of the final state. This is further described in
sections[2.6land

At the end of the decay chain stands the LSP. In case of the R-parity conserving models this particle only
interacts weakly and will not be detected. It therefore leaves an imbalance in the transverse momentum sum
called the missing transverse momentum E*** (compare section . When R-parity is not conserved
however, the LSP further decays, increasing the number of leptons. The neutrinos that are produced
alongside this decay also result in increased E™S.

To summarize, the signatures of sparticle decays in the considered model has three distinct features

« high energetic particle jets from squark and gluon decays
« large missing transverse momentum E™* from the LSP and/or neutrinos

o the occurrence of tau leptons.

Knowing this, one can adjust an event selection such that mostly final states from possible sparticle decays
are extracted (compare section5.1).
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2.6 A Closer Look at Tau Leptons

As it was described in the last section, the tau lepton is of particular interest for this thesis. The decay
properties of the tau make it unique with respect to identification and reconstruction. This section is
therefore dedicated to deliver some insight into the physics of the tau decay.

With a mass of 1777 MeV the tau lepton is 170 times heavier than the muon and 3500 times heavier
than the electron. While the electron is stable, muon and tau lepton decay via the weak interaction. Due
to the very short mean life-time of the tau lepton of 2.9 x 107 s (at rest), a 20 GeV tau lepton travels just
about 1 mm before it decays. The decay of a 25 GeV muon for comparison only happens after an average
travel distance of 157 km. This means that the tau lepton does not even enter the volume of the tracking
detectors but only its decay products are visible for reconstruction.

The tau lepton always decays into a tau (anti)neutrino and via an intermediate W* boson into two more
fermions. These can be in the case of a leptonic decay (figure[2.11a) a muon or an electron together with
the according lepton number conserving (anti)neutrino. The other basic decay mode of the W results in a
quark antiquark pair (figure[2.11b). Due to the large mass of the tau lepton many combinations of mesons
can appear in the hadronization process of these two quarks.

f’y,e q
W~ w~
- Yy ,e T q
Vr Vr
(a) Leptonic tau decay. (b) Hadronic tau decay.

Figure 2.11: Feynman diagrams of a tau lepton decay

The shares of the main decay modes are displayed in the pie chart in figure The majority of 65 %
leads to hadronic final states. The percentages of the various hadronic modes are given with respect to those
65 %. Most of the these decay modes include one or three charged pions which might be accompanied by
neutral pions. However, also larger numbers of charged pions and decays including K mesons are possible.

The reconstruction of tau leptons can only rely on the decay products. At ATLAS the 35 % of leptonically
decaying tau leptons can not be distinguished from prompt muons or electrons. In the analysis described
in this thesis however, these tau leptons are considered by selecting final states which include light leptons
alongside identifiable tau lepton In the hadronic mode the experimental challenge is to distinguish the
resulting particle jets from those caused by quark and gluon jets (compare section 3.3.1).

The identification method relies on tau jet specific characteristics such as the number of charged particles
or the spread of the object. As illustrated in figure tau jets tend to be confined in a relatively narrow
(signal) cone and must be well separated from quark/gluon jets which usually have a much wider spread.
A detailed description of the tau identification methods at ATLAS follows in section[3.3.6

? This happens under the assumption that in tau-rich final states of supersymmetric decays light leptons are likely to be the
result of a leptonic tau decay.
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(a) Shares of hadronic and leptonic decay modes. (b) Signal and isolation cone for tau reconstruction.

Figure 2.12:shows a summary of the leptonic and most common hadronic T decay modes with the respective
branching fraction and the numbers of charged particles. The leptonic decay modes split almost evenly into muon
and electron decays. All numbers are taken from [10]. [(b)| displays the signal cone for tau reconstruction which
contains the observed decay products. They must be well separated from other objects by the isolation cone.

2.7 Supersymmetry at the LHC

Despite all efforts to find supersymmetric particles in the experiment, no significant signs for SUSY have
been seen so far. In the 2012 \/s = 8 TeV LHC data some deviations from the Standard Model were
observed. Noticeably excesses in data were seen in analyses which focused on supersymmetric particles
in final states with two same-flavor leptons of opposite sign. The analyses targeted two SUSY models
— one that includes the decay Z — £"¢~ and one with 73 — €€ 7. An excess with a significance of
3.0 0 was observed at the ATLAS experiment for Z — e*e” events [82]]. In the search for an kinematic
edge, indicating the second targeted decay chain, a local significance of 2.6 o was observed at the CMS
experiment . Unfortunately, the recently published results for \/s = 13 TeV from the 2015 LHC run did
not increase evidence for physics beyond the Standard Model. The ATLAS data still shows an excess in
Z — £+ events, but the significance has decreased to 2.2 0. The new CMS data is consistent with the
Standard Model expectation for both considered models [84]. There are more examples of promising hints
that have disappeared with the accumulation of more data. At the time of writing this thesis all investigated
kinematic regions in various analyses are in good agreement with the Standard Model expectation.

The non-observation of BSM physics has put supersymmetry under some pressure. The results are used
to constrain the theory and exclude large parts of the parameter space of various models. The analysis
that is described in this thesis are part of this process. Figure[2.13|shows a summary of various searches
for supersymmetry. It lists limits on the masses of SUSY particles for all ongoing and published ATLAS
analyses until March 2016, including the results presented in this thesis.

Constraints from other measurements and cosmological observations which were partly mentioned in
section[2.5/can be used together with the direct searches to perform fits in a global parameter space. From
these fits preferred parameter regions can be extracted. A model that incorporates many constraints from
measured characteristics is the phenomenological MSSM (pMSSM) 86

The Higgs signal at 125 GeV, as observed at the LHC, can be interpreted in the pMSSM in various ways.
As demonstrated in [87], the observed signal provide good fit results both in the case of a light CP-even
Higgs interpretation and in the case of a heavy CP-even Higgs interpretation within the pMSSM. The fits
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Figure 2.13: Summary of various SUSY analyses and their mass reach for exclusion

in both cases provide results that are even slightly better than a SM-only interpretation. Improvements in
the precision measurements of the Higgs boson properties at the LHC and searches for additional Higgs
bosons will help to further constrain the parameter space.
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CHAPTER3

The ATLAS Experiment at the Large
Hadron Collider

The ATLAS experiment is a joint effort of over 3000 scientists from 38 countries around the
world. In this chapter the experimental setup of the detector at the Large Hadron Collider
is described. A brief discussion of the LHC machine is followed by a more detailed
explanation of the various subdetectors of ATLAS (3.2). In the third part of the chapter
the physics objects used in this analysis are defined. The last part of this chapter deals
with simulating the experiment, software and the data samples used for analysis.

3.1 The Large Hadron Collider

Studying physics at the TeV energy scale requires the use of the world’s largest particle accelerator — the
Large Hadron Collider (LHC) [89-92]. Located at CERN, Geneva, near the Swiss-French border, the main
part of the LHC is a proton-proton collider of 27 km circumference. With a center-of-mass energy /s of
up to 14 TeV, it holds the potential to reveal new physics. In its three-year run-time the LHC has been
operated successfully with proton collisions at \/s = 7 TeV (2010-2011) and /s = 8 TeV (2012). Collisions
with lead nuclei are part of the physics program as well. Since these data are not relevant to the content of
this thesis, they shall not be further discussed.

Figure [3.1)shows a schematic view of the complete LHC facility with the main accelerator ring and the
various injectors used for successively increasing the proton beam energy. The protons used for collision
are produced from a hydrogen gas source. Ionized hydrogen atoms are then fed into a chain of subsequent
accelerators. A linear accelerator (Linac 2) increases the beam energy to 50 MeV, corresponding to a
third of the speed of light. Next, the beam is injected into the Proton Synchrotron Booster (PSB) [93],
where it is divided into four packages — one for each of the superimposed rings of the PSB. The kinetic
energy of the protons is raised to 1.4 GeV, which translates to ~92 % of the speed of light. The Proton
Synchrotron (PS) [94] raises the beam energy further to 25 GeV. At this point the protons are approaching
almost the speed of light and the energy increase affects the relativistic momentum rather than the velocity.
The final step in the injector chain is the Super Proton Synchrotron (SPS) [95]], where the energy of the
protons reaches 450 GeV. At this energy, the beam is injected in opposite directions into the two beam
pipes of the LHC, to reach the final energy of up to 7 TeV per beam. The protons are packed into bunches.
When filled, the LHC ring is designed to hold up to 2808 proton bunches, each containing ~10' particles.
Superconductive Radio Frequency (RF) cavities keep the bunches together and accelerate them with an
oscillating electric field of 2 MV at a frequency of 400 MHz [96].
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LINAC

Figure 3.1: Schematic drawing (not to scale) of the Large Hadron Collider (LHC) and all the accelerators used for
providing particle beams at up to a center-of-mass energy of 14 GeV. The chain of pre-accelerators includes a linear
accelerator (LINAC), the Proton Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS). At the interaction points of the proton beams, the four main experiments are located: ATLAS,
CMS, LHCb and ALICE.

Built into the existing tunnel of the old Large Electron-Positron Collider (LEP) 100 m underground,
the LHC had to fit the given geometry of eight straight sections and eight arc sections. In the arc sections
the protons must be forced on a circular trajectory, which can be achieved by using magnets. Particles
with charge g, moving at a velocity ¥ in a magnetic field B encounter the Lorentz force

F =q-[vxB], (3.0)

which always stands perpendicular to the particle’s movement, resulting in a circular trajectory. With
an effective radius r and the kinetic energy Ey;, the centripetal force F = E‘;i“ can be used to express the
required magnetic field as:

Ev:
B- kin ) (3.2)
qvr

At the LHC 1232 dipole magnets of 14.3 m length bend the proton beams on their trajectory. To achieve
this for 7 TeV protons with a velocity v ~ ¢ and the given magnet geometry, a magnetic field strength
of B = 8.33T is needed. Field intensities of this magnitude can only be accomplished by the use of
superconducting magnets. Therefore the coils of dipole magnets are made from Nb-Ti cables that are
operated in superfluid helium at 1.9 K [97,(98]. In total 858 quadrupole magnets are used alongside other
multipole magnets for focusing the beams. At four points in the LHC ring the proton beams are brought
to collision and resulting events are recorded by the four main experiments which are situated at those
interaction points. One event contains several proton interactions. This overlay is also referred to as
pile-up.

The two general purpose detectors ATLAS and CMS are designed to provide data for a
broad variety of physics analyses. This includes precision measurements of the Standard Model as well
as searches for physics that lies beyond it. The ALICE experiment is dedicated to study the strong-
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interaction sector of the Standard Model and the physics of the quark-gluon plasma. At LHCb [102]
precise measurements of CP violation and rare decays of B hadrons are performed. In addition, there are
two smaller experiments: At LHCS [103]] the focus of study are neutral particles that are emitted closely to
the beam direction at the collision point of ATLAS; The TOTEM [104] detector is situated close to CMS
and its purpose is the measurement of the total proton-proton cross-section at LHC.

Next to the center-of-mass energy, the other key parameter to describe the performance of a particle
collider is the instantaneous luminosity L. It defines the number of collisions per second Neyent for a given
Cross-section Geyent:

Nevent = Oevent * L. (33)

To discover rare processes that may occur in physics beyond the Standard Model, high event rates are
crucial and therefore achieving a high luminosity was one of the main goals when designing the LHC. The
instantaneous luminosity can be expressed as:

}"IBNlNz

L=f ,
f A

(3.4)

where np is the number of bunches, N, N, are the numbers of particles in the colliding bunches, f is the
collision frequency and A is the effective area cross-section of the beam [105]]. Expressed in terms of the
commonly used beam parameters ¢ (emittance) and * [106]] this equation reads as:

I’IBNlNz
4ef*

L=f (3.5)
The size of the beam at the interaction point depends on its focusing. As already mentioned the focusing
occurs by the use of multipole magnets. The parameter * measures the distance from the interaction
point to the point where the beam is twice the size as where it is focused. It therefore determines how
strongly the beams are squeezed together.

The performance of the LHC could be optimized in its time of operation such that the total integrated
luminosity in 2012 increased by a factor of four with respect to 2011, resulting in a delivery of L = 23.3fb™".
Of this data, 20.3 fb™! could be used for physics analysis (see section [3.4.4). The accumulation of data
in 2011 and 2012 is shown in figure 3.2} where the delivered luminosity is represented in green and the
recorded data by the ATLAS detector in yellow. Along with a revised run plan in 2012, resulting in more
data-taking time, the peak luminosity could be raised as well, which was achieved by a smaller f* and a
higher number of protons per bunch [107]]. Table3.]summarises some key parameters of the accelarator
operation in the years 2011 and 2012, along with the respective design values. For the second operational

2011 2012 design value

V5 [GeV] 7 8 14
peak luminosity [cm™2s7!] 3.8 x10% 7.7 x 103 10**
delivered int. luminosity [fb™'] 5.6 23.3 80 -120
max. number of bunches 1380 1374 2808
bunch spacing [ns] 50 50 25
protons per bunch (L1-1.5) x 10" (1.1-1.7) x 10" 1.2 x 10"
B* [m] 1-1.5 0.6 0.55

Table 3.1: LHC design parameters compared to the respective numbers in operation [92}/107,[108].
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run of the LHC, which started in 2015, the center-of-mass energy was increased to /s = 13 TeV. With the
higher energy, beam parameters like $* and the bunch intensity must be revised. However, it is planned to
increase the peak luminosity further. A significant step to achieve this, is operating with a bunch spacing
of 25 ns, which was an important goal for the second run [109].

o B l \ \ \ ] o 250 T l \ \ \ \ ]
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% °F [ ATLAS Recorded 1 £ oo~ [JATLAS Recorded —
gk 1 g F 1
g 40 Total Delivered: 5.46 o - g o Total Delivered: 22.8 fb ™' f
= [ Total Recorded: 508 fo" 1 = 15 Total Recorded: 21.3 b 7
e - - °
L 3= — 2 L ]
[ ] o L ]
g r ] g 10 B
£ 2= = £ .
s rC ] s [ ]
e B 3 CO 7
O‘: \ ] ol \ \ | | L]
1/3 1/5 1/7 1/9 1/11 1/4 1/6 1/8 1/10 112
Day in 2011 Day in 2012

Figure 3.2: Integrated luminosity in 2011 (left) and 2012 (right), delivered by LHC (green) and recorded by ATLAS
(yellow) [110]].

3.2 The ATLAS Detector

The ATLAS detector is a general-purpose detector that is situated close to the Meyrin site of the CERN
facilities. It has a size of 44 m in length, 25 m in height and weighs approximately 7000 t. It symmetrically
surrounds the beam pipe of the LHC in a cylindrical design at the point of interaction to cover a solid
angle of almost 471. A schematic view of the whole detector is displayed in figure[3.3] The ATLAS detector
is setup in a commonly used layered structure of subdetectors, which serve different purposes. The central
region in respect to the direction of the beam pipe is called the barrel region. Here, the layers are arranged
cylindrically around the beam axis. The barrel region is joined by a so-called end-cap region to each side,
where the detectors are arranged radially in wheels.

The subdetectors can be categorized by three types. The central detectors are used for measuring
the positions of tracks of charged particles together with their transverse momentum. The latter is
achieved by placing these detectors in the magnetic field of a solenoid. This part of ATLAS is called the
Inner Detector (ID). The Inner Detector and the solenoid magnet are surrounded by an electromagnetic
calorimeter (ECAL) and a hadronic calorimeter (HCAL). They are used to measure the total energy of
electromagnetically interacting particles (ECAL) and hadronically interacting particles (HCAL). The
outermost part of ATLAS are the muon spectrometers, which are within the magnetic field of a toroid
magnet. All various detector components shall be discussed in further detail in the following.

3.2.1 The ATLAS Coordinate System

Before describing the various subdetectors, it is useful to briefly explain the coordinate system. Its origin
is defined as the nominal interaction point. The z-axis runs along the beam direction, while the positive
x-axis points towards the center of the LHC ring and the y-axis points upwards. In the x-y-plane the

radius R = \/x? + y? is used.
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Figure 3.3: Schematic drawing of the ATLAS detector [111].

In this thesis angles are commonly used to refer to coordinates. The azimuthal angle ¢ € [-7, 7]
proceeds around the z-axis in the transverse x-y-plane, while the polar angle 0 € [0, 7] is measured with
respect to the z-axis. For the latter however, it is more convenient to introduce another parameter — the
pseudorapidity #. Defined as

n=—lntan(§), (3.6)

the difference between two pseudorapidities #; and #; is invariant under Lorentz transformation. Since in
hadron collisions the involved quarks and gluons can have large unknown momenta along the z-axis, the
resulting particles occur boosted into that direction. For this reason it is very useful to define a quantity
which is easily transformed. With this, we also define a measure for the distance between two objects in

the angular space of 7 and ¢ as
AR =\/An? + A¢>. (3.7)

The transverse plane of the detector is of particular interest for many aspects of the analysis. This happens
for the same reason pseudorapidity was defined. Since the boost from the initial partons is unknown, only
the projection of the momentum in the transverse plane

pr=1\/P%+ 05 (3.8)

is regarded and referred to as the transverse momentum.

3.2.2 Magnet System

The measurement of the transverse momentum of a charged particle requires deflection within a magnetic
field. The direction of the deflection provides the sign of the particle’s charge. Since the radius of the track
curvature of the particle depends on its momentum for a given magnetic field strength, the momentum
can be determined by measuring this bending radius. At ATLAS, four large superconducting magnetic
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Figure 3.4: Schematic drawing of the ATLAS magnet systems. All magnet coils are displayed in red. Eight barrel
toroid coils and eight toroid end-cap coils for each side are visible. Within this structure lies the calorimeter
surrounding the central solenoid [99].

systems are used to achieve this, as displayed in figure[3.4] A central solenoid provides the field for the
Inner Detector and three toroid systems supply the muon spectrometers.

Solenoid Magnet The central solenoid [112] is 5.8 m long, 2.56 m in diameter and encloses the Inner
Detector. It provides a homogeneous 2 T field parallel to the beam axis. It is designed such that the material
thickness is minimized, which is crucial for the performance of the calorimeter. In total the solenoid
only adds 0.66 radiation lengtlﬂ (Xo) to the material budget. This is achieved by using indirectly cooled,
aluminum-stabilized superconducting coils, which are operated at a nominal temperatur of 4.5 K.

Toroid Magnet The toroid systems [113,114] consist of a barrel section and two parts for the end-caps.
Each of the parts consists of eight coils aligned cylindrically around the calorimeters as displayed in
figure The ATLAS toroid system is a massive structure with a total mass of over 1000 t. The barrel
coils are 25.3 m in length and the complete structure has a diameter of 20.1 m. The end-cap coils have a
length of 5 m with an outer diameter of 10.7 m. These dimensions define the size of the whole detector. The
three toroid systems create magnetic fields of 0.2 - 2.5 T in the barrel part and 0.2 -3.5T in the end-caps.
Within these fields, the muon spectrometers are located.

3.2.3 Tracking at ATLAS

As its name suggests, the Inner Detector [116, 117] is the part of ATLAS closest to the interaction point. It
serves the purpose of a measuring part<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>