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Abstract

Many extensions of the Standard Model of particle physics include heavy coloured particles, such
as the gluinos and squarks predicted in Supersymmetry, which could be accessible at the Large
Hadron Collider and detected by the ATLAS experiment. Depending on the specific assumptions of
the underlying theoretical model, these supersymmetric particles are assumed to show different
characteristics and decay modes.

Within the R-parity conserving Minimal Supersymmetric Model, gluinos and squarks may decay
promptly into final states with quarks, leptons and substantial missing transverse momentum
EM'SS carried away by the undetected Lightest Supersymmetric Particle (LSP), which is typically the
lightest neutralino )Z(l). A search for such supersymmetric particles targeting fully hadronic final
states containing jets and E?"iss, based on proton-proton collisions at /s = 13 TeV corresponding
to a total integrated luminosity of L=139fb™ !, is presented in this thesis. No significant excess
above the Standard Model was observed and results were interpreted in terms of simplified models
describing gluino and squark production with subsequent direct or cascade decays, extending the
exclusion limits provided by previous ATLAS searches.

Refraining from R-parity conservation gluinos and squarks decay promptly while the neutralino
decays displaced. Varying the strength of the R-parity violating couplings results in a rich spectrum
of simplified models. In Split-SUSY models, gluinos can be metastable massive particles which
hadronise into R-hadrons. A reinterpretation of several searches for promptly decaying super-
symmetric particles in these long-lived scenarios is discussed in this thesis. Exclusion limits are set
on simplified models assuming pair-produced gluinos and stops as well as resonantly produced
stops in scenarios with variable R-parity violating coupling strengths. Additional limits are provided
for a simplified model describing pair produced metastable gluinos.






Zusammenfassung

Viele Erweiterungen des Standardmodells der Teilchenphysik beinhalten schwere Teilchen die eine
Farbladung tragen, wie die in Supersymmetrie vorhergesagten Gluinos und Squarks, welche im
Large Hadron Collider erzeugt und mit dem ATLAS Experiment nachgewiesen werden konnten. In
Abhangigkeit der spezifischen Annahmen des zugrundeliegenden theoretischen Models weisen
diese supersymmetrischen Teilchen verschiedene Charakteristika und Zerfallskanale auf.
Innerhalb des R-Paritatserhaltenden Minimalen Supersymmetrischen Models konnen Gluinos und
Squarks sofort in Endzustande mit Quarks, Leptonen und gro3em fehlendem transversalem Im-
puls E{"iss zerfallen, welcher vom leichtesten supersymmetrischen Teilchen (LSP), typischerweise
das leichteste Neutralino )Z(l), weggetragen wird. Eine Suche nach solchen supersymmetrischen
Teilchen, die auf rein hadronische Endzustande mit Jets und £ abzielt, wird in dieser Dissertation
prasentiert. Der verwendete Datensatz hat eine integrierten Luminositat von L=139 b~ und wurde
in Proton-Proton Kollisionen bei einer Schwerpunktsenergie von 13 TeV aufgenommen. Es wurde
keine signifikante Abweichung von den Vorhersagen des Standard Models gefunden. Daher wurden
die Ergebnisse anhand vereinfachter Modelle interpretiert, welche die Produktion von Gluinos und
Squarks mit anschliessendem direktem oder kaskadischem Zerfall beschreiben. Dabei wurden die
bestehenden Ausschlussbereiche friiherer ATLAS Suchen signifikant erweitert.

Verzichtet man auf die Erhaltung der R-Paritat, zerfallen Gluinos und Squarks prompt, das Neutralino
zerfallt jedoch verzdgert. Durch Variation der R-Paritatsverletzenden Kopplungsstarke ergibt sich
ein breites Spektrum vereinfachter Modelle. Zu verzogerten Zerfallen kommt es auch in Split-SUSY
Modellen, die metastabile Gluinos enthalten die zu R-Hadronen hadronisieren. Eine Reinterpre-
tation mehrerer Suchen nach instantan zerfallenden supersymmetrischen Teilchen im Rahmen
dieser langlebigen Szenarios wird in dieser Dissertation diskutiert. Obere Grenzwerte wurden fir
vereinfachte Modelle mit paarweise produzierten Gluinos und Stops sowie in Resonanz produzierten
Stops mit variabler R-Paritatsverletzender Kopplungsstarke bestimmt. Darliber hinaus wurden
Grenzwerte fir ein vereinfachtes Modell paarweise produzierter metastabiler Gluinos prasentiert.
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1 Introduction

The Standard Model (SM) of particle physics, formulated in the mid of the 20t" century, is one of
the most successful theories in the history of physics. Its predictions have been experimentally
substantiated one by one throughout the last decades with high precision. All elementary particles,
comprised in the SM, were discovered in experiments conducted at higher and higher energies, last
of which was the discovery of the Higgs boson at the Large Hadron Collider (LHC) located at the
CERN research facilities in Switzerland.

Despite this enormous success, the SM leaves many phenomena observed in nature unexplained,
for instance the stabilisation of the Higgs mass, known as “fine-tuning problem”, or the origin of
dark matter, to name only a few. The limitations of the SM gave rise to a plethora of theories,
which try to solve or avoid these deficiencies by extending or replacing the SM theory. One of these
Beyond the Standard Model (BSM) theories is Supersymmetry (SUSY), a generalisation of space-time
symmetries, extending the SM by introducing a new set of particles, linked to the SM particles
via a transformation, which alters their spin quantum number by one half. Regardless of the lack
of experimental evidence for the existence of supersymmetric particles, SUSY is still a popular
candidate for the description of new physics, as it is able to provide solutions for several of the SM
limitations.

The basic idea of SUSY provides a theoretical framework, in which many different supersymmetric
models can be constructed, covering a vast parameter space. These models can be driven by e.g.
experimental constraints or considerations about conditions at very high energy scales, tuning
the respective parameters of the theory and thus varying the phenomenological predictions at
energy scales accessible by current collider experiments. Hence, searches for new physics in the
context of SUSY, as conducted for instance by the ATLAS and CMS collaborations (operating the
two multiple-purpose experiments at the LHC), are always designed with respect to the particular
characteristics of the underlying theoretical model.

In models imposing the conservation of R-parity, a quantum number relating lepton number,
baryon number and spin, the weakly interacting Lightest Supersymmetric Particle (LSP) is stable and
escapes the experiment undetected, thus representing a suitable dark matter candidate. The detector
signatures predicted by such models include quarks and leptons as well as missing transverse
energy E{mss, a consequence of the stability of the LSP. A search targeting squarks (the scalar SUSY
partners of the quarks) and gluinos (the supersymmetric equivalents of the gluons) predicted within
the R-parity conserving Minimal Supersymmetric Model (MSSM), was performed based on data from
proton-proton (pp) collisions recorded with the ATLAS detector during the full Run2 data-taking
period from 2015 to 2018, corresponding to an integrated luminosity of L=139 fb~ 1. This search,
the OL (2-6jets) SUSY analysis, based on final states featuring a large amount of E{"iss, multiple
jets and the absence of leptons, is presented in this thesis, focusing in particular on the techniques
employed to estimate the contribution of multijet background processes.

The majority of SUSY searches, published by the ATLAS collaboration, target supersymmetric
models assuming full R-parity conservation (RPC) or maximal R-parity violation (RPV), resulting in
prompt detector signatures with and without EXM*, respectively. However, many supersymmetric
models predict the existence of long-lived (LL) SUSY particles, decaying non-promptly according
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to their finite lifetime. The metastability of such supersymmetric particles is a consequence of
the suppression of decay channels due to very heavy intermediate particles or due to small R-
parity violating couplings, for instance. Depending on the specific underlying assumptions, detector
signatures predicted in such scenarios can be similar to final states targeted by dedicated RPC or
RPV SUSY searches.

Following these considerations, a reinterpretation of several ATLAS analyses, the so called RPC-
meets-RPV analysis, was performed in the context of RPV models, assuming a variable strength of
the R-parity violating couplings, and a pure RPC model spanning a large energy scale, featuring
LL gluinos due to heavy mediators of gluino decays. The predecessor of the full Run2 OL (2-6jets)
SUSY analysis, based on a data-subset corresponding to an integrated luminosity of L=36.1fb ™"
collected in 2015 and 2016, contributed to this effort. The analysis was slightly modified in order
to increase its sensitivity in such LL scenarios.

One of the major challenges in the RPC-meets-RPV analysis was to assess the impact of the
displacement of jets, created in non-prompt decays, on the jet energy scale and resolution, giving
rise to supplementary systematic uncertainties. The study of these effects and the estimation of the
resulting systematics were the author’s major contributions to the RPC-meets-RPV reinterpretation
effort. The obtained uncertainties were applied in all incorporated analyses and the results of this
study were made public separately.

This document is structured as follows:

An introduction to the SM and its theoretical basics is given in chapter 2, followed by a brief
description of the main concepts of SUSY and a selection of different supersymmetric models as
well as a discussion of the phenomenological implications. The analyses presented in this thesis are
based on the ATLAS experiment at the LHC. The corresponding experimental setup is explained in
chapter 3, while chapter 4 provides details about the processing and simulation of events recorded
with ATLAS.

The techniques used to reconstruct and calibrate physics objects, as well as the computation of
systematics uncertainties these objects are afflicted with, are described in chapter 5. Additionally,
the main analysis concepts and tools are detailed in this chapter. Eventually, the OL (2-6jets)
SUSY analysis and the RPC-meets-RPV reinterpretation are presented in chapter 6 and chapter 7,
respectively. The thesis concludes with a summary of these two analyses in chapter 8.



2 Theoretical Framework

Searches for new physics, described in this thesis, are designed based on predictions derived from
particular theoretical models. Hence, a basic understanding of the underlying theory, describing the
fundamental principles, the particle content and the interactions between these particles, is vital in
order to conduct such a search and to understand the implications of its findings.

This chapter gives a short introduction to the Standard Model (SM) of particle physics (cf. section 2.1),
which not only builds the basis of many new physics models but is also essential for understanding
and modelling physics processes which appear as background in the searches performed in the
context of this thesis. Additionally, the supersymmetric extension of the SM, i.e. the theoretical
framework in which the models, targeted by said analyses, are constructed, is introduced in sec-
tion 2.2. The phenomenological implications of this theory and the standard technique of model
construction used in analyses, are discussed in section 2.3.

2.1 The Standard Model...

The SM is the fundamental theoretical formulation of elementary particles and interactions observed
in experiments, with the exception of gravity which could not be incorporated into the SM. Main
parts of this theoretical framework were developed already by the mid of 20t century and its
implications can be briefly summarised as follows:

» matter consists of spin % particles called fermions
* interactions between the fermions are mediated by spin 1 particles, the gauge bosons

» the mass of all fundamental particles is generated via electroweak symmetry breaking, referred
to as Higgs mechanism

» fermions and bosons can be described as quantisations of the underlying quantum fields

The fundamental particles and forces of the SM are described in subsection 2.1.1, while subsec-
tion 2.1.2 introduces the formulation of the SM in the context of quantum field theories.

Even though the SM of particle physics is considered to be one of the most successful theories
in physics, validated experimentally with a high precision, it cannot explain every phenomenon
observed in nature. These limitations of the SM, which give rise to the intensive searches for
new physics conducted at present at many research facilities around the globe, are discussed in
subsection 2.1.3.

2.1.1 Fundamental Particles and Forces in the Standard Model

A schematic overview of the particle content of the SM is given in Figure 2.1. The nested annular
structure in this sketch indicates the three groups of fundamental particles, mentioned above, which
are distinguished by their spin quantum number. From the outer to the innermost ring these are:
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Fermions (f): The fundamental constituents of matter, composed of leptons (/) and quarks (q)
are further categorised into three generations. Each particle in the matter sector of the SM has
an anti-matter partner, identical in all characteristics but of opposite charge. The (anti-)leptons
- e, 4 and T carry negative (positive) elementary charge F1e, while their associated neutrinos
- Ve, v, and v, - are neutral. Each quark generation holds an up-type (anti-)quark with a
charge of i%e (up, charm and top) and a down-type (anti-)quark with :F%e (down, strange
and bottom). Unlike leptons, which can be observed as individual particles, quarks carry the
so called colour-charge, the equivalent of the electric charge in the strong coupling sector,
which forces them to form colourless bound states.

Gauge Bosons: The spin 1 carriers of the fundamental forces in the SM have masses ranging
from O to above 90 GeV. The massless bosons - the photon -y, mediating the electromagnetic
force, and the eight gluons g, the mediators of the strong force - are electrically neutral. So
is the heaviest boson, the Z, while the Wi, which are almost as heavy as the Z, carry the
elementary charge £1e. W= and Z are associated with the electroweak interaction.

Higgs Boson: Placed in the centre of the figure, the spin 0 Higgs boson represents a scalar
particle. It plays a central role in the Higgs mechanism that generates the masses of SM
particles. In July 2012 the ATLAS and CMS collaborations announced the discovery of a new
scalar particle with a mass of about 125 GeV, compatible with the Higgs boson predicted in

=
g
4

C
as

Figure 2.1: Schematic presentation of the particle content of the SM as shown in the film “Particle
Fever” [3], depicting quarks in red, leptons in green, spin 1 bosons in blue and the Higgs boson in black.

Table 2.1 lists the fundamental interactions in the SM plus the gravitational force, together with
their ranges, the respective force carrier, their source and the coupling constant.
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Interaction Range Mediator Source Coupling Constant
strong < 107%m gluong colour charge a,~1
weak 107® m  W-and Z-Boson W=, Z°  weak charge oy ~107°
electromagnetic 00 photon -y electric charge ap~ 13771
gravitational 00 (hypothetical) graviton  mass oG~ 10740

Table 2.1: Summary of the three fundamental interactions in the SM plus the fourth interaction observed
in nature, the gravitational force [4].

2.1.2 Quantum Field Theory Description of the Standard Model

The mathematical formulation of the SM is based on relativistic quantum fields, where particles are
described as the quanta of these fields. In this Quantum Field Theory (QFT) ansatz, the Lagrangian,
comprising the kinetical and potential aspects of a theory, e.g. kinetic and potential energy in classical
mechanics, is given as density, representing the propagation and interaction of the underlying field.
The equation of motion of the respective particle is then determined by this Lagrangian density £
and the Euler-Lagrange equation:

I 0L 5 0L _
L—/de 56 30,9) =" (2.1)

with 9, = % denoting the partial four-vector derivatives and ¢ being the quantum field.
The total SM Lagrangian includes contributions from several distinct QFTs discussed in detail
below. The dimension and behaviour under local gauge transformation of the fields depend on the
underlying symmetry of the respective theory.

Table 2.2 summarises the three fundamental symmetries in the SM, described by their gauge
group, generator, gauge fields and coupling strength. The gauge group structure of the SM can
be written as SU(3)-® SU(2), ® U(1)y, where SU(3). is generated by the colour charge of the
strong interaction and SU(2), ® U(1)y is the unbroken symmetry of the unified electromagnetic

and weak interactions.

Gauge Group Charge Gauge Fields Coupling Strength
SU@R)¢ color G,; (gluon color octet a € [1, 8]) Js
SU(2), weak isospin W;i (iso triplet i =, 2, 3) g
u(l)y hypercharge B, J

Table 2.2: Summary of the underlying gauge groups in the SM, listed together with their charge, gauge
field and coupling strength.

Electromagnetic Interaction Quantum Electrodynamics (QED) is the quantum field formulation of
the Maxwell theory, describing the electromagnetic interaction of particles. The equation of motion
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for a free spin % particle with mass m given in natural units (A = c = 1) is derived from the Dirac
Lagrangian
ﬁDirac = \D (/ryuap, - m) v, (22)

where WV is the fermionic field, also known as Dirac spinor, and " represent the four Dirac matrices,
which form an orthogonal basis for contravariant vectors. Like the Maxwell equations, Lp;, .. is
invariant under global gauge transformations. However, the Lagrangian is not invariant under local
transformations of the U(1) g, (the unitarity group of the electric charge), which is defined by a
space-time dependent function f(x), acting on the fermion field

V(x) — V(x)=eT0 y(x), (2.3)

with a coupling strength g. Hence, the Lagrangian description of the electromagnetic interaction
needs to be modified, in order to preserve gauge invariance under such transformations.
A new vector field A# is introduced, which transforms as
!/

A, = A=A+, (). (2.4)
This new field interacts with the fermionic field (q\T!fy“AM\U), representing the interaction between
the fermions and the quantum of A, the photon.
The full QED Lagrangian is then

1 _ - —
Loep = _ZFWFW + iV, W — mUW + Uy A, b, (2.5)

with the field strength tensor F,, =9,A, — 9,A,, of the photonic field describing its kinetic aspects.
The introduction of a mass term mAuA“ would once again violate gauge invariance. Hence, the
gauge invariance of the QFT formulation of the electromagnetic interaction predicts a massless
force mediator, observed in nature as photon.

Strong Interaction The QFT description of the strong interaction between quarks and gluons is
called Quantum Chromodynamics (QCD). It is invariant under gauge transformations of the SU(3)
symmetry group generated by the colour charge C, which can assume three different values: red,
blue and green.

Unlike the field strength tensor of the photon field in QED, the tensor of the gluonic field Gj,, =
0,G;—0,G, — gsfabCGﬁGﬁ has an additional term describing the self interaction of the gluons with
the coupling strength g.. The structure constant f,,_ reflects the dimension of the colour space.
However, similar to QED, a gluonic mass term would violate local gauge invariance resulting in
eight massless quanta of the gluon field, the gluons.

The full QCD Lagrangian

1 - _ _
Locp = _ZGZUGSLU +i9¢70,9r — M A — 954, X, G5, (2.6)

includes the kinetic term of the gluon field, the Dirac term of q; (the quark field of flavour f in a
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vector representation in colour space) and the interaction term between quarks and gluons. This
interaction term includes the Gell-Mann matrices A\? which are related to the structure constant via
A AP] = if?P°X€ forming the algebra of the SU(3) [5].

As a consequence of the particularities of the gluon self interaction, quarks and gluons are confined
in colourless bound states and cannot be observed as individual particles. An additional effect
associated to gluon self-coupling is the so called asymptotic freedom, which describes the reversion
of the charge-screening process seen in QED, where the electric charge of e.g. an electron is screened
by a cloud of virtual electron-positron pairs. In the context of QCD the same screening effect is
present (qg pairs screen the colour charge of a quark) but additionally a cloud of gluons increases
the colour charge, due to the gluon self interaction. This anti-screening is dominant and increases
as a function of the distance. Although strongly interacting particles are confined at low energies,
they appear free at high energies.

Electroweak Interaction Several phenomena observed in nature could not be explained in the
context of QED, e.g. the 3-decay, which was described by Enrico Fermi as a four point interaction [6].
However, this theoretical formulation of processes involving the weak interaction is valid only at
low energies. Hence, in the 1970s Sheldon Glashow [7], Abdus Salam [8] and Steven Weinberg [9]
developed a new theory based on the unification of the electromagnetic and the weak nuclear force.
This new QFT describing the electroweak interaction is based on the symmetry group SU(2), ®
U(1)y, mentioned above. SU(2), describes the invariance under local rotations of the weak isospin,
U(1)y under the gauge transformation generated by the hypercharge Y. Two new quantum numbers
are introduced, the third component of the weak isospin /3 = i%, 0 and the weak hypercharge Y
both of which are related to the electrical charge Q via Y =2(Q —/3).

Table 2.3 lists the resulting chiral fermion fields, which are described as left-handed isospin doublets
(I3 = ﬂ:%) and right-handed isospin singlets (/3 = 0). Gauge transformations under SU(2), act only
on the left-handed chiral states, while U(1), applies to singlets and doublets alike. The left-handed

first generation second generation third generation
Ve e VT
leptons _ er _ VP _ TR
e i T
L L L
u c t
quarks J Ur, dp Cr, Sk b tr, br
L °ly L

Table 2.3: Summary of the fermionic fields in the SM showing the three generations of leptons and
quarks. Neutrinos occur only as left-handed chiral states and are considered to be massless.

down-type quarks d;, s; and b, in Table 2.3 are given as flavour eigenstates. The relation to their
mass eigenstates is defined by the Cabibbo-Kobayashi-Maskawa matrix (CKM) [10] which describes
the mixing of quark flavours under electroweak interaction.
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Similarly to the QED, the requirement of local gauge invariance under the transformations in
SU(2), ®U(1)y demands the introduction of new vector fields W, and B,,.
The W, = (Wﬁ, Wi, WS) couples to the weak isospin with the coupling strength g and B, to the
hypercharge with strength ¢’ (cf. Table 2.2). As it is the case for the photonic field in QED, the
introduction of non-zero mass terms for W, and B,, would violate the local gauge invariance of
the system. However, unlike the massless photon which mediates the electromagnetic interaction
of infinite range, the short range of the weak force indicates that its mediators must be heavy. In
order to correctly describe the electromagnetic and weak interactions observed at low energies,
the electroweak symmetry is broken, preserving only the local gauge invariance under U(1) gy,
transformations.
After electroweak symmetry breaking Wj’ and B,,are linearly combined to form the neutral boson
fields of the Z

Z, = cosfy, W, —sinby, B, (2.7)

and the photon
A, =sinb, W, +cosby, B,,, (2.8)

while Wj and Wi mix to the form the charged electroweak boson fields of wE

1
Wy = \—@(Wj FWD). (2.9)

B is the so called Weinberg angle and can be defined via the coupling constants as

/

j g
sinfy = 2 (2.10)
/92+g’2
and
e (2.11)

A mechanism allowing to break the local gauge invariance while preserving the global one, is the

spontaneous electroweak symmetry breaking, as it was developed by Robert Brout, Francois Englert
and Peter Higgs [11,12], consequently known by the name Brout-Engler-Higgs mechanism (BEH).

Generation of Mass The BEH allows to add mass terms for the fermions and massive bosons to
the Lagrangian of the SM by introducing an additional SU(2),; doublet of complex scalar fields

+
b= (20 ) : (2.12)
It has a potential of the form
V(®) = u?|d o+ A(|dTd[)?, (2.13)

where the mass parameter 1 and the quartic self-coupling A are in principle free parameters. The
stability of the vacuum requires X to be positive and the sign of u? defines the shape of the potential
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V(®). A positive mass parameter squared would lead to a parabola with a global minimum at the
origin, while u2 < O results in the form sketched in Figure 2.2: the Higgs potential, also known as
Mexican hat potential. In the latter case, the global minimum at the origin is transformed into a local
maximum, rendering this choice unstable. Instead, a plethora of solutions minimises the potential,
all of which are located on a circle in the complex plane. These solutions are equal and provide a

2
non-vanishing vacuum expectation value (VEV) of the form v = \/ =, thus spontaneously breaking
the electroweak symmetry.

Im¢

Figure 2.2: Illustration of the Higgs potential [13], with a stable, real and non vanishing ground state
indicated by the blue pellet and the unstable vanishing VEV marked by the yellow pellet.

The ground state’, indicated by the blue pellet in Figure 2.2, is

1 /0
b)Y, = — , 2.14
< >O \ﬁ (V) ( )
which is modified in a perturbative ansatz by adding a small fluctuation H(x) around the VEV
1 0
by = — . 2.15
() V2 \ v+ H(x) ( )

The new scalar field H(x) is the Higgs field, which gives rise to a new spin 0 particle, the SM Higgs
boson and interacts with the bosonic fields of the electroweak theory. Thus, the Higgs Lagrangian
Lyiggs includes the self interaction of the Higgs field resulting in a mass term for the Higgs
boson M7 = 2u°. Additionally, Liqgs incorporates the interaction of ® with the electroweak fields,
resulting in mass terms for the W= and Z, while the photon stays massless due to the preservation
of the U(1) gy, symmetry. The gauge bosons in the SM after the electroweak symmetry breaking are
summarised in Table 2.4.

Unlike the masses of the spin 1 particles, the mass of the Higgs boson is not predicted in the theory,
due to u being a new degree of freedom. However, it has been measured to be about 125 GeV by
the ATLAS and CMS collaborations [14,15].

Another consequence of the electro weak symmetry breaking in the BEH are the masses of the SM
fermions m,. They are generated via the Yukawa terms, describing the interaction of the fermion

Yin principle this choice is arbitrary, but reflects the usual convention
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Interaction Boson Field Boson Mass
charged weak Wt = %(Wi == Wi) W, W My = 1g° v

_ /B + W3 0 2
neutral weak 70 = % Z M3 =g +d)v

/ 3
A — g B#+gWﬂ -
H 12 2
g +g

Table 2.4: Summary of the three bosonic fields included in the electroweak unification, their quanta
and mass terms generated via spontaneous electroweak symmetry breaking.

electromagnetic

fields with the Higgs doublet:
Ly ukawa = Yii (@)1 é (u)r +Y/j'j(f7/)L ®(dj)r ‘|’Y/f(/_/)L é (¢)r +YJ(T)L S (vj)gr+hc. (2.16)

The indices / and j indicate the families and the matrices Yj; are the Yukawa couplings between the
fermions and the Higgs field in the representations
+
b= (d) ) . (2.17)

= <1)0*
b =
) el

Leptons and quarks interact differently with the Higgs field. The leptonic Lagrangian is simplified
since neutrinos are considered to be massless within the SM. Thus, only one component of the
lepton spinors interacts with ®. This is not the case for the three generations of quark isospin
doublets, where all components acquire masses via Yukawa interaction. Accordingly, the Lagrangian
describing the Yukawa terms for one generation can be written as

Lyukawa =Yl @ ug+yqa, S dg+y.l ®eg+hec. (2.18)

Choosing the ground state for the symmetry breaking

1 [0 ~ 1 v
CDZ\@(V) = CD:\@(O) (2.19)

leads to the fermion masses given by the VEV and the respective Yukawa coupling

_ v

i

where f denotes the fermions of the generation, e.g. e, v and d.

m, = (2.20)

10
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2.1.3 Limitations of the Standard Model

The QFT formulation of the SM of particle physics is a powerful formalism, whose predictions were
validated experimentally with a high level of precision. However, not all phenomena observed in
nature can be described within this theory. This subsection discusses the most pressing deficiencies
of the SM while possible solutions are given in section 2.2.

Unification of Gauge Couplings The SM itself is in principle not bound to a given energy scale
and stays valid up to the Planck scale Ep,,,c = 10'° GeV where effects of quantum gravity are
expected to be non-negligible. However, to the present day no QFT formulation of gravity was
included in the SM. In case the SM is considered to be valid only at the electroweak scale, it should
be the low-energy representation of a more general theory valid at high energy scales. One possible
realisation of such theories are the so called Grand Unification Theories (GUT), in which the SM
gauge groups are unified to a single simple gauge group.

This idea is strengthened by the “running” of the gauge couplings, which depend on the energy
scale of the respective interaction. These coupling constants (which are in fact not constant) and
their order of magnitude at the electroweak scale are listed in Table 2.1. As already mentioned,
the strong coupling o, decreases with increased energy, as a consequence of the weakened gluon
self-interaction at high energies. A similar behaviour is observed for the coupling of the weak force
oy, While the fine structure constant ag shows an increase, due to the screening effect caused by
vacuum fluctuations, which is less strong at high energies.

Hence, the couplings in the SM tend to converge at higher energies indicating a unification of the
forces at the GUT scale E;+ ~ 10 GeV. However, in the SM the couplings not quite coincide in a
single point, rendering it a low-energy approximation of a potential unified high energy theory.

Neutrino Oscillations As mentioned above, in the SM neutrinos are considered to be massless
particles of left-handed chirality, which occur in three different flavours. Contradictory, experimental
results show that neutrinos are able to change their flavour. From observations of these neutrino
oscillations the mass differences between the flavours are derived to be non-zero [16], indicating
that neutrinos are in fact not massless. Similar to the CKM in the quark sector, the different neutrino
flavour eigenstates can be described as a mixture of three different mass eigenstates. This mixing
is defined by the Pontecorvo-Maki-Nakagawa-Sakata matrix [17], which contains the probabilities
for oscillations between the different flavours.

Hierarchy Problem The term hierarchy problem refers to the energy hierarchy in the SM, i.e. the
“smallness” of the electroweak scale with respect to the Planck scale.
In the QFT formalism, the SM parameters are calculated perturbatively, where higher order correc-
tions occur as vertex corrections or self energy terms, realised as closed loops of virtual particles.
Since these loop corrections lead to divergences, the calculations are renormalised. A physical
quantity

X = Xpare — 0X(N), (2.21)

11
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is described as an unmeasurable “bare” quantity x,,,. screened by the virtual processes given as
correction dx dependent on the energy scale A at which the parameter is probed.

Generally speaking, processes which require the bare quantity and the correction to be finely
tuned in order to result in the observed physical quantity, are considered to be unnatural. The SM
includes processes, where naturalness is provided by the intrinsic symmetries, e.g. the calculation
of the electron mass in QED, where the large corrections due to self interaction are cured by the
contributions of the positron, reducing the correction to m, ~ o¢Fme/n(/\)2 .

The Higgs boson mass is not protected by such a symmetry and the radiative corrections include
the Yukawa couplings to the fermions as well as the quartic Higgs coupling

Smi ~ M —YZN? (2.22)

Thus, the cancellation necessary to gain an observed Higgs mass of 125 GeV, needs to happen with
the high precision to cancel terms of the order of the cut-off scale.

Dark Matter and Dark Energy Cosmological observations show that matter as it is described in the
SM can only account for about 5 % of the known universe (the “visible” matter). These observations,
based on gravitational effects, indicate that roughly 25 % consist of invisible or dark matter (DM)
while the remaining 70 % are referred to as dark energy (DE). A brief discussion of some of these
experimental evidences is given below:

Observations by Fritz Zwicky: In 1933 a first evidence for the existence of DM was observed
by Fritz Zwicky, investigating the Coma cluster [18]. Zwicky derived the mass of this galaxy
cluster based on the velocity of the galaxies in the cluster and on the luminosity based on
the mass-to-light ratio, known from single stars. A difference of two orders of magnitude was
observed between both methods, indicating the existence of non-luminous matter increasing
the mass of the galaxy cluster.

Galaxy Rotation Problem: Vera Rubin et al. investigated the rotational curves of galaxies, i.e.
the rotational velocity of the stars in a galaxy as function of the radial distance to the galaxy
centre [19]. It was found that stars in the outer regions of galaxies rotate much faster than
expected from gravitational models based solely on the visible matter. Hence, it was concluded
that invisible matter contributes to the galaxy mass.

Gravitational Lenses: In Einstein’s general relativity gravity acts on the photons due to the
space time curvature, resulting in so called gravitational lenses, i.e. the picture of light sources
is distorted by large masses in the path of the light rays. This phenomenon can be applied to
estimate the mass of galaxies or galaxy clusters, again showing a discrepancy between the
mass derived form the visible matter and the gravitational potential of the object acting as
lens [20].

2The higher order corrections in QFT are expanded as a power series in the respective coupling constant, that is ag in
QED.

12
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Bullet Cluster: Observations of the collision of two galaxies, show a discrepancy in the dis-
tribution of mass derived from gravitational lensing and measured via x-ray emission. The
x-ray sources in both galaxies interact electromagnetically while passing through each other,
resulting in a smeared trace. The distribution including non-luminous matter, on the other
hand, is unaffected by any inelastic interaction, indicating that DM, apart from gravitational
interaction, can only interact weakly with the visible matter [21].

Following cosmological observations, DM is assumed to be electrical neutral, non-relativistic, stable
with respect to the lifetime of the universe and massive. Many models of new physics predict
either one or several particles as the source of DM and are currently the subject of many searches,
conducted at CERN and elsewhere.

2.2 ...and beyond

A plethora of Beyond the Standard Model (BSM) theories was developed in order to extend or replace
the SM to solve the deficiencies discussed in the previous section. One particular theory, developed
in the 1970s simultaneously provides solutions for the majority of the problems in the SM. It is based
on a new symmetry, relating fermions and bosons via a symmetry transformation, which changes the
spin of each particle by % Hence, this new theory, named Supersymmetry (SUSY) [22-30], assigns a
supersymmetric partner to each particle, which has the same set of quantum numbers except the
spin.

The basic concepts of SUSY and its solutions to the SM limitations are briefly discussed in this
section. An overview of the basic supersymmetric extension of the SM and its particle content
is given in subsection 2.2.1, followed by a couple of examples of more exotic SUSY models in
subsection 2.2.2. An extensive pedagogical introduction can be found elsewhere [31].

Unlike in the SM, where space-time symmetries - mass, momentum, spin - and internal symme-
tries - quantum numbers representing the sources of the gauge groups - are independent, SUSY
transformations combine these two symmetry classes. Consequently, fermions and bosons are not
separated, as they are in the SM, but form so called supermultiplets.

The simplest way of relating fermionic and bosonic fields is the introduction of Weyl spinors W,
which are similar to Dirac spinors but without their chiral character, and operators Q acting on
these spinors to describe the basic SUSY transformation,

Q |\Uboson> = |errm/on> QT |\Ufermion> = |Wboson>v (223)

where Q (QT) increases (decreases) the spin quantum number by % The Weyl spinors are included
in the two supermultiplets extending the SM:

Chiral supermultiplets contain a complex scalar field and a Weyl fermion field. The SM fermions
and their scalar superpartners form a chiral multiplet, as well as the only scalar in the SM,
the Higgs boson, with its spin % superpartners.

Vector supermultiplets correspond to the SUSY generalization of the SM gauge fields, composed

13
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of a Weyl spinor, representing the so called “‘gauginos”, the fermionic partners of the gauge
bosons and a vector gauge field.

This formulation gives rise to a mass degeneracy of the supermultiplets, i.e. SUSY particles have the
same masses as their SM partners. However, SUSY cannot be an exact symmetry, otherwise SUSY
particles would have been detected experimentally. Within a low-energy effective QFT formulation,
SUSY is broken via an additional term in the supersymmetric Lagrangian

L= Lsysy +Lsorr (2.24)

explicitly breaking the symmetry. £ ;5 includes all interactions invariant under supersymmetric
transformations, in particular gauge and Yukawa interactions among the supermultiplets, introducing

nineteen parameters, in accordance with the nineteen parameters of the SM. £ on the other hand,

soft»
adds a plethora of explicit SUSY breaking terms, giving rise to over one hundred new parameters,
e.g. mass terms of scalar fermions, trilinear Higgs couplings, mixing angles, etc.

Within SUSY the hierarchy problem can be solved in a natural way. The new symmetry protects the
mass of the Higgs boson against divergences since two new terms are introduced, each of which
exactly cancels the corresponding term in Equation 2.22. The exact cancellation happens only if the
bosonic and fermionic loop contributions are equal. Hence, the soft term in Equation 2.24 needs to
be constructed, such that the remaining one-loop radiative corrections to the Higgs mass are of the

form

A
dm? ~ m2y e, 1N ( - ) . (2.25)
soft

If the typical scale of the SUSY breaking parameter m.; is not too far from the electroweak scale,
the radiative corrections and the bare Higgs mass cancel without any large fine tuning.
In supersymmetric theories the coupling strength of the fundamental interactions included in
the SM are affected such that they unify automatically at the GUT scale. Figure 2.3 shows the
inverse strength of these interactions as a function of the energy scale and the particle distance,
respectively, comparing the evolution of the coupling constants in the SM (left) and in a weak-scale
SUSY scenario (right).
Additionally, SUSY may provide a candidate for a particle source of DM. This supersymmetric particle,
or sparticle, is a direct consequence of the conservation of an additional symmetry, often introduced
in supersymmetric theories. This symmetry is represented by a new quantum number, the so called
R-parity [33]

Pr = (_1)3(B—L)+25’ (2.26)

which relates the baryon number B, the lepton number L and the spin s, such that R-parity is
positive for SM and negative for SUSY particles. The concept of R-parity is introduced in order
to preserve the SM conservation of B and L, which is violated due to the gauge invariance of
the supersymmetric Lagrangian. Furthermore, general formulations of SUSY allow for a possible
(experimentally unobserved) proton decay, which is suppressed by requiring conservation of R-parity.
Under this assumption sparticles can be produced and annihilated pairwise only. Thus, the Lightest
Supersymmetric Particle (LSP), which can be chosen to be electrically neutral and only weakly

14
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Figure 2.3: Comparison of the running of the inverse couplings a}l, a\;/l and agl in the SM and
modified in SUSY [32].

interacting, is rendered a stable particle, being a suitable DM candidate. In a hadron collider such
particles are manifested as missing transverse energy EX"'*S (cf. subsection 5.1.4), since they escape
the experiments undetected.

Many supersymmetric models assume RPC. However, there are also popular RPV models, as discussed
in subsection 2.2.2.

2.2.1 The Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Model (MSSM) is the most basic supersymmetric extension of the SM,
which provides solutions to many of its deficiencies (the hierarchy problem, the problem of DM
and force unification), while introducing a minimum of new particles and preserving the SM group
structure SU(3) ® SU(2); ® U(1)y. In order to extend the SM, chiral supermultiplets include
the left-handed SM quarks and their scalar partners the squarks (Q) as well as the left-handed
SM leptons together with their bosonic partners the sleptons (L). The right-handed fermions and
their superpartners, generalised as sfermions, form the singlets U, d and £. In order to avoid gauge
anomalies, two complex SU(2) Higgs doublets, H , and H; are introduced, coupling to up-type
and down-type quarks, respectively. Table 2.5 summarises these chiral supermultiplets.

The vectorial supermultiplets contain the SM gauge fields (the gluon field and the electroweak
fields Wf and B,)) and their fermionic superpartners.

Interactions between these superfields can be summarised in the superpotential
Wissm = Wrpc +Wrpy, (2.27)

which is composed of two parts, reflecting the RPC and RPV terms.
The RPC superpotential can be written as
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Names Supermultiplet spin 3 spin 0
three families Q (UL) (EL)
d, d,
of (s)quarks u U, ~ (ug)© U,
d d; ~(dg)© dy
three families L (UL) (ZL)
€L °L
of (s)leptons l £, ~(£p)° ¢,
0 0
H"y Hy
higgs(inos)
0 0
D ~_ -
H p Hp

Table 2.5: Summary of the chiral multiplets in the MSSM listing their fermionic (spin %) and bosonic
(spin 0) components.

Names spin 1 spin %
gluons, gluinos g g

W bosons, winos w*, wo wE, W’
B boson, bino B B

Table 2.6: Summary of the gauge multiplets in the MSSM showing the SM gauge bosons and their
superpartners, the gauginos.

where the Y denote matrices representing the Yukawa couplings of the left-handed up- and down-
type (s)quarks Q and (s)fermions L. The parameter w, which is similar to the Higgs mass parameter
in the SM, is called higgsino mass, following the naming convention of adding the suffix “ino” to
the name of spin % partners of SM bosons.

The lepton number violating couplings in the RPV superpotential,

A . D VA
WRPV:%L,Lj£k+>\:jkLindk+ IQJkUidjkorK’iLiHU' (2.29)

are X and )\, while \” gives the baryon number violation. Quark and lepton generation indices are
denoted /, j, and k. Consequently, L, and Q; are the (s)quark and (s)fermion superfields of generation
. Singlet chiral superfields are £,,d, and u; and H, denotes the Higgs superfield coupling to up-type
quarks. The last term with the dimensional mass parameter x is again lepton number violating.

Similar to the SM, the SUSY fields mix, in order to form the mass eigenstates of the particles. In
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case of the scalar fermions these are ﬁ and é (m);1 < mé), defined by the mixing angle 07 via

f _ [cosb; —sin"0; f, (2.30)
] \sing; cosé; fr '

diagonalising the sfermion mass matrix

Mz=2 Y,
M2~ R ", (2.31)
x<Yr M#r
in the respective term of the soft Lagrangian
T Tx 2 FL
Loy == (F T2 M (F ) . (2.32)
R

The off-diagonal elements of the mass matrix are proportional to the respective Yukawa coupling,
thus neglected in case of light-flavoured sfermions. Consequently, only third generation squarks
(stops and sbottoms) and sleptons are assumed to show a substantial mixing of their left- and
right-handed components.

Gluinos occur as colour octet fermions, which do not mix with any other multiplet. The two Higgs
doublets, H, and H 5, each of which comprises four real scalar fields, represent eight degrees of
freedom: three for the SM bosons W= and Z and five to form additional physical scalar particles.
These are the equivalent of the SM Higgs boson - a neutral scalar hO - plus four additional particles
extending the Higgs sector - another neutral scalar H®, a neutral pseudo-scalar AP as well as two
charged scalars HT and H™.

The neutral gauge eigenstates EO, V~VO, F/’B and ﬁ% mix to form four weakly interacting neutralinos
of increasing mass: >ch’, )Zg, )Zg and 522. The lightest neutralino 2(1’ is typically considered the LSP,
which is stable in RPC scenarios.

In the gauge eigenstate basis, the mass matrix of the neutralinos can be written as

Ml 0 —mzswcﬁ mzswsﬁ
0 M m-cy, C m-CyS,
M~O — 2 Z~=W3 Z~W=pB (2.33)
X —MzSyCg  MzCyC 0 —
MzSySg  —MzCy S —U 0

where s, =sinb,y, ¢, = cos6, with the mixing angle 6,,, and ¢z = cos3, sg = sin3 with tan3 = \%
denoting the ratio of the higgs VEVs. M;, M, and M, are the gaugino mass parameters. M>~<° is
diagonalised by means of the unitary matrix N, in order to obtain the mass eigenstates

- ~0 ~0 ~0 ~0
X) = NiB +NpyW 4+ NisHp + NigHy,. (2.34)

The components of N represent the admixture of the individual gauge eigenstates to the ith
neutralino,
~0 ~0 ~
F(B)=INal® F(W)=[Npl*, F(H?) = [Nigl* + [Nyl (2.35)
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Similarly, the charged gauge eigenstates ﬁz, ﬁ;, W' and W~ form the charginos ili and izi
Neutralinos and charginos are often referred to as electroweakinos or eweakinos, representing the
supersymmetric extension of the electroweak sector of the SM.

Table 2.7 lists the particle content of the MSSM, grouped into mass eigenstates with positive
R-parity, these are the SM particles and their R-parity negative SUSY partners.

Names mass eigenstates (P = +1)  spin  mass eigenstates (Pr = —1)  spin
quarks, squarks Uy g d; g C RS R ELRIDLR 3 TR aL,R’EL,R’EL,R’¥1,2’ Bl,2 0
leptons, sleptons e, g, Ve s By o Vs TR Ve, 3 CLps Ve B Uy s Tios U, O
gluons, gluinos g’ 1 g4 z
bosons, eweakinos ho, HO, A° HE, wt, Z° 0,1 X% X3, %3, %3, Xi» % 5

Table 2.7: Summary of the particle spectrum in the MSSM, represented by R-parity positive and R-parity
negative mass eigenstates.

The large number of free parameters introduced by the electroweak symmetry breaking can be
reduced by applying experimental constraints, in particular CP-violating processes and flavour
changing neutral currents are suppressed. The resulting model is called phenomenological Minimal
Supersymmetric Model (pMSSM).

In order to stabilise the lightest Higgs mass at the experimentally obtained value of 125 GeV without
introducing new sources of fine tuning, the mass spectrum of the SUSY particles is expected to
extend down to the electroweak scale. A typical SUSY mass spectrum in a natural pMSSM scenario
is shown in Figure 2.4.

2.2.2 Non-vanilla SUSY Models

The majority of searches for SUSY conducted by the ATLAS collaboration is based on the RPC
MSSM. However, the existence of non-zero RPV couplings, given in Equation 2.29, is not disproved
experimentally [35, 36].

Allowing one or several of the RPV couplings X, \ and \” to be non-zero, gives rise to decays of
the LSP via the respective interactions in Equation 2.29. Depending on the strength of the coupling,
the timescale of these decays can vary greatly. The resulting lifetime of the LSP, 7, sp, additionally
depends on the masses of the sfermions involved in the decay. In case of large RPV couplings, 7, sp
can become arbitrarily small, while for moderate coupling strength and a high sfermion mass scale,
the LSP has a non-negligible lifetime, fundamentally changing the expected phenomenological
implications of the theory.

In case of RPV models particular assumptions need to be made in order to avoid the decay of the
proton, which is suppressed by imposing R-parity in RPC models, e.g. ensuring lepton number
conservation is sufficient to satisfy proton stability bounds. An example of such considerations is
called Minimal Flavour Violation (MFV) [37, 38], which essentially links all flavour and CP-violating
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Figure 2.4: A typical low fine tuning pMSSM mass spectrum [34].

interactions present in the RPV model to the SM structure of the Yukawa couplings.

Abandoning the concept of naturalness, models can be constructed where the supersymmetry
breaking not necessarily occurs at the electroweak scale. Such a model is Split-SUSY [39], where the
symmetry breaking occurs at mass scales of the order of PeV. Hence, decays involving intermediate
scalar particles, e.g. gluino decays via squarks, are suppressed. In this case, gluinos would have a
non-negligible lifetime and hadronise with quarks and gluons resulting in composite states, called
R-hadrons. The mass spectrum of such colourless bound states depends to a large extent on their
composition, in particular they can be baryonic, mesonic or glueball-like [40]. Moreover, they can
alter their composition as well as their charge, in case the gluino is sufficiently long-lived, thus
strongly affecting the expected phenomenology at collider experiments.

A search dedicated to such non-vanilla SUSY models is presented in chapter 7.

2.3 SUSY at the LHC

Supersymmetric particles might be produced in proton-proton (pp) collisions at the LHC, leading
to distinct signatures in the ATLAS detector systems. The search for such signatures in different
underlying supersymmetric scenarios is the subject of this thesis. Thus, the production and decay
mechanisms of sparticles, in particular in the RPC MSSM, are described in the following.

2.3.1 Production of Sparticles

At a hadron collider such as the LHC, the production of SUSY particles is dominated by the strong
interaction, resulting in a larger production cross-section for strongly coupling sparticles than
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for eweakinos and sleptons. Figure 2.5 shows these cross-sections for the coloured and for the
electroweak sector, as they are used in many SUSY searches published by the ATLAS collaboration.

pp, Vs =13 TeV, NLO+NLL - NNLOapprox+NNLL

104

— g9 — XX
gq — X1 X1 (wino)
i

102 .

100 4

10—2 4

cross section [pb]

1074 -

10_6 1 1 1 1 1 1 1
250 500 750 1000 1250 1500 1750 2000
particle mass [GeV]

Figure 2.5: Comparison of the production cross-section of strongly and weakly coupling sparticles at
Vs = 13 TeV provided by the LHC SUSY Cross Section Working Group [41], computed at next-to-leading
plus next-to-leading-logarithmic order in case of sleptons and eweakinos and using a next-to-next-to-
leading approximation in the coloured sector.

The predominant production modes for sparticles underlying strong interactions in SUSY scenarios
assuming RPC are listed in Equation 2.36 and depicted in Figure 2.6a. These processes are fully

valid only for light-flavoured squarks. For third generation squarks (t and E) on the other hand,
production modes involving initial quarks (bottom row of Figure 2.6a) are heavily suppressed.

gg — 88,99
g9 — &q
99 — g8.99
99 — qq

(2.36)

The second group of SUSY particles which can be produced at the LHC is comprised of weakly
interacting sparticles, i.e. charginos, neutralinos and sleptons. Figure 2.6b shows the leading
production modes for eweakinos via quark-antiquark annihilation. These production mechanisms as
well as the production of charged and neutral sleptons are as follows:
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(b)

Figure 2.6: Feynman graphs describing s- and t-channel production for the main strong and electroweak
supersymmetric production mechanisms at the LHC. Gluinos and squarks are mainly produced via gluon
gluon and gluon quark fusion (Figure 2.6a), while quark-antiquark annihilation is dominant in case of
chargino and neutralino production (Figure 2.6b).
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2.3.2 Decay Modes of Sparticles

SUSY particles are not stable, with the exception of the LSP in RPC scenarios, and will decay leading
to distinct signatures. The possible decay channels depend on the nature of the decaying sparticle
which may vary according to the underlying theoretical assumptions defining the respective scenario.
This section gives a few examples of such processes.

For weakly interacting sparticles the branching ratios are mainly driven by the admixture of elec-
troweak gaugino eigenstates (V~\/i, WO and é) determining the coupling strength. Figure 2.7 depicts
the main decay channels of charginos and neutralinos via on- or off-shell SM vector bosons or scalar
fermions. In case of a dominant higgsino admixture, decays into third generation quark-squark
pairs can be enhanced du to the large Yukawa coupling of the top quark to the neutral higgsino
gauge eigenstate. The description of the nature and decay modes of eweakinos is crucial not only
in searches dedicated to the electroweak SUSY sector but also in searches for coloured sparticles in
scenarios assuming RPV or RPC models including cascade decays.

Figure 2.8 shows a selection of diagrams describing possible gluino decay modes. These processes,
dictated by the strong interaction, depend mainly on the mass hierarchy in the coloured sector.
In case the mass scale of the gluino and the squarks is of the same order of magnitude, on- and
off-shell decays via intermediate squarks of all three generations, as summarised in Equation 2.38,
are possible.
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Figure 2.7: Main decay modes of neutralinos and charginos with the lightest neutralino as stable LSP.
Sparticles undergo two or three body decays via intermediate on- or off-shell scalar or vector bosons.
The fermions f and ' comprised in one SU(2) multiplet can be leptons or quarks.
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The subsequent decay of the intermediate (on- or off-shell) squark will result in possibly long and
complicated cascade decays. However, there are supersymmetric scenarios, for instance split-SUSY

mentioned above, where the mass difference between gluinos and squarks becomes large enough
to effectively suppress the decay of the gluino.

~0 ~0
X1 X1

Figure 2.8: Example gluino decays via on- or off-shell squarks assuming the lightest neutralino to be
the stable LSP.

The same principles apply if the squark is the initial sparticle, such that g — x’q and § — )Ziq’
are the dominant decays in the decoupling limit (mgz > mg).

2.3.3 The Simplified Model Approach

Generally, a full BSM model like the MSSM or the pMSSM described in section 2.2, includes a large
number of potential observables, e.g. a full mass spectrum of the sparticles listed in Table 2.7. In
order to design a search for new physics based on particular final states predicted in the given
BSM scenario, these observables have to be taken into account, as well as the kinematics and
possible decay patterns. However, this procedure can be arbitrarily complex and the results of
such an analysis would depend largely on the underlying theoretical model. Furthermore, modern
high energy BSM searches make use of simulated signal and background processes, as detailed in
chapter 4. The simulation of all possible signal processes included in a full BSM model is infeasible
due to limited computational resources. Hence a strategy was developed, which allows to heavily
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reduce the number of parameters taken into account. This technique is called the simplified model
approach or Simplified Model Spectra (SMS) description [42].

Based on the fact that the phenomenologies predicted by a wide range of different BSM theories are
very similar, SMS are used to decompose a full theoretical model. In particular in SUSY scenarios,
the complicated and long decay chains, shown for instance in Figure 2.8, lead to very similar final
states. This similarity gives rise to the idea, that the simplest process can be used to constrain
general parameters of the underlying theory. Consequently, a simplified model is constructed by
choosing a small set of sparticles which are assumed to be light, while all other SUSY particles are
decoupled, i.e. their masses are set to values far above the energy scale probed by the underlying
experiment. The branching ratio for one particular decay channel involving these light sparticles is
set to 100 %. Hence, the number of signal events observed in the analysis is interpreted to originate
solely from this decay. Results interpreted in such a way are less dependent on the underlying
model assumptions, than in case of a full theoretical model. Therefore they can easily be applied to
constrain different BSM scenarios (cf. chapter 7).

The SUSY searches presented in this thesis make use of simplified models, exemplified in Figure 2.9,
describing strongly interacting sparticles predicted in different underlying SUSY models.
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Figure 2.9: Examples of simplified model topologies describing strongly produced sparticles in an RPC
scenario (Figure 2.9a, Figure 2.9b) and an RPV scenario assuming moderate (Figure 2.9¢c) and maximal
(Figure 2.9d) baryon number violation.
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3 The Large Hadron Collider and the ATLAS
Detector

In order to conduct searches for new physics as presented in this thesis a large amount of pp
collision data is needed. The pp collisions were produced at the LHC [43] and recorded by the
ATLAS (A Toroidal LHC ApparatuS) detector experiment. This chapter gives an overview of these
sophisticated machineries and their working principles.

3.1 The Large Hadron Collider

CERN (Conseil Européenne pour la Recherche Nucléaire), a leading institution for fundamental physics
research, was founded in 1954. Its research facilities located near Geneva in Switzerland host
amongst many other experiments the largest and most powerful hadron collider in the world, the
LHC. It was built into the 27 km long tunnel about 100 m beneath the ground, originally constructed
for the Large Electron Positron Collider (LEP) operating from 1989 until 2000 [44].

The LHC, a pp-collider, consists of two beam pipes encapsulating the two counter-rotating proton
beams using superconducting magnets. The protons, hydrogen atoms stripped of their electrons
by an electric field, need to be pre-accelerated before they can be injected as bunches into the
LHC. This chain of pre-accelerator steps shown in Figure 3.1 pushes the proton energies to higher
and higher levels as summarised in Table 3.1. Starting with the LINAC2, a linear accelerator, the
particles acquire energies of roughly 50 MeV, before they are inserted into the Proton Synchrotron
Booster and the subsequent Proton Synchrotron where the energy of the beam is increased to
roughly 25 GeV. From there the protons are fed into the Super Proton Synchrotron gaining up to
450 GeV and eventually injected into the LHC's two beam pipes, where they are accelerated further
reaching their peak energy of 3.5 and later 4 TeV in Run1 (data taking between 2010 and 2012) and
6.5 TeV in Run 2 (between 2015 and 2018).

Accelerator Energy of the proton
LINAC 2 50 MeV
Proton Synchrotron Booster (PSB) 1.4 GeV
Proton Synchrotron (PS) 25 GeV
Super Proton Synchrotron (SPS) 450 GeV

Table 3.1: The four pre-acceleration steps for the LHC and the respective proton energy reached in each
step.

Each concentrated bunch of protons in the LHC consists of roughly 101 protons travelling at almost
the speed of light. These bunches collide at the four interaction points, where the main experiments
ALICE [45], ATLAS [46], CMS [47], and LHCb [48] are located.
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The CERN accelerator complex
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Figure 3.1: Schematic illustration of the whole accelerator complex at CERN. The protons (p) undergo
the four pre-accelerating structures of the LHC: LINAC2, PSB, PS and SPS [49].
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3.2 The ATLAS Experiment

Being one of the LHCs two multiple-purpose detectors, ATLAS was designed to investigate a wide
range of SM and BSM physics. With a diameter of about 25 m, a length of about 44 m and a weight
of 7000 tonnes ATLAS is by far the biggest high energy particle detector ever built. A sketch of the
detector layout and its subsystems, positioned as layers around the interaction point (IP), is shown
in Figure 3.2.

The combination of these subsystems allows for an inclusive measurement of the momentum and
the energy of particles that is produced in a collision. In case of charged particles their trajectory
is recorded additionally. The collision point represents the centre of the detector. It is surrounded
by the innermost subsystem, the Inner Detector (ID) [50, 51], which consists of three layers of
trackers. That are the Pixel Detector, the Semi-Conductor Tracker (SCT) and the Transition Radiation
Tracker (TRT). The paths of the particles exiting the beam pipe and traversing the ID are bent
by a solenoid magnet providing an axial magnetic field of 2 T located between the ID and the
second subsystem, the calorimeter system. This system consists of a liquid argon high granularity
electromagnetic calorimeter [52], followed by a scintillator-tile calorimeter [53] for measuring the
energy of electromagnetic (EM) particles like electrons or photons and hadrons, respectively. The
calorimeter is surrounded by the eponymous toroid magnet, which generates a magnetic field of
0.5 T in the central and 1 T in the forward regions. This field bends the track of charged particles
which are not stopped inside the calorimeter® in the subsequent muon spectrometer (MS) [54], the
outermost subsystem of ATLAS.

A more detailed description of these three subsystems as well as of the main detector variables is
given below.

3.2.1 ATLAS’ Coordinate System

In order to identify the particles produced in the pp collisions, their position inside the ATLAS
detector needs to be determined. A cylindrical coordinate system best matches the detector geometry,
where the origin is located at the nominal IP as sketched in Figure 3.3. The z-axis points along
the beam pipe and (r, ¢) are used in the perpendicular plane with ¢ being the azimuthal angle
around and 0 the polar angle with respect to this axis. The polar angle in this description is not
invariant under Lorentz transformation in the z-direction. Therefore 6 is conveniently substituted by

1ol ]

The usage of i allows to define the Lorentz invariant angular separation between two given objects

AR =/ (An)? + (Ag)>. (3.2)

Due to the residual boost of the collision products in the beam direction, the projections of the

the boost invariant pseudo-rapidity

as

Lthese are ideally only muons
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Figure 3.2: Scheme of the ATLAS detector [46].

particle momentum j and energy E onto the transversal x — y plane, the transverse momentum Pr
and energy Eq,

pr=1/(p)>+(p,)° and Er=/(E)’+(E,) (3.3)

are used as kinematic variables rather than 5 and E.

"
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center
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Figure 3.3: Scheme of the ATLAS coordinate system [55].
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Figure 3.4: Scheme of the inner detector of ATLAS (left) and detailed view of the included subsystems
(right) [56].

3.2.2 The Inner Detector

The innermost detector subsystem surrounding the beam pipe measures the charges and momenta
of charged particles and allows to reconstruct their tracks as well as their track vertices. The
technical layout of this 6.1 m long tracking system with a diameter of 2.1 m is shown in Figure 3.4a.
The tracking system itself consists of several subsystems, thus covering a pseudo-rapidity range
of [n| < 2.5 and providing an overall momentum resolution of about o, /pr ~ 0.05% pr & 1%. A
detailed overview of these subsystems - the Pixel Detector (including the insertable B-layer (IBL)),
the SCT and the TRT - is shown in Figure 3.4b.

Pixel Detector and Insertable B-layer The Pixel Detector (Pixels) consists of three cylindrical layers
of pixel sensors of about 250 pm x 50 um x 400 pm. In order to improve the track reconstruction
precision, as it is needed in particular for the identification of jets originating from B-hadrons
(b-tagging), and to scope with the increased luminosity in Run 2, the IBL was installed between
the Pixels and the beam pipe during the first long shut-down (LS1) of the LHC between Run1 and
Run 2. With its more than twelve million 250 um x 50 um pixels the IBL covers a pseudo-rapidity
of up to |n| = 2.9.

SCT The layout of the SCT is very similar to the one of the Pixels, namely four cylindrical barrels
surrounding the beam pipe equipped with silicon micro-strip sensors instead of pixel sensors. The
barrels are completed by nine planar end-cap discs increasing the covered range of pseudo-rapidity
from |n| < 1.5 to |n| < 2.5 with an area of about 63 m?. The micro-strips are arranged tilted to
one another such that an optimal resolution of the position of charged particles is achieved, thus
allowing a very good reconstruction of the particle momentum.

TRT The outermost layer of the ID is the TRT, a combined straw tracker and transition radiation
detector consisting of more than 300000 straw tubes of 4 mm diameter. These tubes are filled with
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a gaseous mixture of 70% Xe, 27% CO, and 3% O,. A thin gold-plated tungsten wire in the centre of
the tube collects the ionisation charge generated by traversing particles. The TRT not only provides
further tracking information of charged particles but also measures the transition radiation of these
particles thus allowing to distinguish between electrons and charged hadrons. This is achieved by
means of polymer fibres and foils placed between the tubes, causing electrons transitioning from
one material to the other to radiate transition photons. These photons amplify the ionisation in the
straw tubes allowing to identify the original particle passing through.

3.2.3 The Calorimeter System

Subsequent to the inner solenoid, surrounding the ID, follows the calorimetric system which covers
a total range of pseudo-rapidity up to |n| = 4.9. A cutaway view of the two calorimetric sub-systems,
the ElectroMagnetic Calorimeter (EMcal) and the Hadronic Calorimeter (Hcal), is shown in Figure 3.5.
The EMcal and Hcal provide measurements of the energy deposited in the active detector material
from EM and hadronic showers, respectively. Thus playing a vital role in the determination of

particle energies and E'S,

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic 7

end-cap (EMEC) —————

S

LAr eleciromagnetic
barrel
LAr forward (FCal)

Figure 3.5: Scheme of the calorimeter system of ATLAS [46].

EMcal The inner part of the calorimetric system is a high-granularity liquid Argon (LAr) sampling
calorimeter. It is composed of a barrel section and two end-caps each of which uses intermediate
lead plates as absorbing material. Incoming electrons, positrons and photons will create an EM
shower in the active material of the EMcal provided their energy exceeds a threshold of 1 GeV. This
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active material, the LAr, is characterised by a large radiation length X, i.e. the length in which an
EM particle is reduced to 1/e of its original energy via Bremsstrahlung and pair-production. The
region between the barrel and the end-caps (1.37 < |n| < 1.52), the so called “crack region” shows
only limited performance and is therefore excluded in many analyses.

The barrel section has a thickness of about 22 X, and the end-caps of even 24 X, ensuring that
EM showers are contained within the calorimeter. The EMcal provides a high energy resolution of
about oz /E ~10%VE & 0.7%.

Hcal Due to the average interaction length of hadronic showers being much larger than the one
of EM showers, the Hcal is located outside the EMcal. It is vital for the measurement of energy and
direction of hadronic jets created by the hadronisation of quarks and gluons and the reconstruction
of M™% as is described in greater detail in chapter 5. The Hcal comprises three parts in order to
cover the total range of pseudo-rapidity:

« The barrel section is covered by the Tile Barrel (|n| < 1.0) and the Tile Extended Barrel (0.8 <
|n| < 1.7) using plastic scintillators as active material and steel as absorbing medium forming
an accordion-shaped sandwich calorimeter. It consists of three layers with a granularity of
Anx Ap=0.1x0.1in the first two and An x A¢ = 0.2 x 0.1 in the last layer.

 Intermediate values of pseudo-rapidity between 1.5 and 3.1 are covered by the LAr Hadronic
EndCap (HEC) in which the steel-interlayers are replaced with copper. The granularity is the
same as in the first two layers of the barrel for small values of pseudo-rapidity but only half
as fine for |n| > 2.5.

« Inthe very forward region (3.1 < |n| < 4.9) the LAr Forward Calorimeter (FCal) relies on tungsten
as absorbing material. This specific sub-system is also sensitive to EM showers.

While the energy resolution in the barrel and the end-caps is about o /E ~ 50% VE © 3%, it is
only 0 /E ~100%VE @ 10% in the forward region.

The construction principle of the Hcal provides a coverage of more than 10 X, such that hadronic
showers up to very high energies are contained entirely within the Hcal. A passive layer of brass
completing the outside of the FCal further minimises the number of hadronic particles escaping
the calorimeter and contaminating the muon system (“punch-through”).

3.2.4 The Muon System

The technical design of ATLAS’ MS is shown in Figure 3.6 designating all four types of gaseous
detector systems and their position within the MS. The basic shape is again a barrel region and a
number of end cap discs covering a pseudo-rapidity range of up to 2.7. Muons are not stopped by
the inner detector systems, hence the MS is the outermost part of ATLAS.

The barrel layers embrace the toroid magnet bending the tracks of charged particles in order to
measure their momentum. In addition three vertical wheels build the end caps of the MS. The
innermost disc is the small wheel with a diameter of about 10 m, followed by the so called big wheel
(23 m) and completed by the outer wheel, the biggest of the three with a diameter of 25 m.
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With its volume of about 20000 m® the MS builds up almost 90% of the total volume of ATLAS.
These large dimensions are essential for the precise measurement of the muon tracks. The overall
momentum resolution UpT/PT for soft muons (p; below 200 GeV) lies around 2-4% and drops with
increased pr to 10% at the upper threshold of pr =1 TeV.

Different types of chamber technologies are used in the MS: Monitored Drift Tubes (MDT) and
Cathode Strip Chambers (CSC) provide tracking information and Resistive Plate Chambers (RPC) as
well as Thin Gap Chambers (TGC) are used as muon trigger.

Thin-gap chambers (TGC)
' = Cathode strip chambers (CSC)

Barrel toroid

Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.6: Scheme of the muon system of ATLAS [46].

3.2.5 The Trigger System

The trigger system [57], composed of a hardware based and a software based trigger is needed
in order to reduced the rate of events to a recordable level. This event rate amounts to a total of
1 GHz if the LHC runs at its designed performancez. However, most of these events are of no or only
limited interest for physics analysis and thus are discarded. An overview of the trigger system as
used in Run2 is given in Figure 3.7.

The first stage is the hardware based Level 1 (L1) using information delivered by the calorimeters
and the MS. The L1 decides within 2.5 ps on “regions of interest (ROls)” reducing the rate to about

Zexpected 40 millions of bunch crossings inside ATLAS per second, each with 20 collisions on average

32



3. The Experimental Setup The ATLAS Experiment

100 kHz. These ROIs are fed into the software based second level, the High Level Trigger (HLT),
which sorts events based on possible physics objects present in the ROI. The naming schema of the
HLTs refers to the respective object they trigger on, e.g. HLT _xeXX triggering on E?“SS or HLT jXX
requiring at least one jet, where XX refers to the pr online threshold of the given object. A detailed
description of the exact definition of these objects and how they are reconstructed is given in
chapter 5.

In order to reduce the rate further to about 1 kHz not every single event selected by the fast
algorithms of the HLT can be recorded. This is true in particular for so called “soft objects’, i.e.
physics objects with a low p; which are produced very frequently. L1 triggers as well as HLTs
targeting these soft objects are “prescaled” where the prescale factor corresponds to the fraction of
events that are actually recorded”.
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Figure 3.7: Scheme of the trigger system of ATLAS used in Run2 [57].

Sif only 1 in 100 events triggering the respective HLT is recorded, this trigger is said to be prescaled by a factor of 100
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4 Hadron Collider Phenomenology

A deeper understanding of the processes taking place in a collider like the LHC is necessary to
analyse and interpret pp collision data. The fundamental principles of the phenomenology of these
elastic and inelastic scatter processes are explained in this chapter, followed by a more detailed
description of event and detector simulation, in particular in the context of searches for SUSY as
they are conducted at the LHC.

4.1 Particle Production in Hadronic Collisions

When two counter circulating beams at the LHC are brought to collision in one of the four experi-
ments, two bunches of protons overlap in the so called “bunch crossing” giving rise to elastic and
inelastic scattering. New particles are produced in inelastic or hard scatter processes with a rate
determined by the cross-section of the respective production process and the LHC's luminosity, as
described below.

4.1.1 Luminosity

The performance of the LHC is measured by the number of instantaneous collisions that can be used
for physics analysis. This quantity is conveniently characterise using the luminosity L or integrated
luminosity L which is given by a set of beam parameters:

Ny .
L= /Edt = fn% (4.1)

where f is the revolution frequency, n is the number of bunches in each beam, N; and IV, are the
numbers of protons in each bunch and A denotes the crossing area of the two beams which is
related to the normalised beam emittance and the 3 function at the IP.

L allows to derive the expected rate of events R, .ss for a give process with a cross-section

Oprocess as

dN

process
Rprocess = dt = ‘CaproceSS' (42)

The overall luminosity delivered by the LHC and recorded by ATLAS in Run1 and Run2 is shown in
in Figure 4.1.

4.1.2 Hard Scattering and Parton Distribution

Following Equation 4.2 the precise measurement of the luminosity as well as the correct prediction
of 0,,0cess IS OF significant importance in order to predict the expected production rate. This
cross-section, given independently from the experimental setup as

do 1
Uprocess:/mdQ:/f|Mif|2dQ (4.3)
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Figure 4.1: Total integrated luminosity as function of time delivered by the LHC (green), and recorded
by ATLAS (yellow) during data taking in Run1 (left) [58] and Run2 (right) [59].

is defined solely by the scattering amplitude, that is the matrix element M, between the initial (/)
and the final (f) state of the process and the particle flux f in the given element of kinematic phase
space dQ.

The difficulty in deriving the total cross-section for a hard scatter process at a hadron collider lies in
the fact, that rather than being point-like particles, protons are compound states of so called partons,
i.e. three valence quarks (two up and one down quark) as well as gluons and “sea quarks” that are
created due to vacuum fluctuation. Since all these constituents are involved in the interaction, it is
necessary to quantify their individual contribution.

The parton distribution function (PDF) fa(x,Qz) gives the probability to find a parton of flavour
a with a fraction x of the momentum of the proton in an interaction taking place at the energy
scale Q. In order to calculate o,,;,, the parton level cross-section is convoluted with the respective
PDF. The shapes of PDFs cannot be predicted from perturbative QCD calculations, due to the
nature of the strong interaction strength o which is increasing at low energy scales. However,
the Factorisation Theorem [60] allows to obtain the PDFs experimentally at a fixed scale. This
theorem states that the cross-section of a given process can be factorised into a term describing
the short-range interaction of the hard scatter (calculable perturbatively) and a term describing the
long-distance interaction including infrared and collinear divergences. The latter is absorbed in the
PDFs and is independent of the underlying scattering process. Hence, the PDFs can be measured by
fitting data from experimental observables in different processes occurring for example in deep

inelastic scattering in eTp ore"

e~ collisions. They can be extrapolated to the given energy scale
Q? and ported to pp collisions [60-62], such that the total cross-section can be described as
Ototal = OHardScatrer X PDFs x FragmentationFunction.

Figure 4.2 shows a set of PDFs for gluons and the quark flavours u, ii, d, d and s = 5 for two different

energy scales.

4.1.3 Event and Detector Simulation

The basic of every physics analysis is a profound knowledge and a reliable simulation of the involved
SM and - in case of searches for new physics - of the expected BSM processes. Therefore, Monte
Carlo (MQ) simulation is used starting from the fundamental hard scatter which is basically described
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Figure 4.2: PDFs determined at two different energy scales (0=2 GeV on the left and Q=100 GeV on the
right) for gluons and various quark flavours [63].

by the given matrix element. In a next step the Parton Shower (PS) as well as the EM and hadronic
showers are simulated. The last step in this simulation chain are the final decays and the detector
response to the final state particles. A plethora of different algorithms, so called event generators,
is available. Searches for new physics usually combine several of these programs.

The full simulation chain as depicted in Figure 4.3 is described step by step in this section.

Hard Scatter The main interaction in a particle collision is the hard scatter in which new particles
are produced. Its cross-section o, 4scatter 1S Calculated perturbatively as an expansion series of
the strong coupling o. Since tree-level precision or leading order (LO) proofed to be insufficient
for many applications, the current state of the art is to include at least one-loop diagrams. These
next-to-leading order (NLO) calculations include extra radiation and provide a fairly good description
of the kinematics involved in the hard scatter.

Parton Showering A PS describes the fragmentation of partons produced in the main interaction.
These particles are highly accelerated due to the large transfer of momentum in the hard scattering.
The underlying principle of the simulation of PSs is the simulation of the branching of one external
parton into two under local conservation of the four momentum and the flavour. There are two
possible consequences of such a parton splitting:

» QCD radiation, the emission of a gluon or the production of a quark anti-quark pair, creates a
hadronic shower.

» QED radiation, the creation of a lepton anti-lepton pair from photon radiation caused by
scattered charges, is referred to as EM shower. These showers are smaller than the hadronic
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Figure 4.3: Illustration of the simulation of a pp collision as produced in a MC event generator [64].

ones since the photon, unlike the gluon, is not self-interacting.

The emission of a parton by the incoming parton before it takes part in the hard scatter is referred to
as Initial State Radiation (ISR) and Final State Radiation (FSR) if it is radiated by a parton produced
in the hard scatter.

The simulation of a PS starts at the main interaction and from there sequentially walks through the
evolution of the splitting processes to lower and lower momentum until the cut-off scale is reached
and the perturbative calculations break down. Thus, PSs can be seen as an approximation schema
for higher order corrections of the hard scatter which can not be calculated.

Secondary Hard Scatter The rest of the hadronic activity in the collision, not accounted for in the
hard scatter or ISR and FSR is often called the Underlying Event (UE). This secondary hard scatter
comprises interactions such as re-scattering, multi-parton interaction and interactions involving the
beam remnants. The UE activity of a pp collision can not be calculated and is simulated in many
generators by tuning the simulation parameters to experimental data.

An additional undesirable contribution to the event structure is the so called pile-up, i.e. the overlap

of multiple events, summarising the additional interactions occurring in the bunch-crossing (in-time
pile-up) () and the presence of particles created in previous collisions (out-of-time pile-up). The
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disturbing impact of pile-up depends largely on the luminosity as can be seen in Figure 4.4 which
shows (i) as a function of the recorded luminosity for all data-taking periods in Run 2.
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Figure 4.4: The average number of interactions per bunch-crossing (i) weighted with the respective
luminosity for pp collision data collected at /s = 13 TeV [65].

Parton to Hadron Transition When the showering reaches the cut-off scale the hadronisation
process takes place. This formation of colourless bound-states is simulated using non-perturbative
approaches.

« In the cluster hadronisation model [66] as it is used for instance in the generators HERWIG [67]
and SHERPA [68], gluons split into quark anti-quark pairs. Nearby quarks are clustered to form
hadrons, that further decay.

e The Lund string model [69] uses a linear effective potential in order to define the end of the
iterative quark anti-quark pair splitting. This hadronisation model is used in the PYTHIA [70]
event generator.

Independently of the method used, these algorithms provide an approximation of the hadronisation
process, rather than an exact description. Thus, the results need to be tuned using experimental
data.

Searches for new physics typically use a combination of different generators in order to model
their SM background processes as well as their expected BSM signals. The OL (2-6jets) SUSY
analysis - described in great detail in chapter 6 - for example uses SHERPA2.2 [68] for the simulation
of background processes including SM bosons (vector bosons plus jets and di-boson processes),
POWHEG-BOX V2 [71] to describe top anti-top pair and single top processes and MADRAPH5 [72] for
all signal SUSY processes.
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Hadron Decay and Photon Radiation The hadrons produced in the condensation of the PS are
mostly unstable and subsequently decay into stable particles like leptons. The characteristics of
such stable final states, in particular the spin configuration and the mass, are in principle determined
by the matrix element of the decay process but again need to be tuned using data from experiments.
With the exception of the SHERPA program many of the generators used in BSM searches rely on the
EVTGEN [73] algorithm to simulate this last step in the event generation chain.

Interaction with the Detector Material In order to use a simulated event in a physics analysis one
last ingredient is needed: the response of the ATLAS detector systems to the final state particles
created from the full simulation of an event. Within the ATLAS collaboration two different frameworks
are used to simulate the interaction of the active detector material with the stable charged and
neutral particles:

GEANT4 [74] includes a full reconstruction of the detector geometry and provides an accurate
simulation of the response of the tracking and the calorimetric subsystem. Furthermore it
takes into account not only the entire material in the detector but also the trigger system and
the working condition of the readout electronics. This high level of accuracy comes at the
price of an extended consumption of computational resources (CPU time, disc space, etc.).

ATLASFASTII [75] was developed to have a faster simulation of the detector response for
processes where the high accuracy of GEANT4 is not needed. In particular it is used to produce
MC samples to describe SUSY processes. The reduction in computing time is achieved by
using a parametrised calorimeter response while fully simulating the ID and the MS based on
GEANTA4.
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5 Analysis Tools

The recording of real collision data was detailed in chapter 3 and the generation of physics processes
as well as the simulation of the detector response of major processes was described in chapter 4.
Consequently these events - simulated and real ones - are passed through the same reconstruction
software. This procedure ensures that the reconstructed physics objects used in the data analysis
coming from real or simulated events are treated in the same way. Figure 5.1 gives an overview of
the data processing needed to get from the data collected by the ATLAS detector (raw data) and the
simulated detector response to events generated in a MC production, respectively, to the results
published by searches as they are the subject of this thesis.
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Figure 5.1: A schematic overview of the data flow for recorded collision data and simulation used by
the ATLAS collaboration [76].

The main building blocks of such an analysis are not only the physics objects, which are the result
of the reconstruction process, but also the systematic uncertainties these objects are afflicted with.
Furthermore, the event information retrieved from the conversion of the detector response to such
objects needs to be corrected against double counting, negative influence of detector effects and
shortcomings of the simulation process. In order to allow for a consistent interpretation of the
results found in an analysis, a set of standardised statistical tools and procedures is needed. This
chapter describes the object reconstruction, the event corrections and the statistical interpretation
of the analysis results as utilized in the analyses presented in this document.
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5.1 Physics Object Reconstruction
The reconstruction of leptons, photons, jets and E%"iss as detector level objects exploits techniques
and algorithms, which can differ greatly depending on the respective physics object. This section

details the reconstruction of jets and E?"iss and discusses leptons and photons more briefly.

5.1.1 Tracks and Vertices

Charged particles traversing the ATLAS detector leave traces in the ID that can be reconstructed
as tracks arising from one or more joint vertices. Although tracks and vertices themselves are not
considered to be stand-alone physics objects, they form the basis for the reconstruction of jets and
leptons.

The reconstruction of tracks combines hits in the different layers of the ID to build the most probable
path of a particle produced in the IP using two complimentary approaches [77]:

Outside-In uses hits in the outer subsystem of the ID, the TRT, as seeds for track candidates
and walks inwards through the subsequent layers adding hits in the silicon. This approach is
used particularly for the reconstruction of tracks caused by secondary interactions or decays
of particles with a non-negligible lifetime.

Inside-Out is the primary strategy of track finding. It starts from hits in the pixel detector, the
innermost layer of the ID, and moves outwards.

In the presence of large pile-up, as was the case during Run 2 (cf. Figure 4.4), it is vital to resolve
ambiguities between track candidates which share the same hits in the detector material. For this
purpose an iterative procedure is used. A quality measure is assigned to each track which is based
on the number of hits, holes (a missing hit where one is expected) and outliers (a hit where non
is expected). If two track candidates share the same hit, the one with more holes and outliers is
discarded.

The tracks that survive this procedure are extrapolated to the beam-axis in order to identify their
centre of origin, that is their production vertex. Typically several such vertices are identified in a
given event, one of which represents the initial pp collision. This Primary Vertex (PV) is characterised
by the maximal sum of the squared transverse momenta of all tracks associated to this vertex.

5.1.2 Jets

Particles produced in the hard scatter process form collimated sprays of hadrons interacting with
the detector material. These particle sprays are encapsulated in jets, hadronic physics objects with
a well defined size, mass and energy. Several different approaches of jet definition, reconstruction
and calibration are used by the collaborations of the LHC experiments. This section focuses on the
technique most widely used by the ATLAS collaboration, the so called EMtopo jets.
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Jet Reconstruction The reconstruction of EMtopo jets uses as input three dimensional, mass-less
topological clusters of cells in the EMcal with an energy deposit exceeding a given threshold,
referred to as topoclusters. These clusters, which are measured at the EM scale, are subjected to
combinatoric principles forming a jet reconstruction algorithm.

Experimentalists and theorists alike should be able to use the same algorithm to mutually profit
from each others work. Hence, such an algorithm needs to be easy to implement in experimental
analyses as well as in theoretical calculations. It has to be valid at any order of perturbation theory,
result in finite cross sections and be as insensitive to hadronisation as possible. In particular it
has to be infrared and collinear (IRC) safe, i.e. the addition of a soft gluon or the radiation of a
collinear parton should not change the result of the jet finding. The top row of Figure 5.2 shows an
example for a jet reconstruction algorithm that is not infrared safe, while the bottom row depicts
the violation of collinear safety.

AN

Figure 5.2: Examples for IRC violating jet reconstruction: soft emission of a parton changes the number
of jets (top) and splitting of one parton changes the constituents of a jet (bottom) [78].

The algorithm of choice in the analyses described in this document is the anti-k; algorithm [79] that
is implemented in the software package FASTIET [80]. The anti-k, algorithm is based on a pairwise
recombination of topoclusters using the distance of a given cluster to the beam-axis d;5 and the
relative distance of two such clusters

AR

d,jzmm(kfﬁ,k;!’) % RQ’J with ARZ = (y,—y,)?+(®;—,)? and djg = k2’ (5.1)

where k;; denotes the transverse momentum of the particle. The parameter R defines the cone size
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of the resulting jet and the parameter p is set to —1 to ensure that the algorithm starts from the
objects with the largest momentum. In case d;; < d;g the 4-vectors of the two clusters / and j are
combined, otherwise the topocluster j is taken as new jet candidate. This process is repeated until
all topoclusters are combined to jet candidates, leading to well defined circular shaped jet cones
clustered around the hardest objects in the event, as can be seen in Figure 5.3.

P, [GeV] [ enik, R=T )

Figure 5.3: Example for jet reconstruction with the anti-k; algorithm using a simulated parton-level
event with additional soft activity [79].

In order to suppress hadronic contributions from pile-up, the jet candidates are associated with
reconstructed tracks from the PV. In Run 2 this is achieved using the so called ‘ghost association” [81]
which treats tracks as infinitesimal small four-vectors associated to the jet. Jets are then subjected
to a multivariate approach, the Jet Vertex Tagger (JVT) calculating the likelihood that a given jet
comes from the initial hard scatter using a set of track-based variables [82].

Jet Calibration Reconstructed EMtopo jets have four-vectors based on the energy measurement of
the topoclusters at the EM scale. Thus, they need to be calibrated in order to define the jet energy
and momentum at the particle scale. This procedure, the Jet Energy Scale (JES) calibration, includes
several calibration and correction steps, which can be either MC based or rely on in situ methods.
MC based techniques are used to correct the four-momentum of reconstructed jets to match
simulated stable final state particles enclosed in truth jets, i.e. simulated particle level jets subjected
to the same reconstruction algorithm as “real” detector level jets. Truth jets do not include neutrinos
pile-up particles and muons, which can be misidentified as jets. This method allows to account for
effects from pile-up, detector features and the reconstruction algorithm.

In situ methods, on the other hand, are used to derive residual corrections of the four-momentum
from the difference of the detector response in data and simulation.

Figure 5.4 gives an overview of the full sequence of jet calibration steps applied to EMtopo jets:
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Figure 5.4: Full jet calibration sequence applied on EMtopo jets [83].

Origin Correction: The direction of the jet is altered to point back at the PV rather than the
centre of the detector. This calibration step improves the n-resolution of the jets but keeps
the jet energy unchanged.

Pile-up Corrections: There are two subsequent steps applied to reduce the contributions from
pile-up. The contribution to the transverse momentum of each jet is removed event-per-event
using the area based py density of each jet in the n — & plane [81]. In order to correctly cover
the pile-up sensitivity in the forward direction, in particular for hard jets, a MC based residual
correction is derived in the second step.

MC based Calibration: This is the main JES calibration step, that corrects the four-momentum of
the reconstructed jets to the one from truth jets, which are assigned via a geometric matching
procedure for isolated jets with a distance parameter AR = 0.3 A detailed description of this
method, including the effects of the isolation and the calculation of the correction itself will
be given in section 7.3. Additionally, the JES calibration corrects the pseudo-rapidity of the
jets to account for a bias that is introduced by e.g. the transition between different calorimeter
technologies or different calorimeter granularity.

Global Sequential Calibration (GSC): The GSC further improves the jet calibration by using
additional information from the ID, the calorimeter system and the MS. This method covers
dependencies of the JES on spatial features of the jet and the sensitivity of the response to
the constituents of the jet as well as the energy distribution within a jet.

In situ Calibration: In a last step residual corrections are applied to data only. These are derived
from energy ratios in well measured reference objects (e.g. -y + jets or Z + jets events) or
measured in forward direction and in the central region (the so called n-intercalibration) as
well as differences between the ratios in data and MC simulation.

b-Tagging The physics objects referred to as jets can be divided into subgroups according to their
origin, e.g. jets from light quarks, gluon jets etc. among which the so called b-jets play a special
role. These b-jets originate form the decay of b-hadrons with a lifetime of the order of 1025 1f
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the pr of such a particle is large enough it will travel a short distance before it decays creating a
Secondary Vertex (SV), as shown in Figure 5.5. PV and SV can be discriminated using the transverse
impact parameter d,, (the distance from the PV to the closest approach of the associated tracks in
the R-® plane) and the longitudinal impact parameter z, (the z-coordinate of the point of closest
approach).

Figure 5.5: Schematic picture of vertex and track reconstruction in a jet originating from a b-hadron [84].

A standardised procedure is used in many analyses in order to identify b-jets, the so called b-tagging.
It combines the output of three b-tagging algorithms - based on the significance of the impact
parameter, the tagging of a secondary vertex and the identification of multiple vertices - in a neural
network based multivariate analysis (MVA), the MV2c10 [85, 86].

5.1.3 Leptons and Photons

Electrons and positrons (ei) as well as photons (y) create EM showers which are measured in the
EMcal as described in subsection 3.2.3. The reconstruction of these so called “E-Gamma physics
objects” is based on the energy deposition in the EMcal. Leptons and photons are identified by
the reconstruction of the EM shower associated with a track in the ID. This shower reconstruction
is based on the clustering of calorimeter cells in the different layers of the EMcal, the so called
“towers”. A sliding-window algorithm [87] locates such a tower of EMcal cells, which is used as a seed
to build a cluster of cells exceeding the given energy threshold. If tracks from the ID which have a
pseudo-rapidity of |n| < 2.47 and lie within a distance of AR = 0.3 to the cluster are matched to this
cluster, the reconstructed object is considered to be an electron (positron). Additional information
from the SCT and the TRT can be used to further distinguish between et and 1.

The reconstruction of muons (u) relies on the tracks detected in the MS, described in subsection 3.2.4.
Such muon candidates are further categorised according to the additional information from other
detector subsystems.

» Combined muons (CB) are defined by tracks reconstructed in the MS in combination with
tracks from the ID.
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 Calorimeter-Tagged muons (CT) are based on the matching of reconstructed tracks from the
ID to energy deposits in the calorimeter. Although CT have a low purity, they are useful in
particular in the very central region (|n| = 0) to compensate the lack of instrumentation of
the MS in this region.

» Extrapolated muons (ME) are complementary to the CT type since this type allows to recon-
struct muons in the forward region (2.5 < |n| < 2.7) that is not covered by the ID. Thus the
ME rely solely on the reconstruction of a track in the MS which can be extrapolated to the IP.

e Segment-Tagged muons (ST) are similar to CB but the reconstructed track in the ID can be
matched to only one segmented track in the MS.

5.1.4 Missing Transverse Momentum

As already briefly discussed in chapter 2, the missing transverse momentum which is equivalent to
the E?“SS is one of the key quantities in searches based on RPC supersymmetric scenarios. Since
transverse momentum, i.e. the momentum in the plane transverse to the beam-axis is conserved
in collider experiments, it is possible to identify the amount of energy that is “missing” due to the
production of particles which only interact weakly, e.g. SM neutrinos or stable supersymmetric
neutralinos.

Additional sources of E}“iss are miss reconstructed particles, beam-halo objects, detector inefficien-

cies, etc. The reconstruction of £7"°

Hence, the composition of £ can be written as

makes use of all reconstructed and calibrated physics objects.

E_rl_niss _ E_rlpiss,'y + E;niss, e + E_lr_niss, w + E_rl_niss, jets + E;niss, soft (5'2)

The last term of Equation 5.2 £ % is estimated from unmatched tracks which are associated
with the PV, the so called Track Based Soft Term (TST) [88].

5.2 Event Corrections

A reconstructed event, composed of the physics objects described in section 5.1, generally does not
accurately describe the actual physics of the collision but includes many different unfavourable
effects, e.g. overlap of the reconstructed objects, inaccuracies in the MC simulation, information
from inefficiently working areas of the detector or different trigger prescale factors. In order to
correct the reconstructed events for these effects a number of modifications is applied onto the
physics objects and the reconstructed event.

5.2.1 Quality Criteria and Overlap Removal

As described in the previous section the methods used to reconstruct various physics objects are
based on the same or at least very similar information from the detector sub-systems. Hence, it is
crucial to resolve any possible ambiguities between these objects in order to avoid double counting.
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Additionally, these reconstruction techniques might lead to incompletely or mis-reconstructed
objects which need to be removed. Thus, physics objects are required to fulfil certain quality criteria.
These requirements are individually adapted by a given analysis and are exemplified in this section
by means of the OL (2-6jets) SUSY analysis discussed in detail in chapter 6.

Jets The quality criteria for jets are described in detail in [89]. In order to reject jets reconstructed
from detector noise or non-collision background, events are removed if jets fail to satisfy the
“LooseBad” criteria or if at least one of the two leading jets in the event does not fulfil the “TightBad”
criteria.

Leptons Two different lepton categories are used in the OL (2-6jets) SUSY analysis. Baseline leptons
are used to place a lepton veto to select events potentially including signal processes and high
purity leptons are used to define selections dedicated to cover particular SM background processes,
as detailed in section 6.2.

baseline leptons: The reconstruction of baseline muons relies on the information from the MS
and the ID [90], in particular CB and ME muon categories are used. Baseline electrons, on
the other hand, are reconstructed from isolated energy deposits in the EMcal which can be
matched to one track using a loose likelihood based identification [91].

high purity leptons: Requirements are placed on the significance of the transverse impact
parameter and the longitudinal impact parameter defined in Equation 5.3, where the threshold
x is 3 (5) for high purity muons (electrons) and y is 0.5 mm. In addition a set of - and p;-
dependent isolation criteria which rely on tracking variables and calorimeter based variables
are applied. In particular, muons must satisfy the “FCTight” isolation requirements [90] and
electrons the “Tight” selection criteria [91].

<x and |z§vs/n@|<y (5.3)

Overlap Removal Ambiguities between physics objects, e.g. between a jet and an electron recon-
structed from the same track and energy deposits in the calorimeter system, are resolved by a
standardised procedure based on the distance parameter AR.

 If ajet lies within a distance of AR = 0.2 to a baseline electron, the electron is kept and the
jet discarded.

* In case the distance between a lepton and a jet that passes the JVT lies between AR = 0.2
and AR =min(0.4, 0.04 + 10 GeV/pTe) the lepton is discarded.

» If a muon and a jet are found within AR = 0.2, the jet is removed if it has assigned less than
three tracks with a p; > 0.5 GeV. Otherwise the jet is kept and the muon removed.
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e Atrack shared by an electron and a muon is interpreted as muon unless it is reconstructed as
CT muon.

These basic rules of Overlap Removal (OR) are often tuned and completed by additional requirements
to meet the individual needs of the respective analysis, as will be discussed in subsection 6.1.2.

5.2.2 Event Cleaning

An additional cleaning step is applied to events used in a physics analysis. This so called event
cleaning includes a set of cuts which are designed to suppress undesired effects in particular from
detector effects:

Good Run List (GRL): For each data taking period an official GRL is defined listing all recorded
events which are of high enough quality to be used in a physics analysis, i.e. events with
sufficient beam-quality and functionality of all detector systems.

Vertex cleaning: A valid event must contain at least one PV with more than 1 associated tracks.

Non-Collision Background (NCB) suppression: Events are removed if they contain fake jets, which
originate from NCB, i.e. “halo muons” or noise bursts in the calorimetric systems, i.e. jets need
to fulfil the quality criteria stated above.

Dead-Tile cleaning: Jets involving calorimeter cells which lie in mal-functioning or non-
operating areas of the calorimeter are a possible source of fake E{"iss. Events are removed if
they include such jets aligned with the EI"S (Ag(j, ET"™S) < 0.3).

Negative-Energy cleaning: Another source of fake E'Tmss are calorimeter cells with entries of

negative energy due to data-corruption. Events including jets reconstructed from such cells
are vetoed.

5.2.3 Reweighting the Simulation

In the beginning of this chapter it was explained, that recorded and simulated events are treated in
the same way during the objects reconstruction and event cleaning steps, in order to make them
indistinguishable from an analysis point of view. However, the weights of the simulated events need
to be rescaled to correctly reflect the actual data-taking conditions.

Run 2 comprises three different data-taking periods each of which is characterised by the luminosity
and the pile-up distribution. Table 5.1 summarises these periods, their luminosity as well as the
respective MC production campaign. Simulating a large number of events for various different
physics processes is computationally expansive and very time consuming. Thus, the MC samples were
prepared in advance, before the actual data-taking conditions were known. Hence, the simulation
needs to be scaled in order to reflect the correct pile-up distribution and luminosity observed in
data. MC16a events are reweighted using the average number of interactions per bunch-crossing
(1) while for MC16d and MC16e the actual pile-up distribution . was used.
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period int. luminosity [fo~!] MC campaign
2015 + 2016 36.20 MC16a

2017 4431 MC1éd

2018 58.45 MClé6e

Table 5.1: Summary of luminosities for the Run2 data-taking periods with the corresponding MC
production campaigns .

Additional scale factors account for effects like flavour tagging efficiencies, differences in the trigger
efficiencies in data and MC or lepton reconstruction efficiencies.

5.3 Systematic Uncertainties

The calibration of physics objects as well as the cleaning and reweighting of simulated events par-
tially uses in situ techniques which are based on measurements. Thus, the systematic uncertainties
on the experimental quantities used in these methods need to be taken into account. Furthermore,
MC simulation used in the calibration is afflicted with systematic uncertainties which also need to
be accounted for.

The 1.7% uncertainty on the total Run2 integrated luminosity of 139 fo~! is one example, the
uncertainties introduced by the reconstruction of leptons and photons are another. The biggest
contributions to the overall experimental uncertainties in an all-hadronic BSM search, like the OL
(2-6jets) SUSY analysis, are the systematics arising from the calibration of jets, in particular the
uncertainties on the Jet Energy Scale (JES) and the Jet Energy Resolution (JER).

5.3.1 Uncertainties on the Jet Energy Scale

The full calibration sequence, described in subsection 5.1.2, comprises several methods giving rise
to a set of 80 different JES systematic uncertainties [83].
Figure 5.6 shows the combination of all these uncertainties (total uncertanties) for a subset of the
full Run 2 data recorded from 2015 to 2017 as a function of the transverse momentum for central
jets (n = 0.0) and as a function of the pseudo-rapidity for jets with pr = 60 GeV. In addition, the
contributions of the main uncertainty groups are shown:

Absolute in situ JES: The majority of the 80 individual uncertainties comes from in situ calibra-
tion steps based on reference objects. This group accounts for assumptions made in the event
selection, the effects from MC simulation and the uncertainties propagated from the energy
scales of reconstructed leptons and photons in the reference samples.

Relative in situ JES: These uncertainties arise from the n-intercalibration which is based on the
pr-balance of dijet events in certain areas of the detector. The uncertainties cover a possible
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Figure 5.6: Combined uncertainties on the JES and the contribution from the individual subgroups
described in [83] for the combined 2015-2017 dataset as a function of n for jets with a fixed pr
(Figure 5.6a) and as a function of the py for central jets only (Figure 5.6b) [92].

physics mismodelling of the dijet samples, statistical uncertainties and a non-closure of the
calibration method observed in the region between 1= 2.0 and n = 2.6.

Falvour composition: The relative amount of quark and gluon jets usually depends on the
particular phase-space, probed by an analysis. Hence, this composition has to be derived
individually or is assumed to be 50% gluons and 50% quarks with a conservative uncertainty
of 100%.

Flavour response: The general jet reconstruction does not distinguish between jets seeded by
light quarks, gluons or b-quarks all of which will differ in their jet response.

Pile-up: The pile-up uncertainties account for potential mismodeling of the pile-up distribution
in MC simulation.

Punch-through: The GSC includes a correction for jets not fully contained in the calorimetric
system leading to tracks in the MS, the punch-through jets. This correction is afflicted with an
uncertainty based on the difference between the jet response in MC and data depending on
the number of involved track segments in the MS.

Although the full set of 80 JES systematics gives the most accurate description of the total uncertainty
on the JES it is difficult to implement in an actual analysis. Furthermore, the level of precision
and detailed understanding of the JES systematics and their correlations provided by the full set,
will not necessarily lead to an improvement of the analysis. The usual practice to simplify the
application of JES uncertainties in the statistical interpretation of analysis results, is to make use of
one of the various available reduction schemas which heavily reduce the number of individual JES
uncertainties while seeking to preserve their n- and py-correlations.
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5.3.2 Uncertainties on the Jet Energy Resolution

The reconstruction of jets is based on energy deposits in the calorimeters which have a finite
granularity. Accordingly, the measurement of the calibrated jet energy is of finite resolution. The JER
is reflected by the width of the response function, as will be described in greater detail in section 7.3.
The jet response is studied by constructing

probe ref

P —pr
1/2(pprobe p_lr_ef) !

(5.4)

the pr-asymmetry of dijet events in well calibrated regions of the detector (p{ef) and regions

that should be probed (p ’”Obe) The asymmetry function A gives a measure for the imbalance of
the transverse momentum, which arises from differences in the detector response in different
calorimeter regions. The width of this function

\/ (p_flzrobe) O'( ref)

o(A) =
( ) 1/2 (pprobe p{ef)

is used to calculate the JER.

This method is afflicted with uncertainties covering the measurement of the jet response as well as
the modelling of dijet events in MC, the assumptions in the selection of the dijet topologies and
the effect of additional quark and gluon radiation. Figure 5.7 shows the uncertainties on the JER
derived for the 2017 dataset.
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Figure 5.7: Combined uncertainties on JER and the contribution from the individual subgroups as a
function of the py for central jets only, derived from the 2017 data-set [93].
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5.4 Tools for Statistical Interpretation

The processing of collision data and simulated events depicted in Figure 5.1 was described above
with the exception of the last step, the final results obtained from a data analysis. This section gives
an overview of the main concepts typically used in searches for new physics.

5.4.1 Basic Analysis Procedure

The very basic of each BSM search is the counting of events which show a detector signature

predicted in the BSM model that is searched for. The resulting event yield n_,. is then compared

obs
to the number of events expected from SM processes which form the background of the analysis.
This background contribution cannot be measured in the region of phase-space expected to contain
signal events from the hypothetical BSM process, the so called signal region (SR). Instead a region
of phase-space is chosen for each background, the control region (CR), which is enriched with the
respective SM process. The CR selections need to be kinematically close but orthogonal to their
respective SR .

The event yield of each background in the respective CR (ng,@) is obtained from fully data-driven
methods or MC simulation normalised to the observed event count in the same region (ngti)
using a “background-only” fit, as described in subsection 5.4.3. The normalised event yield is then

extrapolated into the SR by means of a transfer factor (TF)

N2 = Sk x TFsy. (5.6)
The validity of the extrapolation is tested in regions of the phase-space which are kinematically
close to the SRs as well but still expected to contain very few signal events, called validation
region (VR). Ideally, the VRs are orthogonal to the SRs and the CRs.
The final comparison of the estimation of SM background yields in the SR (n_g,@,) to the observed
event counts (nf,i) is then interpreted using common statistical techniques as described in the

following.

5.4.2 Basic Statistical Concepts

In order to interpret the number of observed events in the context of a BSM search, two hypotheses
are formulated:

H, the background-only hypothesis states that n,,; = ngp,
H, the alternative hypothesis assumes the existence of new physics n,,s = nsp; +ngsm

Both hypotheses can be represented by a probability density function (PDF) f,(x) and f;(x), respec-
tively.

In order to test H, a significance level o is computed which would be predefined in a formal theory
but depends on the signal strength assumed in the alternative hypothesis in a real application. The
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p-value that can be calculated from the PDF as

po= [ () ax 57)

=Nops

conveys the probability to get a result at least a