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Zusammenfassung

Supersymmetrie (SUSY) ist eine Erweiterung des Standardmodells (SM) der Teilchen-
physik, die fiir jedes Teilchen des SM einen supersymmetrischen Partner vorhersagt.
Diese neuen Teilchen wiirden einige der Probleme des Standardmodells 16sen. Natiirliche
SUSY-Szenarien sagen leichte skalare Top-Quarks (Top-Squarks) und Higgsinos vo-
raus. Diese Arbeit présentiert zwei Suchen mit einem isolierten Elektron oder Myon
im Endzustand, eine fiir die direkte Top-Squark-Produktion und eine fiir die direkte
Higgsino-Produktion. Die Analysen werden unter Verwendung von Daten aus Proton-
Proton-Kollisionen mit integrierter Luminositit von 139 fb™! durchgefiihrt, die vom
Large Hadron Collider bei einer Schwerpunktsenergie von /s = 13 TeV bereitgestellt
und vom ATLAS-Detektor innerhalb der entsprechenden Jahre 2015 bis 2018 aufgeze-
ichnet wurden.

Wenn R-Paritéit erhalten ist, ist das leichteste supersymmetrische Teilchen (LSP) sta-
bil und ein potenzieller Kandidat fiir dunkle Materie. SUSY-Modelle mit R-Paritatsver-
letzung (RPV) sind ebenfalls motiviert und weisen weniger experimentelle Einschrénkun-
gen auf als viele R-Paritatserhaltende-Modelle (RPC). Bei der ersten Suche wird RPC
mit einem bestimmten Top-Squark-Zerfall angenommen, bei dem die Massendifferenz
zwischen dem Top-Squark und dem LSP kleiner ist als die Masse des WW-Bosons, sodass
jedes Top-Squark tiber einen Vier-Korper-Zerfall zu einem Bottom-Quark, zwei ver-
schiedenen leichten Fermionen und einem LSP zerfillt. Die zweite Analyse sucht nach
RPV SUSY mit einer direkten Higgsino-Paar-Produktion, die prompt in SM-Teilchen
zerfallen und durch hohe Jet- und b-Jet-Multiplizitdten im Endzustand gekennzeichnet
sind.

In beiden Suchen wird keine signifikante Abweichung von den erwarteten Standardmodell-
Ereignissen beobachtet, daher werden Ausschlussgrenzen bei 95% Vertrauensniveau in
Bezug auf das supersymmetrische Modell bestimmt. Fiir das RPC-Top-Squark-Modell
wird die Ausschlussgrenze im Vergleich zu den vorherigen Ergebnissen um 240 GeV
erweitert. Fiir die Higgsino-RPV-Analyse werden Higgsino-Massen bis zu 320 GeV aus-
geschlossen.






Abstract

Supersymmetry (SUSY) is an extension of the Standard Model (SM) of particle physics
which predicts a supersymmetric partner for each particle in the SM. These new particles
would solve some of the problems in the Standard Model. Natural SUSY scenarios favor
light scalar top quarks (stops) and higgsinos. This dissertation presents two searches
with an isolated electron or muon in the final state, one for direct stop production and
another for direct higgsino production. The analyses are performed using data from
proton-proton collisions delivered by the Large Hadron Collider at a center-of-mass en-
ergy of /s = 13 TeV and recorded by the ATLAS detector within the years 2015 to
2018, corresponding to an integrated luminosity of 139 fb™*.

If R-parity is conserved, the lightest supersymmetric particle (LSP) is stable and a
potential dark matter candidate. SUSY models with R-parity violating (RPV) scenarios
are also motivated, with fewer experimental constraints than many R-parity conserving
(RPC) models. The first search assumes RPC with a particular stop decay where the
mass difference between the stop and the LSP is smaller than the W boson mass, re-
sulting in each stop decaying via a four-body process into a b quark, two different light
fermions, and the LSP. The second analysis searches for RPV SUSY with direct higgsino
pair production decaying promptly into SM particles characterized by high jet and b-jet
multiplicities in the final state.

In both searches, no significant excess over the Standard Model expectation is ob-
served. Exclusion limits at 95% confidence level are derived for the decay scenarios. For
the RPC stop model, the exclusion limit from the previous results is extended by 240
GeV, excluding stop masses up to 640 GeV for an LSP of 590 GeV. For the higgsino
RPV analysis, higgsino masses up to 320 GeV are excluded.
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1. Introduction

With the discovery of the Higgs boson by the ATLAS and CMS collaborations at the
Large Hadron Collider in 2012 [1}2], the successful history of finding experimental ev-
idence for the fundamental building blocks of nature continued. It was the last undis-
covered particle of the Standard Model (SM) of particle physics, a theory developed
throughout the second half of the 20th century that has become one of the most success-
ful theories to date [3H6]. The SM explains many experimental results with remarkable
precision.

As the experimental results improved, some observations that cannot be explained
by the SM have appeared. For example, the existence of dark matter (DM) is strongly
supported by astronomical observations [7H11], but no SM particle satisfies the postu-
lated properties of DM. There are four forces that interact between particles: the weak,
strong, electromagnetic, and gravitational forces. The SM framework summarizes the
former three forces but does not contain the gravitational force. There is a huge gap
between the energy scale of gravity and the mass of the Higgs boson, which seems to be
unnatural, and it is difficult to explain within the regime of the SM. This huge gap may
affect the mass of the Higgs boson and the stability of the electroweak vacuum due to
quantum loop corrections.

Many particle physicists are trying to solve these problems by finding new physics
beyond the standard model. It is strongly believed that an extension of the SM can
account for the unexplained phenomena in the SM framework. Many theories could
explain these mysteries, but none of them has been experimentally confirmed. Super-
symmetry (SUSY) [12H17] is one of the main candidates for a unified theory beyond the
SM. It introduces a symmetry between fermions and bosons, so the number of elemen-
tary particles will be roughly doubled. SUSY was proposed in the 1970s based on the
quantum field theory, and it is now a well-established concept in particle physics though
no evidence of SUSY has been found yet.

The search for SUSY is intensively performed at the European Organization for Nu-
clear Research (CERN) where the Large Hadron Collider (LHC) is located and collides
protons with a center of mass energy of 13 TeV. In these high energetic reactions many
other particles can be created, possibly also supersymmetric particles. A natural choice
for SUSY parameters (naturalness [18}/19]) makes the SUSY partners of the top (stop)
and the Higgs (higgsino) to be not much heavier than the lightest SUSY particle, being
potentially within the reach of the LHC. This calls vividly for searching them at the
LHC. Experimental evidence of at least one of these new particles as an excess over the
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prediction of the SM processes in data would indicate the existence of new physics.

In many SUSY models, a conserved quantity, R—parityE] [20], is often introduced to
avoid rapid proton decay. Conserved R-parity renders the lightest supersymmetric parti-
cle (LSP) stable and only interacting weakly with ordinary matter, making it a potential
DM candidate |21},22]. The vast majority of SUSY searches assume R-parity conserva-
tion (RPC) which typically comes with large missing transverse momentum (with the
magnitude referred to as ER) that results from the two undetected LSPs. The re-
quirement of large E¥ is a powerful strategy for separating the SUSY signal from SM
processes. However, it also sacrifices sensitivity to a variety of beyond-SM models with
no or little £, Complementary to the EX-based SUSY searches are the R-parity

violating (RPV) SUSY searches providing an excellent coverage of phase space [23,24].

This thesis presents the search for supersymmetry through two models focusing on
events with one isolated electron or muon in the final state. The first one assumes RPC
searching for direct stop pair production [25] in a particular region where the mass dif-
ference between the stop and the LSP is smaller than the W boson mass. This is the
main target of this dissertation because a complete high-energy physics analysis was
performed. Each stop would decay via a four-body process into a LSP, and low mo-
mentum objects such as a b quark and two different fermions. A large amount of FXss,
low momentum b-jets, and a low momentum electron or muon are expected in the final
state. In this search, the sensitivity of the signal model is improved by utilizing the
shape differences of the signal model and the dominant standard model background in
the distributions of the most discriminating kinematic variables.

The second analysis presents a search for RPV SUSY with a direct higgsino produc-
tion decaying promptly via an RPV coupling to SM particles [26]. The final states are
characterized by high jet and b-jet multiplicities and one isolated muon or electron. The
analysis strategy relies on machine learning techniques aiming to reach higgsino sensi-
tivity.

The theoretical framework of the SM and SUSY is reviewed in Chapter 2 The LHC
and ATLAS’ experimental apparatus are described in Chapter [3] The data and Monte
Carlo simulation used in the searches are explained in Chapter[d In Chapter[5 the stan-
dard reconstruction algorithms used in ATLAS are documented. The general analysis
strategy of the RPC stops and RPV higgsinos searches is presented in Chapter [6l The
RPC stops analysis is described in Chapter [7] Chapter [§] presents the RPV higgsinos
search. The results of both analyses are discussed in Chapter[10] Finally, conclusions are
presented in Chapter An extra analysis is shortly mentioned in Chapter [9] showing
preliminary studies for a new SUSY process named the supersymmetric Monotop.

LA multiplicative quantum number, referred to as R-parity, is introduced in SUSY models in order to
jointly conserve baryon and lepton (B-L) number. R-parity is 1 (-1) for all SM (SUSY) particles.



2. Theoretical Background

Particle physics main goal is to describe nature at the smallest observable scales, gov-
erned by quantum mechanics and special relativity. Experimental observations are inter-
preted in the context of the Standard Model (SM), a quantum field theory with specific
gauge structure and matter content. It describes the electromagnetic, weak, and strong
forces, and the field interactions. The structure and parameters of the theory are en-
coded in a Lagrangian density, from which experimental predictions may be calculated.
This chapter will describe the structure of the SM and some known limitations.

2.1. The Standard Model

Since the discovery of the electron in 1897 by J. J. Thomson [27], elementary particle
physics has made extraordinary progress in understanding the fundamental processes in
the universe. The Standard Model (SM) of particle physics is a relativistic quantum
field theory that incorporates three (out of four) fundamental interactions in nature:
electromagnetic, weak, and strong interactions. Experimental results can be accurately
described by the Standard Model. From a theoretical point of view, the SM unified the
electromagnetic and the weak force, and it successfully included the strong force. As a
consequence, it leads to its current formulation as described in more detail in [2§].

2.1.1. Particle Content

The SM includes four types of particles with an integer spin numbei'| that follow the
Bose-Einstein statistics and are called gauge bosons, plus a Higgs boson that follows the
same statistics but with spin 0. It also includes twelve particles with half-integer spin
number that follow the Dirac-Fermi statistics called fermions.

Fundamental forces are described by a quantum field theory. Quantum electrodynam-
ics (QED) is the theory that explains electromagnetism by the exchange of photons (7)
between charged particles. The second fundamental force is the weak nuclear force, me-
diated by the Z and W bosons. The W and Z bosons are massive, carriers of the weak
charge, and self-interacting particles. The W boson is electrically charged and exists in
two variants, the positive (/W) and the negative (W), and the Z boson is electrically
neutral (Z%). The unification of the weak force with QED, forming the electroweak
theory, was developed by S.L. Glashow, S. Weinberg and A. Salam [29-31]. Finally,

!Using the common convention in high energy physics ¢ = h = 1.
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Table 2.1.: Bosonic particle content of the SM. The spin and mass values were taken
from reference [32] and are rounded to three significant digits.

Particle  Electric charge Spin Mass

gluon (g) 0 1 0

photon (7) 0 1 0
W +1 1 80.4 GeV
A 0 1 91.2 GeV

Higgs (H) 0 0 1251 GeV

Table 2.2.: Basic properties of the twelve fundamental fermions separated into leptons
and quarks. All listed particles have a spin of 1/2. The masses are taken
from reference [32] and are rounded to three significant digits, if known to
this precision. Neutrinos also have masses, though they are very small. In
the SM they are treated as completely massless.

Generation ‘ Quarks Q [e] Mass Leptons Q [e] Mass
] up (u) +2/3 2.2 MeV | neutrino (r.) 0 ~0
down (d) -1/3 4.7 MeV | electron (e) -1 0.511 MeV
5 charm (¢) +2/3 1.28 GeV | neutrino (v,) 0 ~ 0
strange (s) -1/3 95 MeV | muon  (p) -1 106 MeV
3 top (t) +2/3 173 GeV | neutrino (v;) 0 ~0
(b)

bottom -1/3  4.18 GeV tau (r) -1 1.78 GeV

the strong nuclear force is mediated by gluons (g) which, like the photon, are assumed
to be massless and its respective quantum theory is quantum chromodynamics (QCD).
Gluons carry color Chargeﬂ which can take three values: red, blue and greenﬂ. They can
interact with themselves, as the weak bosons, explained in more detail in [33] and in the
following section.

The mediators of the fundamental interactions in the SM are shown in Table 2.1l In
the case of gravity, a complete quantum field theory has to be developed, nevertheless, it
is assumed to be too weak to play a significant role in particle physics. Unlike the gauge
bosons, the Higgs boson is a massive spinless particle which is the only elementary scalar
particle discovered in nature. The Higgs boson is essential to formulate a theory explain-

2Gluons are mixtures of different color-anticolor combinations [33].
3Plus anti-red, anti-blue, and anti-green.
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ing the mass of the gauge bosons, known as the Brout-Englert-Higgs mechanism [34, 35|
explained in Section [2.1.3] The Higgs boson is the excited statd] of the Higgs field from
this mechanism.

Fermions are the building blocks of matter and classified into leptons and quarks. They
can be further classified into three generations containing two particles each. In total,
there are twelve particles with half-integer spin number as seen on Table In this
table, the anti-particle content is not taken into account, but there exists an anti-particle
for every fermion listed with the same mass and opposite charge; this is a consequence
of the Dirac equation of relativistic quantum mechanics describing the fermion dynamics.

The first group of fundamental fermions are the quarks. They are six: up (u), down
(d), charm (c), strange (s), top (¢), and bottom (b), as shown in Table 2.2 Each gen-
eration contains a doublet of particles with electric charge +2/3 (up-type) and -1/3
(down-type). Unlike leptons, quarks carry an additional quantum number, the color
charge [33]. Isolated quarks cannot be observed due to a phenomenon known as confine-
ment. Moreover, they can only be found as bound states referred to as hadrons. Hadrons
are color-neutral, either as a meson (quark-antiquark system) or as a baryon (quark-
quark-quark system). Anti-quarks have the same mass and spin as their corresponding
quarks but opposite electric and color charges. The formation of hadrons out of quarks
and gluons is called hadronization, and can give rise to cascades of hadrons or other par-
ticles, referred to as jets. Quarks, which have color-, weak-, and electromagnetic-charge,
interact with each other through all three forces incorporated in the SM.

Leptons do not take part in the strong interaction and they constitute the second
group of fundamental fermions. They can be subdivided in two classes: charged leptons
and neutral leptons. The electron (e), muon (u) and tau (7) are massive and have an
electric charge of —e (1.602x107' C [32]), and interact via both electromagnetic and
weak interactions. The neutrinos (v, v, V) are taken to be massless in the SMH and are
electrically neutral, therefore, only interact via the weak interaction. As a consequence,
the W boson is the mediator in the conversion from a charged lepton to its neutrino and
vice-versa. The muon and tau have the same properties as the electron except for their
masses and lifetime.

4In quantum mechanics, an excited state of a system is any quantum state that has a higher energy
than the ground state (i.e. more energy than the absolute minimum) [36].
5The observation of neutrino oscillations shows that the neutrinos should have a small mass [32].
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2.1.2. The Standard Model as Gauge Theory

The SM can be described as a non-Abelian Yang-Mills gauge theory based on the sym-
metry group:

SU(3)e ® SU2), @ U(L)y (2.1)

with SU(2),® U(1)y representing the underlying symmetry of the electroweak theory,
and SU(3)¢ three colored degrees of freedom. The hypercharge is represented by Y and
explained in more detail in the following subsections. SU(2);, is the symmetry group of
the weak interaction which only couples via the weak isospin to left-handed (L) particles
and right-handed (R) antiparticles. Gauge theories build the mathematical foundation
to describe interactions in the SM. A basic concept of the Lagrangian formalism will
be presented because it is essential for the understanding of the relationship between
particles and forces. Detailed descriptions may be found in references [37,38].

In this framework, particles are not treated as a discrete mass point but as a contin-
uous system represented by a field ¢(#,¢). The main mechanism is taken from classical
mechanics were a Lagrangian L(q, ¢, t) describes a system in motion and dependent on
the generalized coordinates ¢; with their time derivatives (velocities) ¢;. Analogously to
a field theory, a Lagrangian with density £(¢,d,¢) is a function of the fields ¢;, and
their time derivatives with respect to the space-time coordinates z* = (¢, z', 2% x3).
Incorporating the fields ¢ with the action S:

5= / Ldt = / L(6,0,0)d'z (2.2)

By the principle of least interaction 4.5, the Euler-Lagrange equations are obtained and
describe the dynamics of a system. If £ has more than one field ¢, the Euler-Lagrange
equation acts separately on each field ¢;, leading to [37]:

oL oL

I @0 " oo

0 (2.3)

The advantage of the Lagrangian formulation is that all resulting expressions are
Lorentz invariant. According to Noether’s theorem, the invariance of physics laws under
a continuous transformation is related to a conservation law [37,39]. For example, the
symmetry under translations in time results in the conservation of energy. Similarly, the
conservation of electric charges originates from the invariance of Quantum Electrody-
namics (QED) under gauge transformations. As an example, the Dirac Lagrangian of

a free fermion described by the four-component complex spinor field ¢ (x) and mass m
looks like

L =Y(x)(iv"0, — m)yY(x) (2.4)
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where " denotes the Dirac matricesﬂ The hermitian adjoint of the field 1 is defined as
1 = ¢Ty°. The Lagrangian density £ has a global U(1) symmetry under transformations
of the form:

U(@) = e P(x) (2.5)

with @ as the fermion charge and « an arbitrary real number. However, L is not gauge
invariant, i.e. is not invariant under local transformations with a space-time dependent
a(z). To achieve gauge invariance, J,, in equation is substituted by the covariant
derivative D,

Dy = 0, +iQAu(x) (2.6)

Here, A, represents a massless vector field that interacts with the fermion field. The
strength of the interaction is proportional to (). The A, field transforms like:

é@ua(:c) (2.7)

With this, £ becomes the Lagrangian of QED:

Ap(z) = Ay(z) =

) 1
Loep = V(" D, —m) — ZFWFW (2.8)

with %FWFW as the kinetic term, which is already invariant under U(1) transformations
and contains the field strength tensor of electromagnetism:

F,, =0,A, —0,A, (2.9)

and it is invariant under transformations of A,. Equation represents the photon field
(Ap)-

The steps to achieve gauge invariance in QED can be generalized to non-abelian gauge
groups like SU(N), which describe special unitary matrices of dimension N with a unit
determinant. QED is based on a U(1) symmetry group, leading to a single vector field
formalism, while a Yang-Mills theory has as many gauge bosons as there are generators
in the underlying group. The symmetry group SU(N) has N? — 1 generators. Therefore,
a Yang-Mills theory based on the group SU(2) has three, while for SU(3) there are eight
associated gauge fields. In addition to the coupling to fermions, Yang-Mills’ theories
also allow for self-interactions of gauge fields with triple and quartic couplings.

Quantum chromodynamics SU(3)¢

The strong nuclear force acts between colored particles. It is described by Quantum
Chromodynamics (QCD) [37,[40]. Instead of a positive and a negative charge like in
QED, the strong interaction couples to the color-charge which is only carried by quarks

6The Dirac matrices notation follows 7° = iy%y1y2~3 = ( ? é ) with I the identity matrix.
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and gluons. Gluons carry one color and one anti-color each, leading to a color-octet.
There are eight gluon states that correspond to a combination of color and anti-color,
and as they carry color charge, they can interact with each other. The correspond-
ing gluon singlet[!] is not realized in nature because it would be a color-neutral particle
freely propagating allowing for long-range strong interactions, which has not been ob-
served [41]. Mathematically, the strong interaction is equal to a SU(3) gauge group with
eight generators, due to the eight gluons. It is referred to as a SU(3)¢ gauge group due
to the color charge interaction, where the subscript C' indicates that the strong force
only acts on particles with color charge.

As previously described, local gauge invariance is satisfied by introducing a covariant
derivative:

>\CL
Dy = 0, — ig. -G, (2.10)

where g, is the strong coupling constant usually defined by o, = g2/47 analogous to the
fine-structure constant. The SU(3) generators are represented by A* as the Gell-Mann
matrices. The index a runs from 1 to 8. New vector fields G, are introduced which
correspond to eight massless gluon fields. The gluon field tensor strength is given by

G, = 0,Gy — 0,G), + gsf“chZGf, (2.11)

with f2 as the structure constants of the SU(3) symmetry. The QCD Lagrangian is
obtained as:

Locp =Y q(iv* D, —m)q — inwG“’“” (2.12)
q

The quark field is represented by ¢ and ¢ where the sum runs over six different quark
flavors. The last term in Equation represents the kinetic term of the gluon fields
which is responsible for the non-Abelian nature of QCD and describes the self-interaction
of gluons. Apart from quark-gluon interactions, the gluon fields can also undergo self-
interacting with triple and quartic vertices. This gluon-gluon self-interaction induces
important features of QCD, as additional bosonic loops which are possible [42]. As a
consequence, the coupling strength becomes dependent of the momentum scale ((¢?)),
meaning that o decreases with increasing momentum scale. Therefore, quarks and glu-
ons act as free particles at short distances. This QCD property is known as asymptotic
freedom. In this regime, QCD processes can be calculated using perturbation theory.
However, at large distances QCD becomes non-perturbative and quarks and gluons are
confined in color-neutral states, referred to as color confinement [37]. This is the reason
why quarks and gluons are not seen as free particles. Instead, they can only be found

as bound states referred to as hadrons as explained in section [2.1.1]

"(Ir7) + [bb) + 199)) / V3.
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Electroweak unification SU(2),® U(1)y

In the SM, the electromagnetic and weak interactions are described in a common theory
of electroweak interactions, based on the symmetry group SU(2),x U(1)y. It was shown
by the Wu experiment [43] and polarization studies [44] that fermions produced in weak
interactions are polarized® Particles can be left handed”] or right handed™} Neverthe-
less, the weak force does not conserve parity, meaning that fermions that participate
in weak interactions are only left handedE] in the limit when the mass of the fermion
my — 0.

The transformations of the SU(2),x U(1)y group act differently on left and right-
handed fermion fields. Chirality is introduced to distinguish left- and right-handed
fermions, for a Dirac fermion is defined through the operator +° with eigenvalues + 1.
Any Dirac field can thus be projected into its left- or right-handed component with the
projection operators P, and PR{T_Z] as

Y =Py, Y= Pry (2.13)

SU(2), represents the weak isospin group. The conserved quantum number of the
weak interaction is the weak isospin I where I3 is the z-component of I. The states are
labeled in terms of I and I3 leading to an isospin symmetry [37]. Each doublet has a
weak total isospin of I = 1/2, and individually, the upper components of the doublet
have I3 = +1/2 and the down components I3 = —1/2. The weak isospin doublets consist
of an up-type and a down-type quark, or of a charged lepton and its associated neutrino:

() () ), e

with the subscript L appended to the group name. Transformations of the weak isospin
group proceed always within the same doublet. For leptons, the doublets are identical
to the mass eigenstates of a given generation. This means that a charged lepton ¢ could
transform into its corresponding neutrino v, and vice-versa through the weak interac-
tion. However, this is not the case for quarks, hence a prime symbol is appended to the

down-type quarks in the definition from [37].

An up-type (down-type) quark will still predominantly transform into the correspond-
ing down-type (up-type) quark of its generation. It is also possible, with a smaller
probability, that it goes into a down-type (up-type) quark of another generation. For
example, charm quarks decay mostly into strange quarks, but transitions into a down
or bottom quark can occur, too. This is indicated by s’. The different quark-transition
probabilities are given by the magnitude squared elements of the Cabibbo-Kobayashi-

8Depending on their velocity 8 = v/c [44].

9When the particle spin points in opposite direction of their momentum vector.
10When the spin of the particle points in the same direction as the momentum vector.
1 And right-handed antifermions.

2Py = §(1 —75) and Pg = 3(1+75)
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Maskawa (CKM) matrix.

Right-handed fermions fields are singlets and do not participate in the weak inter-
actions, so they have an isospin of 0. As a result, right-handed particle states do not
couple to the gauge bosons of the SU(2), symmetry. A SU(2);, singlet consist only of a
quark or a charged lepton, as there are no right-handed neutrinos in the SM.

For the U(1) group, the charge operator needs to produce the same eigenvalues for
members of each left-handed fermion doublet. Such charge should be related to the
electric charge () and the third component of the isospin I3 in the form called hypercharge
(Y) defined by the Gell-Mann-Nishijima relation [45]:

Q-1
2

The unitary group is denoted U(1)y because the expression from equation intro-
duces a weak hypercharge invariant under the isospin construction.

Y

(2.15)

The procedure to form a gauge invariant theory is the same as shown before for QED.
Local gauge invariance for SU(2); and U(1)y symmetries are satisfied by introducing
the covariant derivative for left- and right-handed fermion fields as:

ot Y
Dﬁ =0, — ZgZEW“ + ZglEBu (2.16)
Y
DI =0, + ig15 By (2.17)

with three generators of the SU(2) symmetry o® written in terms of the Pauli matriced™]
The U(1)y coupling constant is ¢;, and go is the coupling constant of SU(2),. Three
new gauge fields W (with a = 1,2, 3) are introduced. The hypercharge Y is described
in equation and B, is the fourth bosonic field introduced in the electroweak model.
The gauge field W couples with strength g2, while the gauge field B, couples through
g1 with different strength to left- and right-handed fermiong™]

The Lagrangian density for the electroweak (EWK) model results:

1 1

Lrwk = > ULin" DEp] + 3" dhin" DEvl, — Wi W — B, W (2.18)
f f

The sum over f represents the fermion content, including left- and right-handed states.
The terms Wi, and By, are the field strength tensors related to the respective gauge

13 a 1 2 3 1 2 3
Where o —{U,o,a}anda —(1 0)70' _(l 0 )50' = 0 1)

MProportional to the hypercharge Y, as described in more detail in reference [49].

10
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fields as:

B,, = 0,B, —0,B, (2.19)
Wi, =0.We — 0,W! — goe™WIWS (2.20)

Here, € is the structure constant of SU(2) resulting in gauge self-interactions given
by the antisymmetric Levi-Civita tensor.

At this stage all gauge and fermion fields are predicted to be massless. This is obvi-
ously a contradiction with the experimental observations. In the SM, the mass terms
are obtained by introducing a Higgs field and the concept of spontaneous symmetry
breaking to the theory, explained in Section [2.1.3

2.1.3. Spontaneous Symmetry Breaking and Higgs Field

The Higgs sector in the SM is composed of an isospin doublet with complex scalar
fields [34,35]:

P(x) = ( f; ) (2.21)

where ¢* has an electric charge of +1 and ¢° is electrically neutral. The field ¢ has
Y = 1 with I = 1/2. Consequently the same covariant derivative (D,) for the left
handed fermion fields, as in equation is applied to ¢. The scalar field contributes
to the SM Lagrangian as

Ly = (D"$)'(Dug) — V(9) (2.22)

The Hermitian conjugate of a four-component particle state is denoted by the dagger
symbol (1) as ¢T = (¢*'). V(¢) represents the potential whose ground state follows
different symmetries than the system, represented by:

V(9) =~ + 3 (60)° (2.23)

where A and p are two real free parameters, and A is positive. In the ground state of
the theory (or vacuum state) V(¢) should be minimal. The potential has a Mexican-
hat shape as seen on Figure and has a minimum for field configurations satisfying
@' = 2% /. The vacuum expectation value, v, of the scalar field ¢ corresponds to the
minimum of the potential V() chosen as the expectation value of ¢ ({¢)) as:

(p) = L < 0 > where v = \2//3 ~ 246GeV (2.24)

The choice of the minimum breaks the symmetry of the Lagrangian £ spontaneously.
From the formula relating v with the Fermi constant G, v = (v2G )~ /2, v was found

11
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Vig)

[———" Im(¢)

Re(¢)

Figure 2.1.: Illustration of the Mexican hat shaped Higgs potential V(¢) with y? > 0
(as in Equation the u is chosen to have a negative coefficient). The
blue spheres represent the state of the system at the point of spontaneous
symmetry breaking in the ground state ¢y. In this figure one could have two

possibilities of fluctuations around the ground state: around the azimuthal
angle and the radius [50].

to have the value of ~ 246 GeV, determined from muon decay measurements [46-48].
This relation describes the effective coupling constant of a four-fermion interaction in
the Fermi’s weak decay theory obtained from muon lifetime measurements.

The Higgs field ¢ can be expanded around the vacuum expectation value

_ 1 [ di(x) +iga(x)
0= ( v+ H(z) + ix(z) ) (2.25)

where H, x, ¢ and ¢, are newly introduced scalar fields. The Higgs potential becomes:

2 2

V= PH + H(H 43 + 6+ 63) + 5 (H 43 + 6 + 63)° (2.26)

In equation m the H represents a neutral scalar particle with mass my = v/2u.

No mass terms exist for the other three fields x, ¢; and ¢,. This agrees with the

Nambu-Goldstone theorem , which postulates the existence of a massless particle for

every spontaneously broken continuous symmetry. They can be removed from £ with a
suitable gauge transformation.

12
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The kinematic term (D,¢)"(D,¢) of Ly in Equation [2.22] leads to a coupling of H
with the gauge fields and mass terms of the gauge bosons as

2

v
Loy =0 GOV + GV + (—gaW2 + 915, (227)

through which W7 and B, acquire mass. The physical charged bosons are defined as
the superposition of the first two components by

1
We=—
V2
and the neutral boson defined as the third component WB = Wi’ The neutral gauge
fields Wi’ and B, mix to form the physical states A, and Z,,, which are associated with
the photon and the Z° boson, defined by the electroweak mixing angle Oy "%

(W, TiW?) (2.28)

A, =B, -cosby + Wi’ - sin Oy, (2.29)
Zy = =By -sinfy + W} - cos Oy (2.30)
The invariance under local SU(2),® U(1)y transformations leads to the existence of

the W, Z° and the photon (v) [[¥

The A, corresponding to the photon field of the electromagnetic symmetry group
U(1) gar remains massless. The masses of the bosons are given by

_ 92 7\/9%"‘951}

mw =TV, mgz = 5 , ma=0. (2.31)
and are related to the electroweak coupling constant with
cos Oy = 2 _ MW (2.32)

Vi tg Mz

To summarize, the bosons of the weak interaction acquire their masses through the
Brout-Englert-Higgs mechanism when the symmetry gets spontaneously broken with a
non-zero vacuum expectation value.

Fermions also get their masses through the Brout-Englert-Higgs mechanism by gauge-
invariant Yukawa interactions with the Higgs field. The Lagrangian describing the
Yukawa interaction is represented by

£Yukawa - _)\EI_/LngR - )‘dQLQSdR - )‘UQLgbcuR + h.c. (233)

15 Also named the Weinberg angle.
16While the W boson only couples to left-handed fermions, the coupling of the photon is the same for
any handedness.

13
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where L and () are the left-handed lepton and quark doublets with the Yukawa cou-
plings for the corresponding fermion type given by Ay, Ag, and A,. The leptonic right-
handed fields are denoted by ¢g, while dg and ug indicate the up-type and down-type
right-handed fields. The term ¢¢ specifies the charge conjugate of the Higgs field. The
last term, h.c. stands for hermitian conjugate of the previous three terms. Extra quark
coupling terms could be added mixing quark-generations. The Cabibbo-Kobayashi-
Maskawa matrix V;; [52,53] describes them where the off-diagonal entries represent the
probability of transition between one quark generation and another in the weak inter-
action. No transitions between lepton generations in the SM are achieved due to the
absence of right-handed neutrinos [37]. The mass of a fermion f is given by

(2.34)

), Y
my= A\r——=
! ! \/5

The vacuum expectation value v of the Higgs field gives rise to the mass of the fermion
my. Equation [2.34] shows that the higher the mass of the fermion is, the stronger is its
coupling strength to the Higgs field.

2.1.4. Limitations of the SM

The SM successfully provides with accurate precision the known phenomena in high
energy physics. It describes the known elementary particles and their electromagnetic,
weak, and strong interactions. However, it still leaves some open questions. Because of
some of the SM limitations presented in this subsection, one of the most pressing issues
in particle physics today is to find a suitable beyond-the-Standard-Model (BSM) theory.

Hierarchy and Fine-Tuning Problem

At the LHC energy scale, gravity does not play an important role. Nevertheless, at a
reduced Planck scale Mp = (87G yewton) /% = 2.4 x 10'® GeV, quantum gravitational
effects become important and the forces are expected to become alike [17]. The electro-
magnetic and weak forces become unified at the electroweak energy scale My, defined
by the vacuum expectation value of the Higgs field in the order of 10> GeV. My, and the
Mp scale differ by 16 orders of magnitude in energy. The fact that the ratio Mp/My, is
so high is considered unnatural and a good motivation to search for new physics beyond
the SM. This big discrepancy between the two energy scales is often referred to as the
hierarchy problem.

Taking into account higher orders in Feynman diagrams, the parameters p? and \
from the Higgs potential are corrected by loop diagrams from each particle that couples
to the Higgs ﬁeldm. These corrections are proportional to the coupling )\} to a fermion
f and therefore proportional to the mass of the fermion m?c as shown in Figure (a).
This leads to a squared Higgs mass m? correction. To get the experimental Higgs mass,

1"With a 125 GeV Higgs mass, the parameters are taken to be u = —(92.9 GeV) and A = 0.126 [17].

14



CHAPTER 2. THEORY 2.1. THE STANDARD MODEL

a cancellation between this correction and the bare Higgs mass squared should happen.
This cancellation requires incredible fine-tuning of the bare Higgs squared mass violating
the naturalness [42] principle. As a fermion f couples to the Higgs boson with a term in
the Lagrangian —\sH f f, the mass of the Higgs boson should be modified by quantum
corrections caused by virtual loop diagrams by [17]:

by 2
Am? = —|87J;’2 A2y + ... (2.35)

where A; is the coupling strength of the fermion to the Higgs boson and A is an ul-
traviolet momentum cutoff. It should be interpreted as the least energy scale where new
physics phenomena could alter the high-energy behavior of the theory. For example, if
A%, is taken to be in the order of Mp, the Higgs squared mass parameter pu? is about
30 orders of magnitude in energy higher than measured. This is a direct problem, not
only to the Higgs squared mass corrections, but for all the SM particle masses which
are obtained by the vacuum expectation value of the Higgs field, so that the entire mass
spectrum of the SM is directly or indirectly sensitive to the cutoff Ay |17]. This amount
of tunning is not considered natural in the theory.

=== ---- \ /
H <__ -

(a) (b)

Figure 2.2.: Loop corrections to the Higgs squared parameter m?% due to (a) a fermion
f and (b) a scalar boson S. [17]

A scalar boson S can be introduced as shown in Figure (b), as a solution to this
problem as it also couples to the Higgs field via a term —\g|H|?*|S|? in the Lagrangian.
The quantum corrections of these new particles could cancel out the loop integrals
induced by the known SM particles. Supposing there exists S with mass mg, such scalar
particle would induce a further quantum correction to my as:

As

The term \g represents the coupling between the scalar particle and the Higgs field.
By comparing Equations [2.35 and [2.36] it seems that fermions and bosons can relate
by the relative minus sign between fermion loop and boson loop contributions to m?.
Under this assumption, each of the quarks and leptons of the SM would be accompanied
with two complex scalars |\ f|* = Ag, then A, contribution will be nicely canceled. This
is a very elegant solution independent on the cutoff scale which has as a consequence a

15
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stable Higgs mass, giving rise to a bosonic and fermionic symmetry.

Dark Matter

Cosmological observations have revealed that visible matter observed by telescopes is
not enough to account for the estimations of matter in the universe. It has been known
for decades that the largest fraction of mass in the entire universe is non-luminous.
The invisible matter is called dark matter (DM). Fritz Zwicky studied in 1933 nebulae
clusters [54]. The clusters appeared to be gravitationally bound, but all the luminous
material inside them did not add up to the sufficient mass to retain the fast-moving
galaxies. He found that the average density in the Coma system needed to be at least
400 times larger than the results derived from luminous matter observations, leading to
the conclusion that dark matter should be present in a larger amount than luminous
matter and that most of the clusters’ mass is not visible. Figure|2.3|shows another piece
of evidence for DM: the rotation velocity of the galaxy M33 [55]. The expected rotation
velocity from the visible disk around the galaxy should have a peak at a certain distance
from the center (R), and then decrease as a function of R. The rotation velocity of the
galaxy M33 did not follow the classical expectations given by the shape of the luminous
contributions. On the contrary, the rotation velocity seemed quite flat at larger dis-
tances away from R. This would indicate that there is more matter than expected. The
rotation velocity was also observed using the 21 cm line emitted from hydrogen atoms
indicating additional invisible material around the galaxy in the shape of a halo.

1560

100

V (km s)

50

R(kpc)

Figure 2.3.: The rotation velocity of the galaxy M33 as a function of the distance from
the center of the galaxy [55]. The points show the observed M33 rotation
curve with the best fit model (solid line). The contribution of the halo
(dashed-dotted line), stellar disk (short dashed line) and gas (long dashed
line) are shown together.

Another evidence of the existence of dark matter was given by gravitational lensing
effects [56]. According to the general relativity theory, space is bent by gravity. By

16
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this principle, if light emitted by a distant source would pass by a very massive object
it should deviate from its straight path. Consequently, the massive object will act as
an optical lens and it will bend light proportional to the mass of this massive object.
This effect was first observed in 1919 during the solar eclipse in front of Hyades star
cluster, whose stars appeared to be displaced as they passed close to the the sun [57]
giving experimental verification of general relativity. The lensing effect presented re-
sults that required concentrations of unseen matter more massive than expected from
the plasma [58].

Unification of Forces

The coupling constants of the presented forces are very different. However, the gauge
couplings are not a fixed value but dependent on the energy scale. The unified descrip-
tion of the electromagnetic and the weak forces gave rise to a possible unified theory.
The extrapolation of the coupling constants of the electromagnetic, weak, and strong in-
teractions at high energies and scales is shown in Figure left. In the SM description,
the coupling constants run into each other but do not reach the same value at the same
energy. While the SM description must unify the electromagnetic and the weak forces,
it is not possible to unify the electroweak and the strong force [37]. When extrapolating
the coupling constants behavior to high energies within the SM, a unifying value is not
obtained. In Figure [2.4]right, new particles at a TeV scale have been introduced making
the unification of the three forces possible. For this to happen a new physics model
would be needed.

1 A

o o

60 ~_ Standard Model 60 ~_ Minimal
\\ supersymmetric

50 50 a1\ extension of

“~._ Standard Model

40 N~

30

20

10

0 —————T 0 — T

1 10° 100 10" 1 10° 100 10"
lluztration: Typofarm Energy, GeV Energy, GeV

1
of the electromagnetic (aq), weak (as) and strong (as3) interactions as in
the SM. On the right plot the illustration of the extrapolation in a minimal
supersymmetric extension of the SM chosen to meet at some point around
the Planck scale in a logarithmic scale [59].

Figure 2.4.: Left plot: Extrapolation to high energies of the inverse gauge couplings (=)
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2.2. Supersymmetry

An extension to the SM is needed to solve the problems presented in the previous
section. Supersymmetry (SUSY) is one of the best-studied candidates to do so. SUSY
establishes a symmetry between bosons and fermions, which provides boson partners to
fermion particles of the SM and vice versa. In this way, the SM particle content is roughly
doubled. Each known SM particle is associated to a supersymmetric partner differing
by 1/2 in their spin and keeping all the other quantum numbers. The superpartners of
fermions are denoted by the same name of the SM only adding a s in the front (i.e., the
electron superpartner is the selectron), and the superpartners of bosons have the suffix
-ino to the name (i.e., W bosons becomes wino). SUSY particles are then marked with
a tilde (i.e., e becomes €). Simply speaking, a supersymmetric transformation turns a
bosonic state into a fermionic one and vice versa. In terms of operators, the operator ()
that generates such transformation must be an anti-commuting spinor as [17]:

()|Boson) = |Fermion),  @|Fermion) = |Boson) (2.37)

Spinors are complex objects, so the hermitian conjugate of the operator Q is Qf
and also a symmetry generator in the Weyl representatio. Q and Q' are fermionic
operators carrying spin angular momentum of 1/2. The operator @) satisfies the following
anti-commutation and commutation relations:

{Q,Q%y = p* (2.38)
{Q,Q} ={Q",Q"} =0 (2.39)
[P, Q] = [P, Q] =0, (2.40)

where P* represents the four-momentum generator of space-time and thus, the SUSY
algebra extends the ordinary space-time to super-space. Equation introduces a
connection between SUSY and the space-time translations, and equation [2.39] points
that supersymmetric transformations are independent of the space-time positions. All
quantum numbers, with the exception of the spin, should match their SM partners. The
third equation , indicates that @ is exchangeable with m? = P*P,, resulting in the
operator () not changing mass. Hence, fermion and boson partners, for example the
electron in the SM and its supersymmetric partner, have the same mass [17].

Such supersymmetric partners have not been discovered yet; for example, there is no
supersymmetric partner of the electron, which is a boson with m, = 0.511 MeV. Super-
symmetry should be broken so that fermion and boson partners have different masses
to account for the fact. The quantum numbers related to SUSY particles are identical
to the SM ones, and the pair has the same coupling constants. The SUSY breaking

18Weyl spinors describe particles with 1/2 of spin and a given chirality. Each left and right handed
spinors has two components. The component with left (right) chirality is denoted by ¥, = ¥
(1;0‘ = ). The matrices €, = 102 and €*B = —joy are used to raise and lower the spinoral indices
a and f with o; denoting the Pauli matrices [60].
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could happen by introducing soft breaking terms into the SUSY Lagrangian [61]. By a
soft breaking, the superpartners should acquire more mass than the SM particles but
the masses of the supersymmetric particles should not be too large |17]. For this reason
there is still a good motivation to find supersymmetry at the LHC at CERN.

2.2.1. Minimal Supersymmetric Standard Model (MSSM)

The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetric extension
that includes the minimum amount of new particles [62,63]. The particles in the MSSM
are listed in Table[2.3] Each SM particle has a supersymmetric partner with a spin which
is shifted by 1/2. A representation of the SUSY algebra is given by the construction of
supermultiplet states. A supermultiplet state is an irreducible representation combining
fermion and boson states. A particle and its superpartner form a supermultiplet. A su-
permultiplet has the same number of fermionic and bosonic degrees of freedom np = ng.

Two types of supermultiplets can be constructed. The first one is called chiral super-
multiplet (i.e., whose left- and right-handed pieces transform differently under the gauge
group). It contains a Weyl fermion of spin 1/2 and its superpartner, which is represented
by a complex scalar field of spin 0. This Weyl fermion has two helicity states np = 2
while the complex scalar field has its real and imaginary part. It contains two scalar
fields described in a single complex scalar field [60] where each one yield ngp = 1. @
contains the SU(2), doublets (i, d;) and (ug,dy). The supermultiplet % and d denote
the associated SU(2),, singlets %, uk and d%, db. Likewise L contains the lepton and
slepton doublets. The quark and lepton multiplets come, as usual, in three generations.
Table shows only the first generation.

The Higgs sector in the MSSM consists of two chiral supermultiplets H,, and H; with
weak hypercharge Y = 4+1/2 and —1/2 respectively. They contain complex scalar fields
arranged as SU(2), doublets labeled H,, = (H,", H) and H; = (H;, H)). To guarantee
the cancellation of gauge anomalies [17], at least two Higgs supermultiplets are required
with Y = 4+1/2. The Higgs boson in the SM would then correspond to a linear combi-
nation of H? and HY. The higgsinos, the fermionic superpartners to the Higgs scalars,
are arranged as Weyl spinor fields as SU(2),, doublets denoted (H;", H) and (H; , HY).

The second representation is the gauge supermultiplet, also shown in Table [2.3] The
field is obtained by a massless gauge boson with spin 1 together with a spin 1/2 fermionic
superpartner called gaugino [63]. They consist of gluons and their fermionic superpart-
ner, the gluino; the W=, W° and B° with their spin 1/2 superpartners called winos and
bino. Both have two possible helicity states therefore np = ng = 2.
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Table 2.3.: The chiral and gauge supermultiplets in the minimal supersymmetric exten-
sion of the Standard Model (MSSM). Chiral multiplets are defined in terms
of left-handed Weyl spinors so that the conjugates of the right-handed quarks
and leptons appear in the table. For quarks, leptons, squarks, and sleptons,
only the first generation is listed. Table adapted from [17].

names spin 0 spin 1/2
Q (Ialn de) ('U/L, dL)
squarks, quarks 1« Up u}r{
d d, di
chiral
sleptons, leptons I_J (e,-:; ) (eLT’ V)
e ek €r
H, (Hf H% (Hf, H)
Higgs, higgsinos wrou v
SRS ma (HgHY) (A AY)
names spin 1 spin 1/2
gluon, gluino g g
gauge W boson, wino W wo  wE W
B boson, bino BY B

Table 2.4.: Particles predicted by the MSSM which have not been discovered yet (except
for h°. The mixing in the first two generations is assumed to be negligible [17].

Name Spin Gauge Eigenstates Mass Eigenstates
aLaaR7dL7JR fLL,rELR,CzL7d~R
squarks 0 6L76R7§L7'§R 5L75Ra§L7§R
£L7ER7bL7bR 517527b17b2
éL7éR> De éLaéRaﬂe
Sleptons 0 /]La ﬁRu ﬁ,LL /j’La IELRu ﬁu
TL, TR, Ur T1, T2, Ur
Neutralinos — 1/2 B, W° HY HY XY, X9, X9, X4
Charginos 1/2 W+, Hf H; P
Gluinos 1/2 g g
Higgs Bosons 0 HY HY Hf Hj, RO, HO A° H*
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SM fermions have different interactions depending if they are left- or right-handed (L
or R) [63]. In SUSY, the left- and right-handed should belong to different supermulti-
plets and have distinct spartners. The fr and f;, are different, even though the concept
of handedness does not have any meaning for a scalar particle with helicity = 0. The L
and R indexes refer to the chirality of their superpartners to indicate their couplings. For
example, a right-handed slepton £ does not couple to a W boson while the left-handed
slepton ¢, does.

It will be useful in the following to introduce a function describing all the non-gauge
interactions with the chiral superfields called superpotential (W'). For the MSSM it is
written as [17]:

Wassm = Uy, QH, — dygQHy — ey, LHy + 1H, H, (2.41)

with objects @, d, e, Q, L, H,, and H, making reference to the chiral superfields cor-
responding to the chiral supermultiplets in Table 2.3 The terms y,, y4, and y, are the
dimensionless Yukawa coupling parameters represented by 3 x 3 matrices in the family
space. The p term is the supersymmetric version of the Higgs boson mass in the SM.
Roughly speaking, 1 parametrizes the mass in the Higgs sector of the MSSM and is
consequently referred to as higgsino mass parameter.

Soft SUSY Breaking

The particles in the supermultiplets are massless until the gauge symmetry is sponta-
neously broken. A conserved and unbroken supersymmetry would imply that the masses
of the supersymmetric particles are identical with their SM counterparts, but this has
been found to be not the case, since no SUSY particles have been discovered. Hence,
supersymmetry must be broken and as a consequence the supersymmetric particles must
be heavier than the SM particles. The Lagrangian of the MSSM can be split into two

parts as
MSSM MSSM MSSM
L = Lsugy + Lok (2.42)

where the first part Lyt describes the properties of the SUSY particles that are the
same as the ones of the SM particles [17]. The second part £MZSM describes the soft
breaking terms of the MSSM, which are essential when discussing the phenomenology of
the MSSM particles. As the exact nature of SUSY breaking is not known, all possible
terms that break SUSY softly are explicitly added to the Lagrangian in the MSSM. In
a general way, the soft Lagrangian can be expanded to

1 . .
LN = = 5 (Msgg + MeWW + M BB +c.c) (2.43)

— (faauQHu — jadQHd — éagLH; + c.c)

— Q'mHQ — L'm} L — umZu' — a?mf;%alT — em2é!
—my, HyH, —my HyHy — (bH,Hy + c.c.)
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Here @, d, and € are supermultiplets of right handed fermions, and Q and L are left-
handed supermultiplets, as shown before in Table . The terms @ and L have tildes
because they represent their corresponding scalar field. The first line on equation
represents the gaugino masses. The masses of the gluino, wino, and bino are given by
Ms, Ms, My, respectively corresponding to SU(3), SU(2), and U(1) gauge groups. The
second line shows the trilinear scalar couplings parameters included in 3 X 3 matri-
ces in family space ay, aq, and a., where left-handed and right-handed scalar particles
are involved. The coupling parameters correspond to squark, slepton and Higgs fields
(Higgs-squark-squark and Higgs-slepton-slepton) and are proportional to the Yukawa
coupling parameters. On the third line the mass terms of the squarks and sleptons
appear as m'z’), mi, m2, mg—, and m2. They are complex 3 x 3 matrices corresponding
to the particles. The last line corresponds to the SUSY breaking contributions to the
Higgs potential in the MSSM with m% , m%; and b.

Before the introduction of the soft supersymmetry breaking Lagrangian Ly, there
was only one free parameter in the theory which is not present in the SM, the mass
parameter p. The Lgq introduces 104 additional free parameters (+ 19 free parameters
in the SM), making the experimental searches for supersymmetric particles rather chal-
lenging with 124 free parameters in total.

In the MSSM, the electroweak breaking mechanism is generalized to account for the
two Higgs doublets (H? and HY) in the theory. Similarly as in the SM, each doublet
acquires their vacuum expected values by v, = (H?) and vy = (H3). The ratio between
these will give

Uy,
tan f = — (2.44)
Ud
which represents an important parameter that governs the phenomenology as seen in
the following sections with v? = v2 + v3. In the MSSM, the masses and CKM mixing
angles of the quarks and leptons are determined not only by the Yukawa couplings of
the superpotential but also by the parameter tan 5, as shown in Equation The
top, charm and up quark mass matrix is proportional to v, = vsin 3; and the bottom,
strange, down quarks, and the charge leptons get masses proportional to vy = v cos 3.

When the electroweak symmetry is spontaneously broken, the two complex Higgs
doublets contain in total 8 degrees of freedom, the mechanism uses 3 degrees of freedom
to give masses to the two W bosons (£) and to the Z boson. This leaves five Higgs
scalar mass eigenstates |17]:

« R HY one light and one heavy neutral Higgs under even—CP[:g] transformations.
With mpo < mpyo by definition

o A% a neutral C'P-odd Higgs

19Charge conjugation and Parity symmetry.
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o HT, H™, two charged Higgs

The scalar discovered at 125 GeV may then be identified with h°.

2.2.2. Neutralinos and Charginos

The electroweak gauginos and higgsinos mix with each other and form mass eigenstates.
The four neutral particles (H2, HS, W° and B°) form neutralinos with four mass
eigenstates Y, X3, X3, X3, as shown in Table . The charged states (I:I;r . H 4> and Wi)
form two charged mass eigenstates named charginos Xi, X5. In these expressions, the
numbers in the subscript of x are assigned in ascending order of their masses. The mass
matrix of the neutralinos is given by

X! M, 0 —CaSwmz  SgSwim ~B

My — )Sg _ 0 2 cgswmyz SgSWmMm, Wo (2.45)
X3 —CgSwmyz  CRCw My 0 — {[d
5(2 SgSwMmy  —SgCywmy — 0 Hg

with sg = sin 3, c¢g = cos 3, sy = sinby, and ey = cosfy. The electroweak mixing
angle is denoted by #y,. The masses of the neutralinos are obtained by diagonalizing the
mass matrix M 5. Similarly, the mass matrix for charginos is given by

M, — (}0( )gT> (2.46)

with

B M, V2sgmw
X = <\/§05mw y ) (2.47)

The mass eigenstates are related to the gauge eigenstates by two unitary 2 x 2 matrices

UandV as
~+ T + ~_— Tr—
X1 w X1 w
L=V - ) =U\ ~_ 2.48
(XJ) (HJ ) ’ <X2> (Hd ) (248)

The exact diagonalized form of the mass mixing matrices are quite complex [64], for
this reason, the mass eigenstates typically refer to the component that dominates them.
Neutralinos with a dominant bino, wino, or higgsino component are called bino-, wino-,
or higgsino-like. Likewise, charginos are wino- or higgsino-like.

2.2.3. Scalar Top Quarks

Similar to the neutralinos’ and charginos’ mixing, the right- and left-handed squarks
mix too. A large mixing could happen for the stop due to the large Yukawa coupling of
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the top, while the mixing is negligible for the first and second generation squarks. The
Lagrangian of the stop mass term is given as

ma; Tx % 2 LZL
with the stop mass matrix
2 2 * o3
m? — Mg, + m; —i— Az, U(At2smﬁ —2uyt cos 3) (2.50)
v(Agsin f — p*y, cos ) mg, +mi + Agy,

The matrix elements Ag, = (3—3 sin® Oy ) cos(26)m% and Ag,, = (3 sin? Oy) cos(28)m3,.
Ay is the trilinear coupling and v the vacuum expectation value in the SM related as

v? = v2 + v} from Equation [2.44. The mass eigenstates of the stop are obtained by

diagonalizing the mass matrix
51 [ CF —Spx I?L
(52> - (Sf e ) <5R> 22

where the condition |sz|* + |¢;|* = 1 is fulfilled. The off-diagonal terms of the stop mass
matrix tend to induce a large mixing. Because of this, the mass of the #; is typically
light, and many models predict that #; is the lightest squark.

In this thesis, only the top squark is studied, although a very similar analysis can
be performed for the rest of the third-generation sfermions with their respective gauge-
cigenstate bases (b, br) and (71, 7r) [17].

2.2.4. Natural SUSY

The mass of the Z boson at lowest order (“tree level”) in the MSSM can be written in
terms of large tan 3, my,, and the supersymmetric p parameter [17,/66] as:

my = =2(|ul* +my,) (2.52)

In the natural SUSY scenario, the right term on equation should not be too
large compared to the left side, otherwise a large cancellation between the terms on
the right side would be needed. Equation also provides guidance towards under-
standing which superparticles are required to be light, defining the minimal spectrum
for Natural SUSY. The masses of the superpartners with the closest ties to the Higgs
must not be too far above the weak scale. In particular, the higgsinos should not be too
heavy because their mass is controlled by pu, as shown in Equation [2.41] The stop mass
correcting ml%[u at one-loop order, also cannot be too heavy. Hence, m%{u and p must be
adjusted in a way to get the my.

The my, term can be split into the tree level and radiation correction as mf; =
M3y |iree+M3, |raa [65]. The radiative corrections to m3; proportional to the top Yukawa
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coupling \; are given by

A2 A
M, lrad = —8—7;2 (m223 + mg, + !AtP) In <mt> (2.53)

Here mg, and my, are soft supersymmetry breaking masses for the third-generation
squark doublet. The term A denotes the scale at which SUSY breaking effects are medi-
ated generating massless SUSY particles |[66]. To avoid large radiative corrections, m,
and my, should not be too large compared to my. The expected mass spectrum from
the natural SUSY requirement is summarized in Figure 2.5

- ___Pi*éz
B :---:::::f::
- Q,2,11,2,d1 2
W IDIzziziiiis
..... —
g
____________ 'EL ER
............ BL mEmmmmemm———
H
natural SUSY | decoupled SUSY

Figure 2.5.: Mass spectrum with naturalness constrains in the MSSM [66]. The particles
on the left side are considered to be light in natural SUSY models, while
the SUSY particle on the right side can be heavy.

The discovery of the Higgs boson indicates that a too light stop is not favored. The
mass of the Higgs boson also provides information on the SUSY particles. The Higgs
mass is described as

3 m? m2  X? X2
2 2 9 ¢ i ¢ ;
mj ~ My cos" 26 + 472 v? {ln m? - m? (1 - 12mtg>} 254

with X? = A; — pcot B as the stop mixing parameter [66]. At tree level, the observed
Higgs boson with a mass of 125 GeV cannot be achieved by the term m?% cos? 23. Hence,
the second term in equation [2.54 must be large enough to account for the observed mass.
In the case of heavy stops, the first term in the braces in equation positively con-
tributes to the Higgs mass. The second term becomes a maximum when |X;| = v/6m;,
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which is called the maximal mixing case. Figure [2.6] shows the Higgs mass calculated
with Suspect [67] and FeynHiggs [68] packages. If the stop mixing is zero, the observed
Higgs mass cannot be explained with a light stop below a few TeV, but the maximal
mixing scenario gives a solution where a light stop below 1 TeV is actually possible.

Generally speaking, Natural SUSY assumes that the first and second generations of
squarks are decoupled as seen in Figure [2.5] greatly decreasing the total SUSY cross-
section.

MSSM Higgs Mass

140}
7 X = \/gmf

Ly, = 124-126 GeV

my, [GGV]

Xf =0
Suspect

100}
: FeynHiggs

90, ‘ ‘ ‘ ‘ . ‘ ]
20 300 500 700 1000 15002000 3000
mﬁ [GeV]

Figure 2.6.: The Higgs mass as a function of the lightest stop mass in the MSSM [69].
Two calculation packages are used: Suspect in red lines and FeynHiggs
in blue. The maximal and zero stop mixing parameters are shown. The
green (pink) area shows the difference between the Suspect and FeynHiggs
calculations at the maximal (zero) stop mixing.

2.2.5. R-Parity

It is possible to add terms that violate either lepton number (L) or baryon number (B)
conservation to the superpotential introduced in Equation [2.41] These terms are also
gauge-invariant and renormalizable, and can be written as [17]:

1. .. . - .
War=1 zikaiLjék + N*LQidy + 1" LiH, (2.55)

1., - -
Wap=1 25)\Hmkﬂidjdk (2.56)
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where the color indexes have been suppressed and the letters i, j, k denote fermion-
generation. The chiral supermultiplets carry lepton number assignments L = +1 for
L;, L, = —1 for ¢;, and L. = 0 for the rest. The total baryon number assignments are
B = +1/3 for Q;, B= —1/3 for 4; and d;, and B = 0 for all of the others. Therefore, the
terms in Equation violate the total lepton number by 1 unit (as well as the individual
lepton flavors) and those in Equation violate baryon number by 1 unit. The 4 and
various \ factors are the coupling strengths of their corresponding interactions.

0
u U }ﬂ'
Figure 2.7.: Diagram of a proton decay via p — e*#? if R-parity is violated by both AB

= 1 and AL = 1 interactions [17]. In this example, the decay is mediated
by a strange squark.

Some theories consider these violating terms to be small. If both couplings N and
A" were present and unsuppressed, then the lifetime of the proton would be extremely
short as shown in Figure . For example, the proton decay via p* — e™n%, which is
constrained by lower limits on the proton lifetime from experimental results of > 103
years [17]. Therefore, at least one of N'* and \"M'* couplings in Figure , for each of i
=1,2,5 =1, 2 and k = 2, 3 must be extremely small. In the MSSM a new symmetry
is added, which has the effect of eliminating the possibility of B and L violating terms.
This new symmetry is called R-parity defined as

PR — (_1)3(BfL)+28 (257>

where s is the spin of the particle. Therefore, particles within the same supermultiplet
do not have the same R-parity. The value of Pg is +1 for SM particles and -1 for SUSY
particles. The conservation on R-parity in each vertex of a Feynman diagram has some
implications. First, it predicts the existence of a lightest supersymmetric particle (LSP)
which is stable making the LSP a leading candidate for DM. From the cosmological con-
straints, DM cannot have a color or an electric charge; thus, the LSP can be considered
as one of the neutral SUSY particles. Like neutrinos, the LSP would escape detection
in collider experiments. The second implication of R-parity conservation is that SUSY
particles are produced in pairs at colliders, and decay (except the LSP) into particles in
which an odd number of SUSY particles are included.

R-parity conservation is well-motivated in the MSSM as previously presented. It pro-
vides a good DM candidate and agrees with the non-observation of proton decay. The
R-parity conservation requirement could be relaxed by allowing only lepton or baryon
number violating terms but not both to avoid a potential proton decay. Such R-parity
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violating models [70] exhibit a different phenomenology and are the basis for comple-
mentary SUSY searches. In this thesis, two SUSY models are presented, one conserving
R-parity and another one violating it.

2.2.5.1. R-Parity Violation

The phenomenology for R-parity conserving (RPC) and R-parity violating (RPV) SUSY
models is very different. For RPC scenarios, the stable LSP does not interact with the
detector and escapes without depositing any energy. The presence of the LSPs, however,
can be inferred by examining the imbalance in the transverse momentum in an event,
which due to the negligible transverse momentum of the initial colliding particles, should
be zero in events without LSPs or neutrinos. Thus, the imbalance in the transverse mo-
mentum in an event provides a powerful handle for discriminating a SUSY signal and SM
background. Most RPC analyses search for signatures that include significant amounts
of this imbalance. In the RPV models, however, the LSP is not stable and decays to SM
particles, which does not produce any of these missing momentum signatures. Although
this disfavor the LSP as a dark matter candidate, it allows RPV models to evade the
constraints from RPC searches and cover a different phase space.

In the MSSM, the RPV terms for the superpotential can be written as Wgrpy =
War—1 + Wap=1, summing Equations and [70]. While there is no fundamen-
tal theoretical reason forbidding R-parity violation, there are significant constraints on
these interactions, specifically on the lepton number violating (LNV) couplings, A and
X, and and the baryon number violating (BNV) coupling X" [71].

The most stringent of these constraints is from proton decay previously mentioned.
Proton decay, however, requires both a lepton number and baryon number violating
coupling. This constraint can be avoided if a mechanism exists that makes one of these
couplings zero or negligibly small. Additionally, there are strong limits on the individual
LNV and BNV couplings coming from neutron oscillation and muon-to-electron decay
measurements. Thus, for any mechanism to evade these constraints, it must also moti-
vate smaller couplings for the lighter generations.

Minimal Flavor Violating Supersymmetry

To avoid the constraints placed on the RPV couplings, a model is constructed follow-
ing the structure of minimal flavor violation (MFV) [72]. The MFV hypothesis [73}/74]
establishes that the Yukawa couplings are the source of irreducible flavor violation in
BSM. In these MFV SUSY models, the RPV couplings are related to the SM Yukawa
couplings. As a consequence, the third generation RPV couplings are large and the first
two generations couplings are small.

The size of the small R-parity violating terms is determined by the flavor parameters,
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such as the lepton and quark chiral supermultiplets (L, e, @, @, d). Some MFV mod-
els assume the absence of neutrino masses, leading to only one renormalizable R-parity
violating interaction inferred from Equation and 2.56} the baryon-number violating
udd coupling [72,75]. This coupling is small for the first two generations meeting the nec-
essary criteria to evade experimental constraints on RPV couplings. Some other MFV
models assume neutrinos acquiring a Majorana mass term |76, having LNV couplings
but tuned by the tiny neutrino masses. The RPV model studied in this thesis assumes
only a BNV udd coupling.

One of the outstanding problems of the SM and the MSSM is the issue of baryonic
asymmetry. It is seen that there is predominance of matter over antimatter in the
universe [77]. In ME'V SUSY, the appearance of the \” BNV operator, opens new expla-
nations for this imbalance. A violation of baryon number is an essential ingredient for
the creation of an asymmetry of matter over antimatter in a symmetrical Universe that
emerged from the Big Bang [78]/79]. This is a strong motivation to search for models

with BNV.
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3. Experimental Apparatus

Physicists probe the fundamental structure of the universe at the European Organization
for Nuclear Research (CERN). It is located at the border of France and Switzerland, near
the city of Geneva [80]. At CERN, the discovery of various fundamental particles took
place, contributing to a better understanding of the SM. The aim of the Large Hadron
Colider (LHC) [81] is to test the predictions of different theories of particle physics,
including measuring the properties of the Higgs boson (experimentally discovered in
2012 [1}2]), and searching for new physics beyond the SM.

3.1. Large Hadron Collider

The Large Hadron Collider (LHC) is a proton—proton accelerator consisting of a 27 kilo-
meter ring. The CERN accelerator complex is shown in Figure (3.1, where the LHC is
one part of it. The proton acceleration starts from an injection of hydrogen atoms into
the Linear accelerator 2 (Linac 2). At the beginning of Linac 2, hydrogen gas passes
through an electric field to strip off the electrons, and only protons are injected into
Linac 2. In Linac 2, pulses of protons are generated and accelerated to an energy of 50
MeV. The accelerated pulse of protons is extracted from Linac 2 and injected into the
Proton Synchrotron Booster (PSB). Here, protons are accelerated to 1.4 GeV for the in-
jection into the Proton Synchrotron (PS). The Booster enhances the number of protons
injected into the PS by accelerating protons in advance. The PS takes the protons to
the energy of 25 GeV in its ring with a circumference of 628 m.

The next step is the Super Proton Synchrotron (SPS). The SPS was originally used
as the main ring to collide proton and antiproton beams, and it was the historical place
where the W and Z bosons were discovered in 1983. Today, the SPS is used as the last
part of the supply chain before the LHC and accelerates protons to 450 GeV in its nearly
7 km circumference. The LHC is the main ring of the complex and uses the same tunnel
built for the LEP accelerator. Two proton beams with opposite directions are injected
from the SPS and accelerated to an energy of 6.5 TeV. The proton beams are accelerated
through radiofrequency cavities and bent to a circular orbit with 1232 superconducting
dipole magnets, which are cooled down to 1.9 K with superfluid helium. They provide
a maximum magnetic field of 8.33 T. Apart from dipole magnets, the LHC comprises
different quadrupole and correction magnets to focus the beams. The LHC has four
interaction points where the major detectors are: ATLAS, CMS, ALICE, and LHCb.
The protons travel through the LHC in a vacuum with a nominal bunch spacing of 25
ns. Bach beam contains 2808 bunches with about 10! protons in each bunch.
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Figure 3.1.: The accelerator complex at CERN .

3.2. The ATLAS Detector

The ATLAS detector is a multi-purpose particle detector designed to cover a broad
physics programs at the LHC, including the Higgs boson search, new physics searches,
and precision measurements of the SM. Figure shows a sketch of the ATLAS detec-
tor. It has a cylindrical shape, and the size of the detector is 44 m in length and 25 m in
diameter. The center of the cylindrical shape is called the barrel, and the ends on each
side are called endcaps.

The ATLAS detector consists of several subsystems. A tracking system is found in the
most inner part of the ATLAS detector. It consists of the silicon pixel detector, the sil-
icon strip tracker (SCT), and the Transition Radiation Tracker (TRT). These detectors
are used to provide charged-particle trajectories, called tracks. The tracking subsystem
is surrounded by a solenoid magnet, providing a magnetic field for the tracking detectors
to measure the momenta of tracks using the track curvature. The next outer subsystem
are the calorimeters, which consist of electromagnetic and hadronic calorimeters. The
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energies of jets, electrons, and photons are measured by the calorimeters. The outermost
part of the detector is the muon spectrometer (MS). Together with the muon spectrom-
eter, toroid magnets are installed in both the barrel and endcap regions to provide the
magnetic field to improve the measurement of the muons momentum. The details of the
subsystems are described in the following sections.

25m

Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector )

Toroid magnets LAr electromagnetic calorimeters

Mucn chambers Solenoid magnet | Transition radiation tracker

Semiconductor fracker

Figure 3.2.: A schematic drawing of the ATLAS detector and its subsystems .

3.2.1. Coordinate System

A right-handed coordinate system is used in ATLAS. The interaction point (IP) at the
center of the ATLAS detector denotes the origin of the coordinate system. The z-axis
points from the IP to the center of the LHC ring, the y-axis upwards, and the z-axis
along the beamline, as shown in Figure 3.3 Polar coordinates are also useful to describe
the detector parts and particles” momenta with respect to the IP. The polar angle ¢
is defined as the angle in the # — y plane (transverse plane) starting from the positive
z-axis. The azimuthal angle 6 is defined as the angle from the positive z-axis to the
negative z-axis. In collider experiments, the pseudorapidity 7 is often used instead of

0 as
6
n=—In (tan 5) . (3.1)

In Figure the pseudorapidity is zero along the y-axis and it approaches infinity
along the z-axis. It is used to give a description of the trajectories of massless objects.
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For massive objects the rapidity difference is an invariant under a boost along the
z-axis and is defined as [84]:

1 E+p,
=1 2
y Qn(E_pz) (3:2)

In the collisions, quantities such as energy and momentum are conserved effectively in
the x — y plane, transverse to the beam axis because their initial quantities in this plane
are known to be zero. Some kinematic variables are defined in the transverse plane, such
as transverse momentum pr and transverse energy Fr. In order to describe the distance
of two positions in the n — ¢ plane

AR = \/An? + A¢? (3.3)

is often used, where An and A¢ are the differences between the two positions in the in
the n and ¢ coordinates, respectively.

n=0

6=90° /

06=45°

1=0.88

o=10-—>N=2.44
9=O°—>T'|=°°

Figure 3.3.: The ATLAS Cartesian coordinate system (left). Values of pseudorapidity 7
for different polar angles 6 [85].

3.2.2. Inner Detector

The detector system closest to the beam line is the inner detector (ID). It is placed in
a 2 T magnetic field generated by a superconducting solenoid. The magnetic field is
parallel to the beam axis, so that charged particles are bent in the transverse plane.
Charged particles travel through the ID in curved tracks bent by the Lorentz force.
The charge of the particle and its momentum is inferred by the direction and strength
of the track-curvature. The inner detector consists of three trackers: Pixel detector,
Silicon Strip Tracker (SCT), and Transition Radiation Tracker (TRT). The layout of
the ID is shown in Figure [3.4] In each tracker, different shapes of the layers are used
in the barrel and endcap regions to provide tracking information in the range of |n| < 2.5.
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Figure 3.4.: An illustration of the Inner Detector on the left side. Both barrel and endcap
regions are shown. On the right side, the positions of the Pixel, SCT, and
TRT layers in the barrel region are shown. A typical track crosses one IBL,
three pixel and eight SCT layers, as well as 36 TRT tubes .

Insertable B-Layer (IBL)

The IBL is a single pixel layered detector located at 33 mm from the beamline. It
was installed during the LHC shutdown between LHC Run 1 (2011-2013) and Run 2
(2015-2018) to improve the tracking performance.

Pixel Detector

The pixel detector provides the hit position of charged-particle tracks with high preci-
sion covering the |n| < 2.5 region. With its pixel structure, a 2D hit position is measured
on each layer. The hit position measurement on the pixel detector is more important
than in the outer layers in terms of reconstruction of primary vertices and b-tagging.
Typically three layers of the pixel detector are crossed by each track in both barrel and
endcap regions. In total, 80.4 M readout channels are used in the pixel detector. The
nominal size of the pixel is 50 x 400 pm, and the thickness of the sensors is 250 pm.

Semiconductor Tracker (SCT)

The SCT is a semiconductor detector with a stripe structure. One SCT layer pro-
vides a 1D hit position. Two layers attached in a module are not placed in parallel but
inclined by 40 mrad, with this the SCT module can provide 2D hit positions by combin-
ing the 1D information from the stereo and nominal SCT layers. Each track typically
crosses eight layers. The intrinsic accuracy of hit positions on the SCT modules is 17 pm
in both barrel and endcap (R—¢), and 580 um for z (R) direction in the barrel (endcap).
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Transition Radiation Tracker (TRT)

The TRT contains proportional drift tubes (straws) with a diameter of 4 mm. It
provides continuous tracking in |n| < 2.0. The straw tube wall is made of Kapton coated
with aluminum and graphite-polyamide. Tungsten wires plated with gold are used as
anodes and supported at the ends of the straw tubes. The straws are filled with a Xe
based gas mixture. The TRT has the ability to identify electrons by exploiting photons
from the transition radiation. An estimated 36 hits produced per track in the straw
tubes, combine with a longer measured track length compensating its lower precision
compared to the pixel and SCT systems. The system provides R — ¢ information with
an intrinsic accuracy of 130 pum per straw.

3.2.3. Calorimeters

The calorimeters were designed to measure the energy contained in the showers induced
by electrons, photons and hadrons. They also play an important role in measuring
missing transverse energy. The electromagnetic calorimeter is surrounded by the hadron
calorimeter, as shown in Figure |3.5

Tile karrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic y
end-cap (EMEC)

:

<3
3

LAr forward (FCal)

LAr electromagnetic
barrel

Figure 3.5.: Cut-away view of the ATLAS calorimeter system . The electromagnetic
calorimeters are surrounded by the hadronic calorimeters. The calorimeter
covers |n| <4.9.

Electromagnetic Calorimeter
The electromagnetic (EM) calorimeter is important to perform precise measurements

and particle identification of photons and electrons. It covers the barrel (|n| < 1.475)
and endcap (1.375 < |n| < 3.2) regions. It is a sampling calorimeter in which liquid Ar
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(LAr) is used as an active material, and lead as absorber plates. The lead absorber has
an accordion shape in the barrel region, as shown in Figure [3.6] to cover the full range
in ¢ without azimuthal cracks.

Hadronic Calorimeter

The hadronic calorimeter is divided into three parts: the tile calorimeter (|n| < 1.0),
the LAr hadronic endcap calorimeter (HEC) located behind the endcap EM calorimeter,
and the LAr forward calorimeter (FCal) between 3.1 < |n| < 4.9. The tile calorimeter is
a sampling calorimeter with scintillating tiles as active material and steel as absorbers,
as shown in Figure [3.6[right. The HEC and FCal are sampling calorimeters using liquid
argon as active medium. The absorbers are copper (copper-tungsten) plates in the HEC
(FCal). Tungsten was used in the outer FCal modules to minimize the lateral spread of
hadronic showers.

Photomultiplier

Wavelength-shifting fibre

Scintillator Steel

Figure 3.6.: Illustrations of the LAr EM calorimeter (left) and tile calorimeter (right)
in the barrel region [83]. The LAr EM calorimeter has three layers with
different sizes of segments in An x A¢. In the tile hadron calorimeter,
signals in the scintillators are read by photomultipliers installed at the edge
of the detector.

3.2.4. Muon Spectrometer

Muons can pass through the EM and hadronic calorimeters, so a muon spectrometer
(MS) is needed to improve the identification and the momentum resolution. It is the
outermost sub-detector system of the ATLAS detector, as appreciated in Figure 3.7
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Like the ID, the MS measures momenta by bending the muons trajectories in a mag-
netic field in |n| < 2.7.

Four detectors are divided into two types depending to their purposes. The Moni-
tored Drift Tubes (MDT) and Cathode Strip Chambers (CSC) are detectors used for
precise measurements of the muon momentum. The Resistive Plate Chambers (RPC)
and Thin Gap Chambers (TGC) are mainly used for the trigger decision. The trigger
chambers contribute to determine the second coordinate in the muon reconstruction to
complement the MDT’s 1D measurements in the bending direction. The MS is designed
to provide a transverse momentum resolution of 10% for 1 TeV muon tracks. The muon
chambers in the barrel are placed in three concentric cylindrical shells around the beam
axis at R = 5, 7.5, and 10 m. The chambers in the endcaps that form wheels are placed
at |z| = 7.4, 10.8, 14, and 21.5 m.

Thin-gap chambers (TGC)
m Cathode strip chambers (C5C)

Resistive-plate
chambers (RPQC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.7.: ATLAS muon spectrometers: MDT, CSC, RPC, and TGC . The toroid

magnets are shown in yellow.

Monitored Drift Tubes (MDTs)

MDTs are used in both barrel and endcap regions to provide high-precision tracking
for muons. The spatial resolution of the track position in the z-direction is 35 pym. The
MDT system consists of three to eight layers of drift tubes, each with a diameter of
3 cm and filled with Ar (93%) and CO4 (7%) at 3 bar. At the center of the tubes, a
tungsten-rhenium wire is used as an anode of the drift chamber.
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Cathode Strip Chambers (CSCs)

CSCs are used as precision muon trackers in the innermost forward region (2 < || <
2.7) instead of MDTs, as CSCs provides better tracking performance than MDTs in the
high-hit-rate environment. The CSCs system consists of a set of multi-wire proportional
chambers. The cathode plane is divided into strips in the direction orthogonal to the
wires to provide 2D hit positions. The resolution of the CSCs is of 40 pm in the bending
plane and 5 mm in the transverse plane.

Resistive Plate Chambers (RPCs)

RPCs act as trigger chambers in the barrel (|n| < 1.05) region. The RPCs are gaseous
parallel electrode-plate detectors with a 2 mm distance between the two electrodes. The
electrodes are separated by PET foils. The readout strips on both sides are placed in
the orthogonal direction, so that 2D information of the hit position is available.

Thin Gap Chambers (TGCs)

In the endcap region (1.05 < |n| < 2.4), TGCs provide muon track information for
the trigger decision. The TGCs are made up of multi-wire proportional chambers with
a 2.8 mm gap between graphite coated FR4 plates, as the name suggests. Copper strips
on the other side of the plate provide azimuthal position measurements. In the middle
of the gap, anode wires have a wire-to-wire distance of 1.8 mm. A highly quenching gas
mixture of COy/n-pentane is used to prevent continuous current.

3.2.5. Magnet System

The ATLAS detector has solenoid and toroid magnets, as mentioned in the ID and muon
spectrometer, respectively. The solenoid magnet provides a 2 T magnetic field for the
ID, while the toroid magnet provide approximately 0.5 T and 1 T for the muon detec-
tors in the barrel and endcap regions. The solenoid magnet is between the ID and EM
calorimeter in the barrel, and the inner and outer radii are 2.46 m and 2.56 m, respec-
tively. The nominal operating current is 7.7 kA, which corresponds to the stored energy
of 40 MJ. The solenoid is designed to be as thin as possible to reduce material in front
of the calorimeters. An Al-stabilized NbTi superconductor surrounding a single-layer
coil. The barrel toroid consists of eight coils installed between the muon detectors. The
endcap toroid is found between the inner and middle layers of the endcap muon wheels.
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3.2.6. Luminosity Detector

The luminosity determination for ATLAS in Run 2 was performed by the LUCID-2 detec-
tor (LUminosity Cherenkov Integrating Detector) [87]. It consists of several Cherenkov
detectors installed in the forward region. On each side of the ATLAS detector, 16 pho-
tomultiplier tubes (PMT) are installed surrounding the beam pipe at approximately z
= 4 17 m and detect Cherenkov light produced in the quartz window of the PMTs.
Four additional PMTs are installed on the muon shielding to record Cherenkov light
from quartz fibers situated around the beam pipe as a Cherenkov medium. Hit counts
in the detectors are then converted into an interaction rate per bunch crossing which is
proportional to the instantaneous luminosity.

3.2.7. Trigger and Data Acquisition System

With a spacing time of 25 ns, the proton bunches collide up to 40 million times per
second corresponding to 40 MHz bunch crossings. Since it is not possible to record
all data due to the huge collision rate, the ATLAS trigger system performs an online
selection of the collision data in two steps: the Level 1 (L1) and High-Level Trigger
(HLT). An overview of the trigger and data acquisition system is shown in Figure .
The L1 trigger is a hardware-based trigger, which reduces the trigger rate from 40 MHz to
about 100 kHz. The trigger decision information comes from the calorimeters and muon
trigger detectors (RPCs and TGCs). If an event satisfies a certain trigger requirement,
an L1 Accept signal is issued by the Central Trigger Processor (CTP), and the data
is transferred downstream. The HLT is a software-based trigger system, which reduces
the trigger rate from 100 kHz to about 1 kHz. The events selected by the HLT trigger
processor are then recorded in the storage.
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Figure 3.8.: The ATLAS trigger and data acquisition system . The trigger system
consists of two stages: Level-1 and HLT. The hardware-based Level-1 trigger
uses information from the calorimeter and muon detectors, and issues Level-
1 Accept providing information of a region of interest (ROI) to the HLT.
The software-based HLT issues the accepted signals to record events using
offline-like reconstruction algorithms.
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4. Data and Simulation

4.1. Data Acquisition in LHC Run 2

The presented thesis uses pp collisions at a center-of-mass energy of /s = 13 TeV
recorded with the ATLAS detector during LHC Run 2 in 2015-2018. The total in-
tegrated luminosity delivered by the LHC was of 156 fb™' of which ATLAS recorded
147 fb~!. Figure shows the evolution of the integrated luminosity in Run 2. The
total data with all the component working in 2015-2018 corresponded to 139 fb™.

Particle detectors at the LHC are challenged by the high pp collision rate and beam
intensity. The intensity of the beams needs to be high enough to create multiple interac-
tions per bunch crossing so the processes of interest occur at a reasonable rate. Figure|4.2
shows the profile of the mean number of interactions per bunch crossing (pile-up), as
recorded by the ATLAS detector during Run 2. The profile underlines the busy environ-
ment in which the data taking took place, with up to 70 simultaneous collisions in some
of the LHC fills in 2017 due to special fill conditions. Overall, on average the ATLAS
detector recorded (u) = 33.7 interactions per bunch crossing during Run 2. The LHC
Run 2 started with low instantaneous luminosity in 2015, but it increased as the LHC
and ATLAS operation became stable.

4.1.1. Luminosity measurement

The LUCID 2 detector [87,89] measures a visible interaction rate per bunch crossing
Ivis- The instantaneous luminosity per bunch is

Hvisfr
Eb B Ovis (41)
where f, is LHC’s revolution frequency (11246 Hz) defined as the ratio of the speed
of light to the circumference of the LHC. The visible cross-section oy is a calibration
constant specific to the luminosity calibration algorithm. In Equation L,0yis COrre-
sponds to the visible number of pp collisions given by a bunch crossing pair. A per-bunch
instantaneous luminosity with the LHC parameters is given by

_ Jrning
Lr= 5 S (4.2)
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with n; and ny as the numbers of protons in each bunch of the two colliding beams. ",
(32,) is the horizontal (vertical) convoluted beam width measured by the van de Meer
(vdM) method [91], in which the beam position in the transverse plane is scanned in a
special vdM run once per year. The factor nyns is determined based on the measurement
of beam-gas event rates by the LHCb experiment [92].

4.1.2. Triggers

In the following, online refer to triggers measured during the data-taking, while offline
refers to the reconstruction performed on the recorded dataset and on Monte Carlo
(MC) samples. The triggers are simulated for all MC samples of the analysis, so that
both data and MC are required to pass the listed triggers. Scale factors were applied to
the simulated event samples, in order to correct for differences in the trigger efficiencies
between data and simulated samples. The triggers presented are at HLT level, mean-
ing that events passing the L1 requirement are subsequently analyzed by the software
algorithms of the high-level trigger (HLT), as explained in the previous Subsection [3.2.7]

In the direct RPC stops search in Chapter |7, the dataset was recorded with a type
of trigger requiring a large amount of missing transverse momentum, denoted as EMss
triggers. At the L1 trigger stage, the trigger algorithm is based on the vectorial sum
of energy deposits in the calorimeters, while a more refined computation is done at the
HLT, which is based on the vector sum of all calorimeter cells above a particular noise
level. The thresholds of the triggers at HLT level are summarized in Table [4.1] and
were raised during the period of data taking as the instantaneous luminosity increased.
The same trigger conditions were implemented in the simulation. The trigger is fully
efficient for an offline calibrated transverse momentum imbalance above 230 GeV, which
is applied on the analysis [25].

For the RPV higgsinos scenario described in Chapter |8, an event selection was applied
requiring at least one offline identified electron or muon. The full dataset collected by
electron or muon triggers at HLT level are summarized in Table [4.1] For electron or
muon triggers a matching criteria is applied, which requires that an offline electron or
muon is geometrically matched to the object reconstructed by the trigger algorithm.
The muon and lepton triggers satisfied the identification criteria similar to those used in
the offline reconstruction and isolation criteria in references [93,94]. Electrons or muons
in the final event had to satisfy a transverse momentum (pr) > 27 GeV condition, in
order to be above the trigger threshold [26].
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Figure 4.1.: Total integrated luminosity of pp collisions at the LHC during Run 2 (2015-
2018). The plot shows the luminosity values delivered by the LHC, the
luminosity fraction recorded by ATLAS and the luminosity fraction, where
ATLAS was fully operational and stable data-taking conditions were main-
tained (“Good for Physics”). The size of the dataset taken under these con-

ditions corresponds to an integrated luminosity of 139 fb™'. Figure taken
from Ref. [90].
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Figure 4.2.: The mean number of interactions per bunch crossing (pile-up) during Run 2,
as recorded with the ATLAS detector. The plot shows the profiles of pile-
up conditions in the four years of operation. A characteristic double-peak
structure is observed for 2017 as the filling scheme of the LHC was adjusted.
Figure taken from Ref. .
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Table 4.1.: Overview of online trigger thresholds at HLT level in each year. The EMiss
triggers were used in the RPC stops search and the lepton triggers in the RPV
higgsinos analysis. For the electron and muon triggers only events selected
by one of the triggers are used in the event selection. The trigger thresholds
were raised as the instantaneous luminosity increased each year.

RPC direct stops ‘ RPYV direct higgsinos
Year EXiss (GeV) ‘ electron pr (GeV) muon pr (GeV)
2015 70 24, 70, 120 20, 50
2016 90-110 26, 60, 140 26, 50
2017 90-110 26, 60, 140 26, 50
2018 110 26, 60, 140 26, 50

4.2. Monte Carlo Simulation

Monte Carlo (MC) simulation is of great importance in collider experiments in many
aspects. Simulated events are compared with the recorded data and used to estimate the
shape and strength of the signal in the data. Moreover, it is common to base estimations
of the contributions from SM processes on simulation that are then used for instance as
background estimations in searches. In this way, comparisons to simulations are essential
to make reliable interpretations from the recorded data. The ATLAS simulation chain
follows three steps which are event generation, then detector simulation (including digi-
tization step), and event reconstruction. The event generation has different components
such as modeling the parton density functions inside the proton, the pp hard-scattering
process, parton showering and hadronization, and detector response [95]. In this section,
the steps of MC simulation for SM background and SUSY signal processes are explained.

4.2.1. Event Generation

The simulation of pp collisions is split into two parts in terms of the energy scale of
the process. Processes at high energy scales are calculated in the perturbation theory
at a fixed order of the strong coupling constant («y). Processes at low-energy scale are
described by models tuned to data. Models parameterized by experimental results are
used because calculating low-energy QCD processes is difficult due to non-perturbative
effects with large ;. A cross-section for a process with a final state n is described as [95]:

o= Z/d%dl"b/ffl (Tay 7)) [ (20, op)dGab—sn (1ir, 1iR) (4.3)
a,b

with
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N 1
do’ab%n(,uF? /LR) = dq)n% |Mab~>n|2(q)n; K, /LR) (44)

The parton distribution function (PDF) is denoted by fPi(z,, ur) and it describes the
quark and gluon distributions in an incoming proton p; (i = 1,2). The choice of the PDF
has an influence on the cross-section as well as on the event shape. In equation [4.3], the
PDF is a function of the z,, which is the fraction of the total proton momentum carried
by parton a. The PDF also depends on a factorization scale pupr, which is an energy
scale splitting the low- and high-energy for the PDF and perturbative calculation. The
factor Gap—n (i, tr) describes the parton-level cross-section of initial partons a and b to
a final state n with ugr as a renormalization scale.

The parton flux is indicated by the factor 1/(23) = 1/(2z,2ps) with § as the parton
level center-of-mass energy squared, and ®,, the phase space of the final state n. M,
represents the matrix element (ME) of ab — n processes, which corresponds to a sum
of Feynman diagrams and depends on ur and pg. Finally, the total cross-section o is
obtained by summing over all the initial partons in proton p; and p,, and integrating
over the phase space of the final state n together with the momentum fraction of the
partons a and b.

There are a large variety of PDF sets provided by specialized groups. Figure shows
an example of the PDFs of the gluon and the quark sea of the proton at two different
energy scales provided by the NNPDF group [96]. The calculations correspond to a pre-
cision of the PDF at the next-to-next-to-leading order (NNLO) of perturbation theory.
As seen in the figure, the PDFs depend on the energy scale and the momentum fraction
x of the partons that contribute to the total momentum.

A schematic view of pp collisions can be seen in Figure indicating the different
elements with a color code. The ME calculation does not account for low-energy scales
to avoid divergence in low-momentum and collinear limits. Parton showers (PS) per-
form an evolution from the energy scale of initial and final state partons towards a
hadron confinement scale at an order of 1 GeV, taking into account all effects at higher
orders [96]. Below that scale reached after the evolution of the PS, the perturbation
theory does not work.

The low-energy non-perturbation treatment is performed by the hadronization. It
describes the confinement of QCD to generate colorless hadrons from colored partons.
Many of the hadrons produced in the hadronization process are unstable resonances.
These decay into lighter hadrons with a lifetime long enough to reach and interact with
the detector material. As the incoming hadrons are complex bound states, parton shower
algorithms handle the evolution down to the hadronization scale. Such contributions are
soft and often do not lead to additional reconstructed objects. Instead, they increase the
overall scattered energy in the event and increase the amounts of particles at hadroniza-
tion level.
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Additional contributions to the total event structure come from the underlying event.
It represents a final state component that does not originate from the original hard pro-
cess and the associated initial or final state radiation. Electromagnetic radiation can
be present at all stages of the event generation where charged particles are involved.
Commonly it is modeled by shower algorithms working similar to the parton shower.

The models describing the parton shower, underlying event and hadronization intro-
duce a large number of free parameters that cannot be constrained from theoretical
principles. Hence, these are derived (tuned) by parameter optimization with respect to
experimental data [97]. Several tuning approaches are available [98], and a variety of
tunes have been derived from early LHC data.

4.2.2. Simulated Samples

Two sets of samples were used for this thesis. The first is referred to as SetA summarized
in Table and was used in the analysis searching for direct RPC stops processes. The
second set, SetB in Table 4.3, was used for the RPV direct higgsinos searches. In SetB
only tt and signal samples were used for the studies presented.

The tt samples in SetA and SetB were generated with PowHEGBOX [100] with the
NNPDF3.0 PDF at next-leading order (NLO) accuracy. Events were interfaced to
PyTHIA 8 [101] for PS. The t¢ cross-sections were calculated at next-to-next-to-leading
order (NNLO) with the resummation of soft gluon emission at next-to-next leading-
logarithm (NNLL) accuracy. Single-top samples in SetA were generated using the
same generator setup as described for tf. For SetB additional ¢t samples were gener-
ated with MADGRAPH5_aMC@NLO [102] using the NNPDF3.0 set of PDFs interfaced
with PyTHIA 8, and POWHEGBOX interfaced with HERWIG7 [103] using MMHT2014lo
PDF [104], for modeling comparisons and evaluation of systematic uncertainties.

The production of W- and Z-bosons in association with jets (V+jets) were generated
with SHERPA 2.2.1 [105] for SetA at NLO, and the cross sections were calculated up
to NNLO [105]. The multiboson samples were generated with SHERPA 2.2.1-2.2.2, and
merged with SHERPA PS [106]. The cross sections of the multiboson processes were
calculated at NLO. The SHERPA samples used CoMiX [107] and OPENLooOPs [108] and
were merged with SHERPA PS using the ME4+PSQ@QNLO prescription |109].

SUSY signals in SetA were generated with MADGRAPH 2.6.2 [110] and PyTHIA 8 PS.
MADSPIN [111] was used in the stop four-body decay samples, and the cross-sections
were calculated approximately at NNLO+NNLL. SUSY signals in SetB were generated
with MADGRAPHS aMC@QNLO interfaced to PyTHIA 8. Direct higgsinos were gener-
ated with up to two additional partons in the ME. The samples were produced separately
for X9 Xi, X3 X7, and X9 X9. Production modes which do not contain leptons in the final
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state were not generated, such as i Xi because i will not decay into a top quark.
The cross-sections for higgsino production were calculated at NLO+NLL.

The secondary scattering interactions from the beam remnants were tuned with P2012
[112] and A14 [113] for underlying events (UE) using PyTHIA 8 PS for most of the sam-
ples as seen in Tables [4.2] and [4.3] With SetA, the dedicated set of tuned parton-shower
parameters developed by the SHERPA authors was used. In SetB, the events interfaced
with HERWIG used the H7UE [114] set of tuned parameters. The GEANT 4 [115] simu-
lation framework was used to describe the interaction of the particles with the ATLAS
detector [116]. In the SUSY signal samples, the fast simulation algorithm [115] was used
for the shower evolution in the calorimeters.

Process ME event generator PDF PS and UE Tune Cross-section

and hadronization calculation
tt POWHEG-BOX v2 NNPDF3.0 PYTHIA 8 Al4 NNLO+NNLL [117H122]
Single top:

t-channel PowHEG-BOX vl NNPDF3.0 PyTHIA 8 Al4 NNLO+NNLL [123]

s- and Wt-channel PowHEG-Box v2 NNPDF3.0 PyTHIA 8 Al4 NNLO+NNLL [124[|126]
W/Z+jets SHERPA 2.2.1 NNPDF3.0 SHERPA SHERPA default NNLO [105]
Multiboson SHERPA 2.2.2-2.2.1 NNPDF3.0 SHERPA SHERPA default NLO
tt+V AMCQ@QNLO NNPDF2.3 PyTHIA 8 Al4 NLO
SUSY Signal MADGRAPH 2.3.3 NNPDF2.3 PyTHIA 8 Al4 NNLO+NNLL [1264(127]

Table 4.2.: Overview of the MC samples (SetA) used in the RPC direct stop search

(Chapter 7).
Process ME event generator PDF PS and UE Tune Cross-section
and hadronization calculation
tt POWHEG-BOX v2 NNPDF3.0 PYTHIA 8 Al4 NNLO+NNLL [100[[128[[129]
tt (%) MG5.aMC 2.6.0 NNPDF3.0 PyTHia 8 Al4 NNLO+NNLL [102]
tt (%) PowHEG-Box v2 MMHT2014 HERWIGT H7UE NNLO+NNLL [103}/104}114]
SUSY Signal MG5_.aMC NNPDF3.0 PyTHIA 8 Al4 NNLO+NNLL [130(135]

Table 4.3.: Overview of the MC samples (SetB) used in the RPV direct higgsino search
(Chapter [§). The samples marked with (*) are alternative samples used to
validate the background estimation method or to assess systematic uncer-
tainties on the modeling. The abbreviation MG5_aMC is used to label the
MADGRAPH5 aMCQ@QNLO generator.
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Figure 4.3.: Parton distribution functions (PDFs) of the gluon and valence sea quarks
of the proton obtained in the NNLO NNPDF3.1 global analysis [96]. The
left plot corresponds to hadronic scales (u? = 10 GeV?) and the right plot
corresponds to higher scales as present at the LHC (u* = 10* GeV?) [99).

Figure 4.4.: Schematic representation of a top-antitop-Higgs (ttH) event . Protons
collide coming from the left and right sides. The big red blob points to
the hard-scatter interaction emitting outgoing particles of the hard process.
Initial (final) state radiation is shown in curly blue (red) lines produced be-
low (above) the hard process blob. The hadronization of final-state partons
are represented by the light green ellipses while dark green circled blobs are
hadrons produced in the hadronization step. The big purple blob shows the
underlying event (secondary interaction) generated by the proton remnants.
QED radiation is shown by yellow lines.
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5. Event Reconstruction

As discussed in Chapter [3] the reconstruction of analysis objects combines information
of different parts of the ATLAS detector, by building particle candidates from the mea-
sured energy deposits and tracks pointing to the studied particles. However, the object
reconstruction is not perfect and miss identifications can occur. To mitigate this, certain
quality criteria are introduced to identify the analysis objects.

Not all reconstructed particle types are relevant for every analysis. Different signal
models predict certain objects in the events, so additional selection criteria are applied
to different variables to reject events outside the phase space of interest. These criteria
include, for example, restrictions on the number of reconstructed particles of a certain
type. Objects that pass this looser set of criteria are named baseline objects. After-
wards, some more sophisticated criteria are required to obtain the event selection, so
the remaining particles are the signal objects. Only signal objects are considered as a
potential outcome of SUSY processes. Either way, baseline objects are needed for the
background estimation. In this thesis, the analyses select final states with exactly one
electron (e) or muon (u). For the RPC stop searches in Chapter [7| a large amount of
missing transverse energy (ER%) is required. On the contrary, the RPV higgsino search

miss

selects no or little EF"% and multiple jets.

5.1. Object Definitions

In this section, how the physics objects are reconstructed from the measured detector
signals is explained. The object selection consists of overlap removal (OR) and signal
selection. The OR ensures that there is no double-counting of objects as explained in
the following. The objects that pass the OR are selected as signal objects. Baseline
leptons that pass the OR but fail at least one signal criterion are named loose leptons.

5.1.1. Tracks, Primary Vertex Reconstruction and Topo Clusters

ID tracks are trajectories of charged particles reconstructed from hit information in the
ID [136]. Tracks are not used directly in the analyses presented, but they are basic
objects for higher-level reconstruction such as b-tagging and the reconstruction of lep-
ton candidates. Reconstructed track parameters are: pr, 1, ¢, do, 29, and the charge
of tracks. These are measured using the track curvature caused by the magnetic field
provided by the solenoid magnet. The dy and zy are the transverse and longitudinal
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impact parameters. They are defined as the distances from the beam spot to the perigee
of the track in the transverse plane and z-direction.

The tracking algorithm starts with the Pixel clustering and SCT hits to define three-
dimensional coordinates (space points) in each layer of the tracker. On the Pixel detector
layers, the adjacent hits are assembled and a point in space is obtained. The SCT layer
contains two sensor layers on both sides of the SCT module that estimate a 3D position.
From 3D space points created in the clustering, track seeds are formed. A set of criteria
is applied to limit the number of track seeds and increase the track purity. The track
seeds are extended by incorporating additional space points on the IBL, the Pixel, and
the SCT using Kalman filter [137,[138], in this way track candidates are reconstructed.
In this step, the track collection contains an overlap of incorrectly assigned track candi-
dates. The ambiguity is solved by using a score in a reward/penalty scheme considering
the properties of the track candidates, such as the shared hits and holes in the ID sensors
are taken into account.

The track candidates still need to satisfy basic quality criteria as a pr threshold of
> 500 MeV, |n| > 2.5, and impact parameters. A high-resolution fit is then applied to
the track candidates that pass the ambiguity process to measure the track parameters
precisely. The high-resolution fit uses all available information, such as the position and
uncertainty of clusters of hits determined by an artificial neural network (NN). The NN
also identifies merged clusters that are formed by multiple particles. Finally, the track
candidates found in the silicon detectors are extended into the TRT, which are then
used in the high-level reconstruction algorithms, as explained in the following sections.

The interaction points of the pp collisions are obtained from the reconstructed tracks [139,
140]. The vertex is reconstructed by the adaptive vertex fitter [141], using the beam
spot as a seed position in the transverse plane. The vertex position resolution is about
30 pm in the longitudinal direction and of the order of 10 wm in the transverse plane.
The vertex with the highest sum of squared pr of tracks is selected as hard-scattering
vertex. This hard-scattered vertex is considered as the origin of the physics process of
interest. In the following, the hard-scatter vertex is referred to as the primary vertex
(PV), and the other vertices of pp collisions are referred to as pileup vertices.

Topological clusters (topo-clusters) are formed when the energy deposits in the calorime-
ters are clustered collecting the measured energies from neighboring cells [142,]143]. The
reconstruction of topo-clusters uses the three-dimensional distribution of energy deposits
in the calorimeter cells. The energy and direction of an input particle are calculated by
summing all the energies in these cells. Topo-clusters are formed based on the cell signal
significance (EM, which is defined as the measured energy EEM in the calorimeter cell

cell » cell
divided by the average level of the noise in the cell oL, .. as

EM
EM _ Ecell ( 5 1)
cell = _EM .
noise,cell
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Both energies are measured on the electromagnetic energy scale. This scale recon-
structs the energy deposited by electrons and photons. The calorimeter signal is con-
verted to energy for electrons and photons (EM scale). The hadron energy is different
from the EM scale due to different responses between the EM showers and hadron show-
ers.

The reconstruction of topo-clusters starts with the reconstruction of proto-clusters.
First, a seed cell with (EM > 4 is reconstructed as a proto-cluster. If the neighboring
cells have significant energy above a certain threshold, they are added to the proto-
cluster. Finally, if a cell in the new proto-cluster has (&} > 2, the neighboring cells are
checked to have ¢EM > 0 to be added too. Topo-cluster formation is a sequence of seed
and collect steps, which are repeated until all topologically connected cells passing the
criteria described above is satisfied. The direction of a topo-cluster is calculated from
the average of positions of cells in 7 and ¢.

third layer hadronic calorimeter

AnxAg=0.05x0.0245

second layer
AnxAp=0.025x0.0245

first layer (strips)
AnxAg=0.0031x0.098 7

presampler

TRT (73 layers)

SCT

beam axis pixels

beam spot
do

insertable B-layer

Figure 5.1.: Illustration of the trajectory of an electron through the detector. The red
trajectory shows the hypothetical path of an electron, which first traverses
the tracking system and then enters the electromagnetic calorimeter. The
dashed red trajectory indicates the path of a photon produced by the inter-
action of the electron with the material in the tracking system [144].

5.1.2. Electrons

Electron candidates are reconstructed from energy clusters formed in the EM calorime-
ter matched to a track in the inner detector (ID). Figure shows an illustration of
an electron trajectory passing through the detector components. The reconstruction
of an electron is based on track reconstruction, cluster reconstruction, and track-to-
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cluster matching. Additional to the track fit presented in Section [p.1.1] another fit is
performed if the first one fails. In the second fit attempt, the bremsstrahlung losses
from electrons are considered by an additional degree of freedom using a Gaussian-sum
filter (GSF) [145] to recover efficiency for electrons. Clusters of the calorimeter cells are
reconstructed using the topo-cluster algorithm. The electron is reconstructed using the
energy from the EM calorimeter cells except for the transition region (1.37 < |n| < 1.63).

The electrons in the presented analyses are identified using the LooseAndBLayerLH
definition in [146] for the RPC stops search and MediumLH identification criteria [147]
for the RPV higgsinos analysis. These criteria set requirements on the showers widths
and energy deposits in the EM calorimeter or number of hits in the ID associated with
the track. Electrons reconstructed in Monte Carlo (MC) simulation are calibrated so
that their energy resolution matches the one observed in data. Baseline electrons are
required to have || < 2.47 and are used for the OR between jets and electrons. For
the RPC direct stops search a pr > 4.5 GeV is required while the RPV higgsinos search
selects electron candidates with pp > 10 GeV and not in the transition region between
the barrel and endcap calorimeters (1.37 < |n| < 1.52) [26].

To suppress electrons from secondary vertexes, signal electrons must have a transverse
impact parameter with respect to the primary vertex (dy) satisfying |dy|/o9 < 5 with
0o as uncertainty. In addition, the primary vertex along the 2z, beam direction needs to
satisfy |zpsinf| < 0.5 mm. Furthermore, they must pass additional pr-dependent isola-
tion criteria. This improves the discrimination against semileptonic decays of hadrons
and misidentified jets.

Signal electrons are required to satisfy additional criteria such as TightLH definition
introduced in |147], which is an identification working point. Signal regions requiring
low-momentum leptons, such as the RPC stop analysis, have the tighter FCTight iso-
lation working point. The pr > 4.5 GeV selection is also required for signal electrons
in this search. The RPV search selected the isolation WP guided by the Isolation and
Fake Forum group recommendations on the PLVTight WP |148|. The analysis selected
signal electrons with pr > 27 GeV. In the RPV higgsinos search, the PLVTight WP was
found to have the best fake/non-prompt electron background rejection while keeping the
signal electron efficiency reasonably high. Scale factors that take into account discrep-
ancies between data and MC in the electron reconstruction, identification and isolation
efficiency are applied to MC events.

5.1.3. Muons

Muons are reconstructed from combined objects formed in the muon spectrometer, inner
detector and calorimeter. Muons are characterized by a long trajectory penetrating
the detector due to their small energy losses in the calorimeters. Muons in the physics
analyses are mainly prompt muons produced directly from decays of e.g. W /Z bosons or
potential BSM particles. Background muons from pion or kaon decays are suppressed at
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the isolation step. Several working points (WP) are provided depending on the tightness
of the muon identification (Loose, Medium, Tight). For the searches in this thesis, the
Medium working point was selected. The muon efficiency with the Medium WP is shown
in Figure |5.2[ on the right. Within the ID acceptance |n| < 2.5, the Medium WP accepts
only combined (CB) and inside-out combined (IO) muons classified as follows [149,/150]

« Combined muon (CB)
Muon candidate tracks are reconstructed separately in the ID and MS. Then, the
candidate tracks from each detector are used as a single muon combining the hits
from the ID and MS.

o Inside-out combined muon (10)
The ID tracks are extrapolated to the MS using a complementary inside-out algo-
rithm. This algorithm searches for at least three aligned MS hits to be used in a
combined track fit recovering some efficiency in limited regions.

Muons originating from heavy particles such as W /Z bosons or BSM particles are
isolated, while muons from semileptonic decays of heavy hadrons (b- or c-hadrons) typ-
ically are accompanied by hadronic activity around the muon track. To reduce these
background muons from hadron decays, isolation variables are defined, two of which are
used in the searches presented. The first one is pyr°n®30 the scalar pr sum of the muon
tracks with pr > 1 GeV in a cone of size AR = min(10 GeV /p**"(GeV), 0.3) around the
muon track. The second variable is E5P°***° which is the scalar sum of the transverse
energy of topological clusters measured in the calorimeters in a cone of size AR = 0.2

around the muon, taking into account the contribution from the muon.

Baseline muons in the RPC stop search (RPV higgsino search) are selected up to |n| <
2.7 (< 2.5) and are required to have pr > 4 GeV (> 10 GeV) fulfilling the Medium [149]
identification criteria. The left plot in Figure shows the muon reconstruction and
identification efficiencies as a function of pr as low as 4 GeV. For muon tracks with pr
greater than 10 GeV, the efficiencies and the data/MC agreement are stable. On the
contrary, the efficiencies drop significantly in the pr region below 5 GeV, as soft muons
crossing the calorimeters often do not have enough residual energy to reach the second
station of precision MS chambers.

Signal muons must pass the baseline requirements and in addition have impact pa-
rameters satisfying |dy|/oy < 3 and |zpsinf| < 0.5 mm in both analyses. Signal muons
also satisfy the Medium [149] identification criteria. Like electrons, muons have similar
isolation criteria but with a fixed cut on the track-based isolation energy variable for the
RPC search. The RPV analysis uses the same isolation WP as in the electron criteria,
the PLVTight, and signal muons with > 27 GeV pr.
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Figure 5.2.: The left plot displays the reconstruction efficiency for the Loose, Medium
and Tight muons [150]. It shows the selection criteria as a function of
the muon pr (lower than 4 GeV), in the region |n| < 2.5 as obtained with
J/1 — pp events. The right plot shows the efficiencies only for the Medium
muon criteria in Z — pp and J/v — pp events as a function of pr in the 0.1
< |n| < 2.5 region. The error bars on the efficiencies indicate the statistical
uncertainty. The panel at the bottom shows the ratio of the measured to
predicted efficiencies, with statistical and systematic uncertainties.

5.1.4. Jets

Jets are reconstructed from three-dimensional topological clusters in the calorimeters.
The cluster reconstruction starts with a cell containing a certain energy deposit. Then,
neighboring calorimeter cells that have significant energy deposits compared to the ex-
pected noise are grouped into clusters. Using such clusters, jets are reconstructed by the
anti-k; jet clustering algorithm [151] with a distance parameter of R = 0.4.

The reconstructed jet candidates are calibrated [152] to account for the effects from
e.g. the calorimeter inhomogeneities, using calibration factors which depend on the en-
ergy and 7 of the jets. The calorimeters have a different response for electromagnetic
and hadronic constituents of the jets. The energy losses in inactive regions and energy
deposits which are below the noise threshold are not used in the jet reconstruction. In
addition, particles from pileup interactions (additional pp collisions) also affect jet ener-
gies, these additional particles increase the jet-energy response and make it luminosity-
dependent.

In the simulation, truth jets are formed from generator-level particles with a lifetime
> 10 ps produced in the fragmentation model of the MC generator. The calibration
factors are derived from simulation and defined by [152]:

Ereco
Etruth

R(E,n) = ( ) (5:2)
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where Fyqc, is the reconstructed energy and Fi.., is the jet energy at truth level. The
jet energy calibration also corrects for pileup effects. The calibration is then validated
with test-beam and collision data. This pr and n-dependent jet calibration corrects the
energy of the jet to be the same as the energy at particle level. There is also a pileup
correction to the direction of the jet to point to the primary vertex, and a further cor-
rection to reduce the dependence on quark-gluon composition.

The difference between data and MC is corrected via in situ calibration. In the in
situ calibration, the data and MC differences are quantified by the pr ratio of a jet to
other well-measured reference objects. The response R;, s, is defined as the average
ratio of jet pr to the pr of the reference object. The ratio of the R;, 4, between data
and MC is used to correct the pr of jets as a function of jet pr and n. In order to
utilize good reference objects balancing to the jet that is being calibrated, Z boson,
photon, and multijet events are used. The uncertainties on the in situ mainly arise from
the miss-modeling of physics effects and the kinematic measurements of the reference
objects. A final residual calibration using in situ measurements is applied only to data
in all the analyses.

The baseline jets are required to have a pt >20 GeV and are used to perform OR.
Signal jets in the RPC (RPV) analysis are further required to have pr > 25 (20) GeV,
be within |n| < 2.5, and pass a jet vertex tagger cut [152] (JVT> 0.59 to suppress pileup
jets) if the jet pr is below 120 GeV and it resides within |n| < 2.4.

5.1.5. b-tagging

Jets containing b-hadrons can be identified as b-jets. The b-jet identification is based
in general on the measure of the first and secondary vertex information. Th MV2c10
algorithm is applied which uses a boosted decision tree (BDT) algorithm to discriminate
b-jets from light (u, d, s-quark or gluon jets) and c-jets [153] in the RPC stops search.
The BDT is trained with simulated #t events for jets with pr < 250 GeV, while Z’ events
are used for the jet pr above 250 GeV. The kinematic variables, pr, and n, are included
in the input variables for the BDT to account for their correlation with the discriminant
variables. The JetFitter algorithm [153] uses variables that describe properties of the
cascade decay, such as the number of vertices, the total number of tracks, and the ver-
tex mass. The MV2c10 distributions of b-jet, c-jets, and light-flavor jets are shown in
Figure Working points are defined by selecting a certain threshold on the MV2c10
score above which jets are identified as b-jets. The WP with 77% b-tagging efficiency is
used in the RPC stops search which means that the probability of a b-jet within |n| < 2.5
is b-tagged amounts to 77%. This WP yields rejection factors for the light-flavor and
c-jets of 110 and 4.9, respectively.

In RPV higgsinos search, the DL1 algorithm [154] is used instead which is based on

an Artificial Deep Neural Network. A WP is chosen which provides an average b-jet
identification efficiency of 70%. The rejection factors for this WP are for light-flavor 130
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and c-jets 10.2.

Jets passing the pileup-cleaning requirement within the b-tagging acceptance of py >
20 GeV and n < 2.5 are considered for b-tagging. The JVT > 0.59 is applied in the
same way as in the jet selection for both analyses. Scale factors that take into account
discrepancies between data and MC in tagging efficiencies are applied to the MC events.

To complement the RPC stops search, a dedicated soft b-tagging algorithm and cali-
bration were developed [155]. The results of the default b-tagging and the soft b-tagging
were combined to increase the sensitivity as seen in Section

5.1.6. Overlap removal

Ambiguities can arise when the objects described above are reconstructed. As the object
reconstruction run independently from each other the same detector signature may be
used twice. For example, an electron could also be reconstructed as a jet in the calorime-
ters. The procedure to resolve this needs to be capable of retaining two different and
close by objects. A solution for this kind of problem is the OR optimized using simula-
tion following a scheme established in Run 1 [156].

In the OR procedure, a distance measure is employed using the rapidity y captur-
ing better than the pseudorapidity n where the jet’s pr is located denoted by AR, =

\/(Ay)2 + (A¢)? |157]. A shared track or distance between the two objects based on
AR, are used as matching criteria. The steps are performed in the following order, with
only surviving objects participating in subsequent steps:

if an electron and a muon share an ID track and if in addition the muon is
calorimeter-tagged, the muon is removed, otherwise the electron is rejected

o if an electron and a jet (non b-tagged) are separated by AR, < 0.2, then the jet is
discarded and the electron retained

« if a muon can be ghost-matched [159] to a jet within AR, < 0.2 and the jet is not
b-tagged, the object is interpreted as a muon if the jet has less than 3 tracks with
pr > 500 MeV

o if a jet and a lepton overlap within AR < min(0.4,0.04 + %), then the lepton

T
is removed and the jet is retained

5.1.7. Missing Transverse Momentum

Momentum conservation implies that the total sum of transverse momenta in a pp col-
lision should be zero. Neutral weakly interacting particles, such as neutrinos or the
lightest supersymmetric particle (LSP), do not interact with any detector material and
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Figure 5.3.: MV2c10 distribution of b-jets, c-jets, and light-flavor jets [158|. The his-
tograms are normalized to unity. Scores close to one are given to b-jet-like
jets, while jets with low scores are less likely b-jets.

hence escape detection. As a consequence, a momentum imbalance in the transverse
plane originates in an event where such particles are present, referred to as the missing
transverse momentum E%liss. Only the transverse momentum is considered because the
longitudinal momenta of the partons are unknown. It is defined as the negative vector
sum of all reconstructed objects in an event and its magnitude is denoted as E}.

The reconstruction of E%iss contains a hard component from calibrated objects and
a soft component of charged-particle tracks from the ID which are associated with the
primary vertex but not related to any reconstructed object.

miss __ pomiss hard miss,soft
[miss — fimisshard | fix (5.3)
with
~miss,hard e — - jet
Er =— > Pr- > -t (5.4)
electrons muons jets
miss,soft —track
Ep™*t=— > pr (5.5)

unused tracks
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In the presented analyses, E¥S is computed using baseline jets, electrons, muons as
well an extra soft term built from high quality tracks associated to the primary vertex
but no to the baseline objects [160]. Photons are not considered but enter as jets,
electrons or via the soft term allowing F¥** to be almost independent of pileup effects.
In addition tracks that are not associated to reconstructed objects are included in the
EXss calculation. Ambiguities between close-by objects are resolved by a dedicated OR
procedure [161] in the calculation, that runs independently from the one used in the
analysis.

5.2. Event Cleaning

Data corruption given by detector problems, software bugs, noise bursts and other issues
can happen. Before using the events for the analysis, events must pass an event cleaning
resumed in some stages [162]:

« Good Run List: The Good Run List (GRL) is used to remove luminosity blocks
(approx. 1-2 minutes of data taking) affected by detector problems.

e Cosmic Muons: Cosmic-ray showers produced in the atmosphere can overlap
with collision events. Since ATLAS is deep underground, the particles reaching
the ATLAS detector are predominantly muons [163]. To avoid this, a veto is
applied in cosmic muon candidates. Criteria depending on the longitudinal and
transverse impact parameters of impact with respect to the primary vertex are
applied.

o Jet Cleaning: Jets arising from cosmic rays, beam induced backgrounds or detec-
tor noise are suppressed by applying a quality criterion named BadLoose described
in [163]. It applies certain quality requirements depending on the signal pulse shape
in the LAr calorimeter, track variables and energy ratios.
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6. Search strategies

The purpose of the following chapter is to give an overview of the basic analysis strategy.
Two searches are presented in this thesis. The first one studies a direct production of
top squarks conserving R-parity (RPC). It is referred to as RPC stops. The second is a
search for direct higgsinos in a R-parity violating (RPV) scenario, ergo RPV higgsinos.
Their strategies are quite different, but their specifications are given in Chapter [7| for
RPC stops, and Chapter [§ for RPV higgsinos.

6.1. RPC stops and RPV higgsinos search strategies

In the following chapters, the searches are performed by looking for excesses over the
SM prediction in the collected data. To predict the SM events, we rely on the MC
simulation by making use of the established knowledge of the SM.

First, signal models are considered for a specific scenario and MC events are gener-
ated for signals and backgrounds. Afterwards, discriminating variables are constructed
by exploiting the kinematics of the processes. These discriminating variables separate
the SUSY signal from the SM backgrounds or a specific SM background from the rest.
Signal regions (SRs) are defined to maximize the sensitivity for a benchmark signal.
Different selections on the discriminating variables are optimized to suppress most of
the backgrounds.

6.1.1. RPC stops strategies

The search for direct stop production presented in Chapter 7] was designed with the fol-
lowing strategy. Two types of SRs are used in the analysis. First, a discovery scenario is
defined based on counting events in a signal region to quantify the existence of potential
excess. The other analysis technique, referred to as the exclusion scenario, is used in the
absence of any evidence for new physics beyond the SM, in which the SR is split into
multiple bins in a specific variable. The results are already public in reference [25].

SM processes that have a similar signature as the expected SUSY signal remain in
the SR. It is important to have a good understanding of these processes to study their
contributions to the SR. In order to estimate the background processes contaminating
the SR, control regions (CRs) are defined. The CRs are designed to have a high purity

99



CHAPTER 6. SEARCH STRATEGIES

of one type of SM background process and a set of selection criteria similar to those
describing the SR. The difference is that requirements are altered to retain a sufficiently
large number of events from that process and reject most of the signal and other back-
grounds. Kinematically the CRs should be as close as possible to the SR to have a small
extrapolation from CR to the SR.

The prediction obtained from the CRs is verified by comparing it to the observed data
in dedicated validation regions (VR). They are typically defined between the SR and
the CR. All the SR, CRs, and VRs are required to be orthogonal to each other. Experi-
mental and theoretical systematic uncertainties are evaluated as explained in Section[7.4]

A simultaneous fit as in Section is performed in the SR and the associated CR.
The VR is only used to cross-check the background prediction and it does not con-
strain the SM background events in the fit. The observed data are compared to the
SM background prediction estimated from the MC with scale factors, which correct the
imperfect modeling of the MC simulation. A maximum-likelihood fit is performed with
all the exclusion scenario bins. The reason for this procedure is that using the signal-to-
background ratios in the different bins leads to an increased sensitivity for a potential
signal exclusion. Signal regions are then compared to data looking for an “excess”, in
a process called unblinding. Hypothesis tests are performed to discover or exclude the
signals.

6.1.2. RPV higgsinos strategies

The strategy for this analysis is different from conventional SUSY searches. It cannot
rely fully on MC simulations due to its complex final state. This is why a data-driven
method was used. More details are presented in Chapter [§|

This analysis searches for RPV SUSY with many jets and b-jets in the final state. A
nominal analysis called jet-counting was used in the beginning. After a basic selection,
no additional cuts were imposed on any other kinematic variables aside from the num-
ber of jets and b-jets. This strategy alone was not sufficient to reach sensitivity in the
targeted scenario. For this reason in this thesis, a new extension of the analysis named
shape analysis is introduced. It includes a third variable based on a neural network (NN)
discriminant [26].

The NN training is performed imposing the constraint that the NN output distribution
of the main background is invariant with respect to the b-jet multiplicity. This property
is later exploited to estimate the background from data, as described in Section[8.2] The
estimation of the dominant backgrounds is carried out by a combined fit to the jet and
b-jet multiplicity. The parametrization applied is further explained in Section [8.2] and
its assumptions are then validated using data and MC simulation.
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6.2. Signal models

Two different signal models are presented in this thesis. The main target of this disserta-
tion is the search of direct ¢, pair production in the R-parity conserved (RPC) scenario.
It is the main search because a complete high-energy physics analysis was performed.
Nevertheless, higgsino searches are also described using a machine learning technique in
a R-parity-violating (RPV) process. The R-parity-violating analysis searches for events
with at least one lepton, jets, and b-jets in the final state. This model considers directly
pair-produced higgsinos decaying promptly via the RPV coupling.
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Figure 6.1.: Cross-sections of SUSY signals as a function of the mass of the parti-
cle [166]. The cross-sections are calculated approximately at the NNLO
+ NNLL precision for the squarks (RPC stops) and gluino productions, and
the NLO+NLL precision for the electroweak (RPV higgsinos) productions.
For a pair of different types of particles, the two particles are assumed to
have the same mass. The colored bands show the uncertainties on the cross-
sections estimated from the variation of renormalization and factorization

scales and the PDF.

Figure [6.1| shows the production cross-sections of SUSY particles in pp collisions at
Vs = 13 TeV, where the cross-sections depend on the masses of the SUSY particles.
The cross-sections are calculated at NNLO + NNLL precision for the ¢ shown in the red
curve used for the RPC stops model, and at NLO+NLL precision for the x (higgsino)
in purple used for the RPV higgsinos analysis.
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6.2.1. Simplified models

The large number of free parameters in the MSSM, the huge amount of possible de-
cay scenarios and not knowing the range of the masses of the supersymmetric particles,
make the experimental searches rather challenging. However, to evaluate searches for
new physics, an effective framework referred to as a simplified model is used. Simplified
models are only characterized by a small number of parameters, such as particle masses
or branching ratios, which are directly related to collider physics observables [164,(165].
In this thesis, the targeted simplified models set all their sparticles masses to high values
except for the few sparticles involved in the decay chain of interest.

The experimental signatures can vary dramatically, depending on the spectrum of the
SUSY particles. The phenomenology of each model is largely driven by the composition
of its lightest supersymmetric particles. In this dissertation, for the RPC stops scenario
a pure bino LSP is considered. For the RPV higgsinos a higgsino LSP hypothesis is
used.

6.2.1.1. RPC pure bino LSP model

A simplified model is considered for the scenario that conserves R-parity where the only
light sparticles are the stop and the lightest neutralino as shown in Figure [6.2, The
decay modes depend on the mass difference between ;, and 9 (Am(f,x})). When
Am(t,, X}) > my, the £, directly decays into the same flavor SM particle, top quark,
together with the LSP #; — ¢ + ¥{. If Am(#,,{?) is smaller than m; and greater than
mw + my, the £, decays via a three-body decay via an off-shell top quark #; — bW V.
For the most compressed case where Am(t,, X3) < my + m; the four-body decay mode
takes place via an off-shell W boson t; — bf f'x?, where f and f’ denote fermion. In
each model a 100% branching ratio of the respective decay mode is considered. The
diagrams of these decay models are shown in Figure . The region where mi < Mgo
is considered as “forbidden” as the XY is taken to be our lightest supersymmetric par-
ticle (LSP). The main target of this dissertation is the most compressed region or the
four-body decay.

6.2.1.2. RPV higgsino LSP model

This analysis considers two models of pair-produced higgsinos decaying promptly via
a R-parity-violating (RPV) coupling. Under the hypothesis of R-parity conservation
(RPC) as explained in Subsection , SUSY particles must be produced in pairs
and decay to the stable lightest supersymmetric particle (LSP). The majority of SUSY
searches at the LHC assume RPC because the LSP is a good dark matter candidate
as explained in Chapter [2] The associated SUSY scenarios typically come with large
missing transverse momentum that results from the two undetected LSPs.

LA flavor changing decay #; — cX{ is not considered in this dissertation.
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Figure 6.2.: Possible decay modes in the RPC stops simplified model. The decay modes
depends on Am(t,, ¥?). In each region of the phase space, 100% branching
ratio is assumed.
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Figure 6.3.: Diagrams of #, decaying into Y. When Am(#,, ¥) is large enough to decay
to an on-shell top quark, the two-body decay (left) is considered. In the
three-body decay (middle), #, decays into a b-quark, an on-shell W boson
and a Y. The four-body decay (right) is the most compressed case where
Am(t,,X}) is too small for the #; to decay via an on-shell W boson.

Complementary to the RPC SUSY searches are the RPV SUSY searches that require
no or little missing transverse momentum. The combined search program provides an
excellent coverage of unexplored regions.

A simplified model searching for SUSY via a direct higgsino production including !
5, X9 X7, and X X3 is presented. The charginos and neutralinos are assumed to be
pure higgsino-like and they decay promptly via a RPV coupling into a variety of jets
and b-jets as seen in Figure[6.4] The SUSY masses are assumed to be almost the same
(X 1 GeV) for all the signatures myo ~ mgy ~ mge. The three signatures i X9, XY
%E, and XY ¥ are combined for the full higgsino analysis. A new technique is shown
in Chapter |8 in order to gain sensitivity for these processes. Previous lower limits were
defined by LEP [167-169] excluding i masses below 103 GeV in a RPV scenario .
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Figure 6.4.: Diagrams for the higgsino-like scenarios decaying via a RPV coupling [26].
The 5{?72 decay to t, b, and s quarks, while the Y{ to s, b, and b quarks. The
process X9 Xi is also taken into account.

6.3. Background events

Both analyses presented in the previous section target final states containing exactly one
electron or muon, which should be isolated from surrounding hadronic activity. Such
prompt leptons are typically produced from the decay of a W boson. The other decay
product from the leptonic W decay is a corresponding neutrino, which produces a sig-
nificant amount of momentum imbalance in the detector because it escapes undetected.
As a consequence, SM backgrounds with a W boson populate the same phase space
as potential supersymmetric decays. The processes shown in Figure [6.5 are the most
recurrent throughout the studies.

g ;1 W

Figure 6.5.: Exemplary Feynman diagrams of the main background processes: tt (left)
and Wjets (right).
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tt

In the signal regions, the top pair production (¢t) is the dominant background process
as its topology resembles our supersymmetric RPC stop signal. The cross-section of the
tt process at /s = 13 TeV is 818 pb [170]. The ¢t background is classified into three
categories in terms of the decay modes of the top quarks. When both top quarks decay
hadronically (t — bW (— qq)), it is called all-hadronic tt, and tt with two leptonically
decaying tops (t — bW (— [v)) is referred to as dileptonic tt. When one top decays
hadronically and another top decays leptonically, the event is categorized as semilep-
tonic.

Both semileptonic and dileptonic processes enter the RPC stops signal regions be-
cause of the high E2 requirement, which in the background case originates from the
neutrinos. Despite the exactly-one-lepton requirement, the dileptonic ¢ is a dominant
background in some cases when one of the leptons is lost due to the inefficiency of the
lepton identification or the lepton is out of acceptance.

In the higgsinos RPV model, the production of tt with additional heavy-flavor jets is
the dominant background as regions with many jets and b-tagged jets are explored. In
fact, it is the only background taken into account for the RPV higgsinos studies pre-
sented, but the rest of the backgrounds are also taken into account for the full analysis
results.

W-jets

The W boson production associated with jets has a large cross-section at /s = 13 TeV,
190 nb |171]. A good amount of events with a leptonically decaying W boson pass the
one lepton and high ER selections. The W-+jets events are strongly suppressed by
requirements of b-tagging, but the events with a gluon splitting to bb pair (g — bb) from
initial or final state radiation enter the RPC stops signal region.

Single top

A process with a single top quark (or anti-top quark) is a negligible background in the
RPC stop signal region. Nevertheless, the single top production in association with a
W boson (W) gives the larger single top contribution with a cross-section of 94 pb [172].

Multiboson

Events with more than one electroweak bosons (WW* and Z) are not main background
processes, but still these events account for some fraction of the background in the RPC
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stops signal region. Large EX5 is created by neutrinos from Z — vv or leptonically
decaying W bosons. Contributions are mainly from the diboson process, which has ex-
actly two electroweak bosons.

Z+jets

The Z boson production is a minor background process in the RPC stops signal region.
The Z — [l process is suppressed by the one lepton and b-tagging requirements.

ttVv

In spite of a small cross-section, tt +V (V is Z or W) is a tough background process,
it has not been precisely studied yet in SM measurements, which makes the estimation
of this process difficult.

Multijet

Most pp collisions do not contain leptons produced via electroweak interactions, but they
create quarks and gluons via QCD interactions, resulting in multijet signatures. The
multijet processes do not contain isolated leptons, but some of the tracks or clusters
can be misidentified as leptons. When the jet energy is miss-measured, the transverse
energy is not conserved, and a non-zero E is obtained. The probability of having a
jet mimicking a lepton and creating large E* is very small.

However, events with a fake lepton are observed mainly in low EX* regions due to
the large cross-section of the QCD processes compared to the electroweak processes.
The contribution of the multijet to the following analyses was found to be negligible
compared to the total amount of events (in RPV higgsinos analysis), and due to the

miss

large EX* requirement (in RPC stops).

6.3.1. Discriminating variables

The variables described are used to separate signal events from the SM background
events in the RPC stops search.

« mr: Requiring one isolated lepton (¢), several jets and a big amount of missing
transverse energy (EX5) selects samples enriched with semileptonic #f events and
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W+jets events. Both backgrounds can be reduced by implementing a transverse
mass (mr) to be above the mass of the W boson mass and defining mr as:

mr = V2 ph - B (1 - cosAo (4, ™)) (6.1)

where the lepton pr is p4 and Agzﬁ(lz pRiss) is the azimuthal angle between the
lepton and the p making the assumption that the lepton mass is negligible.
After this requirement the dominant background is dileptonic t¢ with one miss-
identified lepton. The ¢t products include high my values and two or more high
pr neutrinos resulting in a big amount of EMss,

o A¢(pss b-jet): Is the azimuthal angle between the missing transverse momentum
and the b-tagged jet with the largest momenta. It is very effective in suppressing
W +jets background due to the emission angle of the b-jets from gluon splitting
which aren’t correlated to other decay products. After applying this variable, the
background is left mainly with t¢ processes.

o p5/ERSs: Is the ratio of the lepton pr and the missing transverse energy. This
variable is mainly exploited in the signal region as it requires a very low lepton pr.
This is one of our main discriminating variables as seen on Chapter [7}

e Crg9: The leptons in the final state, originating from the off-shell W boson decay,
are expected to have very low pr. To compensate this, a high transverse momentum
jet from an initial state radiation (ISR) is required to boost the system in the
opposite hemisphere enhancing E¥ expected from the two LSPs, as shown in
Figure [6.6] The correlation between Es and the ISR jet candidate (pr(ISR)) is
taken into account to define a variable as:

Cry = min(E¥™ pr(ISR) - 25 GeV)

where the numerical value of 25 GeV is used due to the fact that our jet preselection
starts at 25 GeV. The Cry variable has been used before [173] to define signal
regions targeting signatures with soft final states.

6.3.2. Background estimation

This section explains the background estimation only for the RPC stops analysis because
the strategy is quite different from the RPV higgsinos. The RPV higgsinos background
estimation is explained in Section [8.2]

The background events in the RPC stops SRs are estimated based on MC simulation.
Each SR has a CR for a dominant background process to study their modeling. Once
an SR is defined with a maximum contribution of signal events, corresponding CRs are
constructed with similar SR selections. Normalization factors (NF) are measured ratios
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b-jet  W*

Figure 6.6.: Illustration showing the required ISR jet to boost the system and obtain
the required E. The resulting objects are soft (low pr) including the soft
lepton selected from the off-shell W boson.

Events

-
O‘ Sa

Background

Variable X

Figure 6.7.: Illustration of the background estimation strategy. The SR is defined to
maximize the sensitivity to discover the signal. The CR is in a region where
enough background events are available and the signal contamination is
negligible. Between the SR and CR, the VR is defined to validate the
extrapolation from the CR to the SR.

of data to MC in CRs. The CRs should have enough data events to minimize the sta-
tistical fluctuation of the NF. The CR selection needs to be as close as possible to the
SR selection so that the normalization factor is obtained in a similar phase space. If the
CR and SR have different MC modeling, the normalization factor obtained in the CR
would overestimate or underestimate the background yields in the SR. It is important to
design the CRs with a negligible contribution of signal events, otherwise, the NF would
become large due to the signal contamination.

The CRs for all dominant backgrounds are then fitted simultaneously to obtain the NFs
for each process. VRs are used to check if the NFs give a proper data/MC normalization.
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The CRs and VRs need to have a good purity of the background process which they
represent. To increase the purity of the process, additional requirements that enhance or
suppress the others are applied. Figure depicts how the regions are regularly defined.
The NFs are applied to each background in the SRs, CRs, and VRs.

6.3.3. Systematic uncertainties

A crucial part of the background estimation is to know how accurate the results are.
Statistical fluctuations systematic uncertainties can be present and increase the un-
certainty in the result. The systematic uncertainties are evaluated for all background
and signal samples using MC simulations. Systematic uncertainties are classified into
two types: experimental and theoretical. The first one is generally associated with the
calibration of physical objects, and the latter is usually caused by the imperfect mod-
eling of the MC simulation. In this section, the details of the uncertainties are explained.

6.3.3.1. Experimental uncertainties

The experimental uncertainties associated with each object come from the uncertainties
in its calibration. The variations in the number of events of the SR, CR, and VR from
each uncertainty source are included in the fit as nuisance parameters, described in Sec-

tion [7.4]

Jets

The jet energy scale (JES) and jet energy resolution (JER) are the main components of
the uncertainty in the momentum of jets [174,[175]. As already discussed in Chapter [f]
these uncertainties are associated with their calibration. The event yields are directly
affected by the uncertainties from the jet pr cuts or via indirect effects on the magnitude
and direction of ERss,

Flavor tagging

The uncertainty from the b-tagging efficiency is estimated by varying the efficiency cor-
rection factors for b and c jets together with the miss-tag rate correction factors measured
in t¢ and dijet events [176,[177]. These uncertainties affect SR event yields if CR selec-
tions have different flavor composition of b-tagged jets.

Missing transverse momentum

The uncertainties in E¥ originating from an object with high pr such as jets or lep-
tons are considered. They can lead to changes in the magnitude and the direction of
the missing transverse momentum. Since ER™ is determined from the physics objects
in an event, ET is re-calculated for each systematic variation of the calibrated objects.
Additionally, a soft term also contributes to the uncertainties in the scale and the reso-

lution [178] and is evaluated in the EX calibration with Z — .

69



6.3. BACKGROUND EVENTS CHAPTER 6. SEARCH STRATEGIES

Pile-up reweighting

The MC events are weighted to reproduce the distribution of the average number of in-
teractions per bunch crossing (u) observed in the data, referred to as “pile-up reweight-
ing” [179]. An uncertainty in the reweighting is included accounting for the imperfect
residual in the pile-up modeling of the MC simulation.

Leptons

The size of the lepton uncertainties is typically small compared to the jet measurements,
nevertheless, the uncertainties in the electron and muon calibrations are considered. The
scale and resolution of the lepton momentum and the isolation efficiency measurements
are taken into account.

Luminosity

The uncertainty in the luminosity measurement is considered for minor backgrounds
that do not have a dedicated CR. The uncertainties mainly come from the vdM scan
and the calibration transfer from the scan to data. The uncertainty for the full Run 2
data is 1.7% [180].

Normalization
The uncertainties in the normalization factors of the dominant background processes are
taken into account as they originated from limited data statistics in the CRs.

Monte Carlo statistics
In some cases, the background and signal MC events are limited due to a tight selection
in the SR, causing a large uncertainty.

6.3.3.2. Theoretical uncertainties

Since the yields for the dominant background sources (tf and WW+jets) are obtained
in dedicated control regions, the modeling uncertainties for these processes affect only
the extrapolation from the CRs into the signal region but not the overall normaliza-
tion. They are given by the generator modeling, parton distribution function choice
and parton shower uncertainties. In the following, the different theoretical systematic
uncertainties will be explained for each background.

Transfer Factor method To extract accurate information from data, a probability
density function (PDF) is used whose parameters are included in the fitting procedure.
The fit performed to data is based on the CRs and SR being statistically independent.
One of the key ingredients to the fit procedure are the ratios of the event counts, called
transfer factors (TF), of each normalized background between the SR and CRs. It is
defined as the ratio of the yields. For example, the t¢ TF which controls the number of
tt events in the SR is:
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tt
N, SR

tt
TFsr = N
TCR

(6.2)
where N& and N¥., are the number of ¢¢ events in the SR and CR respectively. This
is calculated for the nominal (TF,oy,) and the systematic (TFy) samples. And the
double ratio (u) gives the desired systematic uncertainties:

TFS st T TFnom
y = ot ) (6.3)
TFoom
The advantage of this method is that by choosing more kinematically similar CRs to
the SR, a greater cancellation in the systematic uncertainties is obtained in the extrap-

olation [181].

The statistical uncertainties (o) are calculated as:

OSR OCR
=TF . /(=) + (——)? 6.4
e = T (R (522 (6.4
and for the double ratio u they are defined as:
TF/ OTF/ 9 OTF 9
Ou="Tp <TF’) + (ﬁ) (6.5)

In equation [6.5] TF' denotes the transfer factor of the systematic sample and TF the
one of the nominal sample.

Variable by variable approach This method was only used when calculating the un-
certainties for the W+jets regions. When the theory uncertainties are limited due to the
available statistics for alternative samples, a method called variable by variable (VBV)
is used. It “boosts” the statistics by:

1. When defining the regions (SR, CR, VR), the number of events is taken separately
for each main kinematic variable defined in the SR. In other words, the preselection is
taken into account plus the cut of only one main kinematic variable.

2. Then the TFs are computed for one variable at a time, i.e.: TF,,. = SR;,,./TCR,,.

3. They are added variable by variable in quadrature for each systematic source. By
this, the uncertainty associated to each variable is then summed in quadrature to obtain

the total uncertainty estimate as
variable
Utotal = Z u7,2 (66)
i
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variable
Ougoral — Zvarlable Z U (67)
The disadvantage of this method is that by boosting the statistics, the uncertainty
numbers might not be entirely correct due to correlations, nevertheless, this is a valid
approximation and gives fairly good results as shown in the studies.

tt modeling Hard scatter uncertainty is estimated by comparing different matrix ele-
ment (ME) calculations. The nominal ¢t sample generated with Pow