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“I know you're living in my mind
It’s not the same as being alive
Supersymmetry,
Supersymmetry...”

Arcade Fire






Zusammenfassung

Das Standardmodell (SM) der Teilchenphysik ist eine Theorie, die {iber
Beschreibungen aller bekannten Elementarteilchen und deren Wechselwirkun-
gen untereinander, mit Ausnahme von gravitativen Wechselwirkungen, ver-
fugt. Es gibt jedoch offene Fragen, die nicht vom SM erkldrt werden kon-
nen. Supersymmetrie (SUSY), welche weitere Teilchen vorhersagt und einige
der ungelosten Fragestellungen erkldaren kann, ist eine mogliche Erweiterung
des SMs. Der Schwerpunkt dieser Arbeit liegt auf zwei Suchen nach super-
symmetrischen Teilchen in Daten von Proton-Proton Kollisionen am Large
Hadron Collider (LHC), die vom ATLAS Detektor in den Jahren 2015 und
2016 aufgezeichnet wurden.

Die erste Suche basiert auf einem vereinfachten SUSY Modell, welches
die Paarerzeugung von Squarks und Gluinos durch starke Wechselwirkun-
gen in LHC Kollisionen erlaubt. Motiviert durch die Entdeckung des Higgs-
Bosons 2012 betrachtet das Modell Higgs-, W- und Z-Bosonen in der Zerfalls-
kette. Der Endzustand setzt sich aus einem Lepton (Elektron oder Myon),
Jets und fehlendem Transversalimpuls zusammen. Die Analyse verwendet
drei Signalregionen, die die unterschiedlichen kinematischen Eigenschaften
der Squark- und Gluinozerfalle berticksichtigen. Die Ergebnisse werden auch
mit einer Reinterpretation einer bereits publizierten Analyse, die auf ein ger-
ingfligig unterschiedliches supersymmetrisches Modell abzielt, verglichen.

Die zweite Suche untersucht ein weiteres vereinfachtes SUSY Modell, wel-
ches elektroschwache Paarerzeugung vom Charginos ()Z;_L) und Neutralinos

()2]-0 ) animmt und in dem das leichteste Chargino ()Z%) zu W- und das zweit-

leichteste Neutralino ()28) zu Higgs-Bosonen zerfillt. Der Enzustand mit
einem Lepton (Elektron oder Myon), zwei b-Jets aus dem Higgs Boson Zer-
fall und fehlendem Transversalimpuls, wurde mittels dreier statistisch or-
thogonaler Signalregionen untersucht. Die Daten stimmen in jeder der Sig-
nalregionen mit den Vorhersagen des SMs tiberein.
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Abstract

The Standard Model (SM) of particle physics is a theory that provides a
description of all known elementary particles and their interactions except
gravitational interactions. Nevertheless, there are a few open issues which
cannot be explained by the SM. Supersymmetry (SUSY) is a well motivated
extension of the SM which solves some of its shortcomings and predicts the
existence of new particles. This thesis presents two searches for supersym-
metric particles in proton-proton collisions delivered by the Large Hadron
Collider (LHC) and recorded by the ATLAS detector in 2015 and 2016.

The first search considers a simplified SUSY model in which squarks and
gluinos are pair-produced by the strong interactions in LHC collisions. In-
spired by the discovery of the Higgs boson in 2012, this model includes Higgs
bosons in the decay chain as well as W and Z bosons. The final state conside-
red consists of one lepton (electron or muon), jets and missing transverse
momentum. The analysis uses three signal regions which are designed to
target the wide range of kinematics expected from squark or gluino decays.
The obtained sensitivity has been compared with a reinterpretation of a pub-
lished analysis which targets a slightly different supersymmetric model.

The second search explores a simplified SUSY model of electroweak pair
production of charginos ()Zii) and neutralinos ()2].0 ) in which the lightest chargi-

no (Xli) and next-to-lightest neutralino (5(8) decay to W and Higgs bosons,
respectively. A final state with one lepton (electron or muon), two b-jets from
the Higgs boson decay, and missing transverse momentum is explored us-
ing three statistically orthogonal signal regions. The data are found to be
compatible with the SM predictions in all signal regions.
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Chapter 1

Introduction

The Standard Model of particle physics provides a description of all known
fundamental particles and three interactions between them. Only gravita-
tional interactions are not included. The Standard Model has been extremely
successful in describing physics at the lower energy scale. With the discov-
ery of the Higgs boson at CERN (the European Organization for Nuclear
Research) in 2012, the Standard Model is completed. However, there are still
some issues which are not explained by the Standard Model.

Several astronomical observations have shown the presence of dark mat-
ter which seems to have no interactions with ordinary matter except via the
weak and gravitational interactions. The Standard Model does not provide
candidates for dark matter. Only 5% of the energy density in the universe
consists of particles described by the Standard Model.

One issue of the Standard Model is associated with the radiative correc-
tions to the Higgs boson mass. This problem is known as the hierarchy prob-
lem and also requests an explanation.

Many theories have been developed to solve these issues. One of them is
supersymmetry which introduces a new symmetry between fermions, par-
ticles with half-integer spin and bosons, particles with integer spin. In su-
persymmetry, each Standard Model particle has a partner particle with the
same properties except for the spin which differs by half a unit. The theory
gives new supersymmetric particles, but unfortunately none of these parti-
cles have been observed so far. This implies that supersymmetry is broken
and supersymmetric particles have to be heavier than their Standard Model
partners.

Searches for supersymmetric particles with different signal scenarios and
final states at the Large Hadron Collider have been performed for many
years. The ATLAS detector is one of the seven detectors at CERN which
record collisions delivered by the Large Hadron Collider. This thesis fo-
cuses on two searches for supersymmetric particles in proton-proton colli-
sions recorded by the ATLAS detector.
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Outline of the thesis

This thesis is organized as follows:

Chapter 2 gives the theoretical framework in which this thesis is done.
It covers the theory of the Standard Model of particle physics and describes
its shortcomings. The second part of this chapter introduces a new theory
known as supersymmetry and explains how supersymmetry can solve some
shortcomings of the Standard Model. At the end of the chapter, supersym-
metric signals on which this thesis is based are described.

Chapter 3 describes the Large Hadron Collider and the ATLAS detector.
The Monte Carlo simulation including an overview of generators used in this
thesis is given. The last part of this chapter describes the CERN grid compu-
ting as necessary tool for processing and storing the collected data.

Chapter 4 explains the algorithms and techniques used in ATLAS for the
reconstruction, identification and isolation of particles produced in proton-
proton collisions.

Chapter 5 details the Standard Model processes which have a similar fi-
nal state as the considered supersymmetric signals in this thesis.

Chapter 6 describes the kinematic variables used to discriminate the su-
persymmetric signals from the Standard Model backgrounds and shows their
discriminating power.

Chapter 7 provides the general analysis strategy used in many searches
for supersymmetric particles in the ATLAS experiment, including both of the
searches presented in this thesis.

Chapter 8 gives the mathematical background of the statistical tool used
to obtain the background normalization factors and to check if any potential
excess of observed events over the Standard Model predictions is statistically
significant.

Chapter 9 describes a search for squarks and gluinos decaying via the
lightest chargino (f(li) or the next-to-lightest neutralino ()28) toW/Z/hbosons
and the lightest supersymmetric particle. The lightest supersymmetric parti-
cle is the lightest neutralino (5((1)). The final state consists of one lepton (elec-
tron or muon), jets and missing transverse momentum. The number of jets
including jets from b-quarks depends on the decay of the W/Z/h boson.
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Chapter 10 presents a search for charginos and neutralinos in which the
lightest chargino ()Zf) decays to a W boson and the lightest supersymmetric

particles and the next-to-lightest neutralino (S(g) decays to a Higgs boson and
the lightest supersymmetric particle. The lightest supersymmetric particle is
the lightest neutralino as in the previous search. The final state considered
here is one lepton (electron or muon) from the W boson, two b-jets from the
Higgs boson and missing transverse momentum from neutrino and neutrali-
nos.






Chapter 2

Theory overview

This chapter discusses the theoretical background necessary to understand
the work presented in this thesis. The Standard Model of particle physics de-
scribes elementary particles and their interactions except gravitational inter-
actions. Although it has experimentally been confirmed up to the TeV scale
showing remarkably successful results, some hints exist which point to new
physics beyond the Standard Model. Several theories have been developed
to address these hints. Supersymmetry is one of the most popular exten-
sions of the Standard Model and can elegantly address the open questions,
as discussed at the end of this chapter. This thesis presents two searches for
supersymmetric particles.

2.1 The Standard Model

The Standard Model (SM) of particle physics was developed in the late 1960s
and early 1970s and is the theory that provides a description of all known
elementary particles [1, 2]. It successfully models three fundamental forces
in nature: the strong force, the weak force and the electromagnetic force. The
gravitational force is not described by the SM.

The SM is a gauge invariant quantum field theory with the symmetry group:

SUB)c ® SUQ2), ® U(1)y

where SU(3)c is the component of the Quantum Chromodynamics and C
indicates the color charge. SU(2); ® U(1)y corresponds to the electroweak
theory, in which the weak force and the electromagnetic force are unified. L
refers to left-handed fields, and Y is the quantum number for hypercharge,
connected to the charge Q and the third component of the weak isospin Tj
by Y=2(Q-T).

The SM theory is experimentally well verified and with the discovery of the
Higgs boson at the Large Hadron Collider in 2012 all particles predicted by
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this theory have been observed [3, 4]. Figure 2.1 shows all particles described
by the SM with their masses!, charges and spins.

1 st 2nd 3 rd

f( 23M \ ( 127G \ ( |73.|G\ E Mass: eV/c? \
2/3 2/3 2/3 : Charge "
u 12 C 12 t 71 Spin g
k up ) \charrn) \ top ) . \ Name 0%
[ =1
( asm ([ osm N[ 426 ) ( 0 \ 'Co%
-1/3 -1/3 -1/3 . () =
12 S 12 12 . 1| g 2
deown J \_strange ) kbottom Y, : \ gluon ) 8/ %
0 =]
' o
(osuim Y[ osom N[ e N - 0 ) 2
-1 -1 —il ' 0 j=2
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\\electron J\_muon J\ tau ) . \_ photon ) g/ g,;_
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(V <22 ) [VO.WM\ ( <iss5m) (" 204G ) 912G :%T
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e 12 /«l 12 VT 1/2 E ov 1 Z 1 §’
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FERMIONS GAUGE BOSON

FIGURE 2.1: The Standard Model particles and their masses,
charges and spins [5].

2.1.1 Particle content of the Standard Model

The SM particles are divided into two groups depending on the value of
their spin. Fermions are particles with spin of 1/2 f. In the SM, there are
12 fermions which are divided into leptons and quarks. The leptons interact
through the electromagnetic interaction (charged leptons) and the weak in-
teraction, while the quarks interact also through the strong interaction. The
fermions are grouped into three families or generations, made of SU(2) dou-
blets. The particles of the higher generation have heavier masses:

Ve vy Ur u C t
4 7
3 1 T d S b

Each generation of leptons has one of the three quantum lepton numbers:
the electron Le, muon L, or tau L;.

INatural units where ¢ = /i = 1 are used in this thesis. Masses, energy and momenta are
expressed in electrovolts (eV) where 1 eV corresponds to the energy a single electron gained
or lost when moving through an electric potential difference of one volt.
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Quarks have fractional electric charges. Up quarks have +2/3 e, while the
down quarks are charged - 1/3 e. Quarks also have an additional property
called color charge. This charge is characterized by colors: red, blue and
green.

Bosons are particles with integer spin detailed in Table 2.1. The gluon is
massless and electrically neutral, but carries color charge. It is the mediator
of the strong force. The photon is a massless and electrically neutral gauge
boson. It is the mediator of the electromagnetic force. Four further bosons are
massive: the charged W+ and W, the electrically neutral Z° and H® bosons.
The W and ZY are mediators of the weak force, the H? boson has spin 0 and
is a key to generating in particular W and Z masses.

Name | Mass [GeV] | Spin | Force of mechanism
Gluon 0 1 strong interaction
Photon 0 1
W+ 80.39 1 | electroweak interaction
Z 91.19 1
H 125 0 mass generation

TABLE 2.1: The SM bosons listed with their electrical charge
and arranged with increasing masses, expressed in GeV [6].

2.1.2 Quantum chromodynamics

Quantum chromodynamics (QCD) [7] is a non-Abelian gauge theory based

on the local group SU(3)c, which describes the strong interactions. The SU(3)c
group has eight generators which correspond to eight real and independent

gluon gauge fields. They are defined by a linear combination of color and

anti-color.

The strong coupling constant as, that gives the strength of the strong interac-

tion is defined as:

as = % 2.1)

A value of the as depends on the momentum transfer QZ. At lower values
of Q? which correspond to distances of > O (10_15 m), the value of ag gets
large. This leads to a phenomenon called color confinement. Due to color
confinement, quarks cannot be directly observed or be found in isolation.
Instead, quarks create bound states called hadrons. There are two types of
hadrons: mesons and baryons. The mesons consist of one quark and one anti-
quark with opposite color charges, while the baryons consist of three-particle
bound states of quarks or anti-quarks with three different color charges. For
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example, protons and neutrons are baryons. The proton is the stable and the
lightest color state containing only quarks: u, u and d.

If the values of Q? are larger, corresponding to distances of < 010715 m) then
as gets smaller. This leads to a phenomenon called asymptotic. Due to this
phenomena, gluons can behave as free particles.

2.1.3 Electroweak interactions

In the 1960s Glashow, Salam and Weinberg proposed the SU(2); ® U(1)y
group aiming at the unification of the electromagnetic and weak interactions,
as mentioned earlier. The SU(2);, is the gauge symmetry group of the weak
isospin and has three massive gauge bosons labeled as W, W/%, Wfb On the
other hand, the U(1)y is the symmetry group with one neutral gauge boson
labeled as B,.

Mass for fermions and bosons when added by hand to the Glashow-Salam-
Weinberg theory would violate gauge symmetry. In order to solve this prob-
lem, the Brout-Englert-Higgs mechanism of electroweak spontaneous break-
ing was introduced [1, 8]. In this mechanism, masses can be generated by
introducing a scalar Higgs field with a very specific potential. The shape of
the Higgs potential looks like a Mexican hat (Figure 2.2) and it has a mini-
mum which is not at zero. The Higgs field acquires a vacuum expectation
value (VEV) which is responsible for generating masses of the weak bosons
(as well as fermions).

V(o)

Re ¢

Im ¢

FIGURE 2.2: The potential of the scalar Higgs field [9].
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The WL, Wﬁ, W‘z and B, bosons mix to form the physical states:

1
+ _ 1 YAT2

Wi= 75 (W), 7 iw}) (2.2)
Z,, = -B,sinfy, + choséw (2.3)
Ay = Bycosty + Wisindy (2.4)

where the mixing angle 6y is called Weinberg angle and is defined as:

sinbyy = g// Vg2 +g? (2.5)

The corresponding SU(2); and U(1)y coupling constants g and g/ are related
to the electric charge e:

e=g-sinfy = g/ - COSby (2.6)

Since the masses of W and Z bosons are known and given in Table 2.1, the
VEV can be calculated as v ~ 246 GeV [8].

This mechanism has only been validated in 2012, with the observation of a
spin 0 boson with mass of 126.0+0.4(stat.)+0.4(sys) GeV by the ATLAS col-
laboration [3] and of 125.3+0.4(stat.)£0.5(sys) GeV by the CMS collaboration

[4].

2.2 Problems in the Standard Model

The SM is a very successful theory which has been tested to remarkable pre-
cision over the past decades. Figure 2.3 shows several SM total production
cross-sections measured by ATLAS and compared to theoretical expectations
at 7 TeV, 8 TeV and 13 TeV. Nevertheless, there are still open questions that
lead to a search for physics beyond the SM. Some of them are described in
the following.

2.2.1 Hierarchy problem

One reason to extend the SM is known as the hierarchy problem which comes
from the difference between the electroweak scale Mgy ~ 102 GeV and the
Planck scale Mp; ~ 101 GeV [11]. This difference affects the Higgs boson
mass calculation. The mass of the Higgs boson is much lighter in comparison

to the Planck mass. The Higgs mass squared m%I can be written as:

mlzq = rnlzqo + Am%l (2.7)
where myy is the Higgs bare mass and Amyy are the quantum corrections
of the Higgs boson mass. These corrections include the quantum loops from
the interactions between particles and the Higgs boson and may be as large
as the Planck mass.
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FIGURE 2.3: SM total production cross-sections of several pro-
cesses including leptonic branching fraction corrections. The
theoretical expectations are also shown [10].

2.2.2 Dark Matter

Several astrophysical observations have indicated that the universe contains
more matter than can be explained by the SM. This matter is called Dark Mat-
ter (DM) and its composition and origin are unknown. DM can interact with
the normal matter via the weak and gravitational interactions. According to
the different astrophysical results, only about 4.9% of the universe is the nor-
mal matter, while DM and dark energy contribute about 26.8% and 68.3%,
respectively [12]. The SM does not provide candidates for DM.

2.2.3 Gauge Couplings Unification

One weakness of the SM comes from the separation of forces. Extrapolating
electroweak and strong couplings to high energy they do not meet at one
energy, as one would expect if all interactions become unified.
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2.3 Supersymmetry

Supersymmetry (SUSY) [11] is a theory that predicts a new type of symme-
try between fermions and bosons. Such transformations are allowed by the
operator Q:

QI Boson) = | Fermion), Q/I|Fermion) = | Boson) (2.8)

Each SM particle has a sypersymmetric partner whose spin differs by the
value of 1/2, implying SM bosons have fermionic superpartners and vice
versa. In SUSY, fields which describe bosons and fermions are grouped to-
gether into supermultiplets. Each supermultiplet consists of fermions and
bosons, which are superpartners of each other. There are two types of su-
permultiplets. The first supermultiplet is called a chiral or matter or scalar
supermultiplet. It has a Weyl fermion and a complex scalar field. All SM
fermions (leptons and quarks) have to be members of chiral supermultiplets,
and their superpartners are sfermions (sleptons and squarks). The symbols
for the sfermions are the same as for the corresponding fermions, but with
an additional tilde in order to distinguish them from their SM partners. The
second type of supermultiplet is known as a gauge or vector supermultiplet.
It contains a vector boson. All bosons with spin 1 are grouped in gauge mul-
tiplets and their superpartners are called gauginos. These are fermions with
spin 1/2.

The Higgs sector contains two Higgs supermultiplets® formed by two Higgs
doublets, labeled as Hy = (Hj;, H) and Hy = (Hg, Hj). The supersymmetric
Higgs partners (Hy = (I:I:rl, I:IO) and Hy = (I:Ig, Hy)) are called the Higgsinos.
The two Higgs doublets carry eight degrees of freedom. While three degrees
of freedom are given to W and Z bosons, the other five give rise to five Higgs
bosons: two CP even neutral Higgs bosons (h" and HY), one CP odd neutral
Higgs boson (A%) and two charged Higgs bosons (H* and H™). Figure 2.4

shows supersymmetric particles, so-called sparticles, with the correspond-
ing partners of the SM.

2.3.1 Minimal supersymmetric standard model

The Minimal Supersymmetric Standard Model (MSSM) is a supersymmetric
extension to the SM with the minimum number of additional particles. Ta-
bles 2.2 and 2.3 show the particle content of the MSSM arranged in the chiral
and gauge supermultiplets, respectively.

2.3.2 Soft supersymmetry breaking

One interesting fact is that none of the sparticles has been discovered at the
mass scale of their SM partners. If SUSY was unbroken then the sparticles

2Two supermultiplets are requested in order to have the exact cancellation of gauge
anomalies.
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FIGURE 2.4: Schematic overview of spartciles with correspond-

ing SM partners [13].

Names | Spin0 | Spin1/2 | SUB)c | SUQ@)L | U()y

(ap dp) | (updp) 3 2 1/6

Squarks / quarks iR R 3 1 2/3
(x 3 families) dr dg 3 1 1/3
Sleptons / leptons | (7 ey) (ver) 1 2 -1/2

(x 3 families) €R eR 1 1 1
+ 10 + 0

Higgs / Higgsinos (Hy Hy) (1:18 Iqu) ! 2 +1/2
(HY Hy) | (Hgq Hy) 1 2 -1/2

TABLE 2.2: Chiral supermultiplets in the MSSM. The first col-
umn shows the type of particles. The second and third columns
contain the spin 0 and spin 1/2 components of each of these su-
permultiplets. The last three columns give quantum numbers

[11].

must exactly have the same masses as their SM partners. Since the sparti-
cles have not been discovered yet, it is clear that SUSY is a broken symmetry.
An important consequence of SUSY breaking is the solution for the hierarchy
problem. Unbroken supersymmetry allows that quadratic divergences in the
scalar squared mass vanish to all orders in the perturbation theory. But if the
symmetry is broken then the mechanism of symmetry breaking has to be
soft. It means SUSY breaking must be done without introducing quadratic
divergences. In this case, the broken symmetry still gives a solution to the

hierarchy problem.
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Names | Spin1/2 | Spin1 | SUB)c | SUQ)L | U(l)y
Gluino /gluon | & | g | 8 | 1 | 0
Winos / W bosons ‘ wE W ‘ w wo ‘ 1 ‘ 3 ‘ 0
Bino /Bboson | B BO 1 1 0

TABLE 2.3: Gauge supermultiplets in the MSSM. The first col-

umn shows the type of particles. The second and third columns

contain the spin 1/2 and spin 1 components of each of these su-

permultiplets. The last three columns give quantum numbers
[11].

In case of soft supersymmetry breaking, the total Lagrangian can be writ-
ten in the form:

L = Lgysy + Lsoft (2.9)

where Lgygy contains the original SUSY parameters and L contains all
additional parameters.

The soft part of Lagrangian Ly introduces many new parameters into
the theory (105 in the MSSM).

2.3.3 Mass spectrum of the MSSM

The chiral and gauge supermultiplets given in Tables 2.2 and 2.3 make up the
particle content of the MSSM. With L, new mass terms have been intro-
duced, and they mix to form mass eigenstates of the sparticles. The neutral

gauginos (WO and B) and the neutral higgsinos (I:I?1 and I:Ig) combine to form
four mass eigenstates called neutralinos. They are denoted )Zjo (G=1,2,3,4) with

increasing mass.

The charged winos (W' and W) and the charged higgsinos (I:IJr and Hy)
mix to form two mass eigenstates with charge +1 called charginos. They are
denoted as X1 (i=1,2), again with increasing mass.

The gluino is a color octet fermion and does not mix with any other par-
ticles in the MSSM.

Mixing of the slepton and squark states is also present due to electroweak
symmetry breaking effects. Usually, this is considered to be negligible except
for the third generation sparticles. The 7 and 7 states mix to form the mass
eigenstates 71 and 7». Similarly, the by and by states mix resulting in the
mass eigenstates by and by, and the t; and ty states give the mass eigenstates
t; and t,. They are denoted with increasing mass. From the Higgs sector, five
mass eigenstates occur. Table 2.4 details all resulting mass eigenstates.
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Names | Spin | Gauge eigenstates | Mass eigenstates
Higgsbosons | 0 | HOHHjiH; | hOHOAOH*
flL flR aL &R Ssame
Squarks 0 SL SR CL CR same
€], €R Ve same
Sleptons 0 AL, AR Uy same
TL TR VUr T T2 Ur
Neutrali 172 | BOwW'A® A 2 7979 10
eutralinos / a Ha X1 X2X3 X4
. ot et o t
Charginos ‘ 1/2 ‘ 4 Hfl Hy ‘ Xli Xzi
Gluino | 1/2 | g | same

TABLE 2.4: The particles in the MSSM with sfermion mixing for
the first two families assumed to be negligible [11].

2.3.4 R-parity

According to proton decay experiments, the proton is stable. The Super-
Kamiokande experiment sets a limit on the proton decay of 2.3 x1033 years
by using the p — K* decay mode [14, 15]. This limit implies that if a process
which allows the proton decay existed in nature, it has to be extremely rare.
On the other hand, in the MSSM proton decays are allowed. In order to avoid
proton decays, an additional number called R-parity is introduced as:

R = (_1)3(B—L)+2S (210)

where B and L are the baryon and lepton numbers, respectively and s is the
spin of the particle. The SM particles have R=+1 while their supersymmetric
partners have R=-1.

Important phenomenological consequences of R-parity are:

e sparticles have to be produced in pairs in particle colliders since the SM
particles are used in the initial states.

e The lightest supersymmetric particle (LSP) has to be stable and is pro-
duced at the end of the decay chain. If it is electrically neutral, then it
can only interact weakly or gravitationally with the normal matter.

24 Solutions to the SM problems

A strong argument in favour of SUSY is the solution of the SM problems
discussed in Section 2.2. SUSY provides elegant solutions to these problems
as discussed in the following.
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2.4.1 Hierarchy problem
Two scalar bosons with a coupling of A\g = | \;|2 can compensate the con-
tribution of the fermion and give the correction to the Higgs mass as [11]:

Amfy = Ay - 2mgIn(Ayy /mg) + ... | (2.11)

1671 2 [
Because of an additional factor (-1) from Fermi statistics the contribution
from the boson loops can cancel those from the fermion loops. Figure 2.5
shows two types of contributions. The first contribution is from the heavy
Higgs boson and its superpartner (top), while the second contribution is from
the heavy gauge boson (bottom left) and gaugino (bottom right). The green
line presents the Higgs boson.

bosor fermion

gauge
i:j / In:() caugil

FIGURE 2.5: Cancellation of quadratic terms in the Higgs mass
[16].

2.4.2 Dark matter

Several SUSY models provide a natural candidate for DM as consequence
of R-parity conservation. The LSP has to be stable and electrically neutral
[11]. It only interacts weakly with the normal matter and can be an excellent
candidate for DM. In models described in this thesis, the lightest neutralino
is the LSP.

2.4.3 Unification of gauge couplings

As discussed in the previous section 2.2, the electroweak and strong cou-
plings do not meet at one energy as shown in Figure 2.6 (left). Introducing
new particles predicted by the MSSM, a singular point at O (101®) GeV unites
the coupling constants of all three forces as shown in Figure 2.6 (right).
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FIGURE 2.6: Running inverse coupling constants in the SM

(left) and SUSY (right). In the SM, the three lines which show

the inverse value of the coupling constant for the three funda-

mental forces, do not meet at one point. In SUSY, they do meet
at one point [17].

2.5 Simplified models

The simplified models are defined by an effective Lagrangian describing a
set of particles linked to observables such as particle masses and interactions,
production cross-sections and branching ratios [18]. In the simplified models,
only the production process for particles of interest is considered. The masses
of all other particles which do not participate in the interaction are set to very
high masses compared to the center-of-mass energy available.

In the simplified models, initial particles can decay directly or through an
intermediate particle to a neutral and undetected particle, known as the LSP.

The signal scenarios considered in this thesis are all simplified models,
and are discussed in the following.

2.5.1 Search for squarks and gluinos

In proton-proton collisions, the cross-section for the production of squarks
and gluinos is expected to be larger than the cross-section for SUSY particles
produced in the electroweak production. Figure 2.7 shows the cross-sections
for various SUSY particles as a function of the average sparticle mass for
proton-proton collisions at a centre-of-mass energy of 13 TeV.
In R-parity-conserving models, squarks and gluinos must be produced in

pairs:

qq — q;q

99 — 88 99}

88 — 88 44/



2.5. Simplified models 17

10
107 O, [Pb]: pp — SUSY
] wWa=13TeV
10
MLO+MNLL
10 \
|
-1
10
o
10
4
10 o |
._-| | ..'\"-\.\I_
500 1000 1500 2000 2500 3000 3500
m [GeV]

FIGURE 2.7: Next-to-leading order cross-section for the produc-
tion of SUSY particles at the Large Hadron Collider [19].

If mg > mg, squarks decay to a quark and a gluino, q — qg. If mg < myg,
squarks decay to neutralinos (q — qX]-O) or charginos (q — qf(ii). The direct

decay of squarks to the lightest neutralino and one SM quark, q — q)z(l), is
kinematically favored. This is the simplest squark decay which results in a
final state consisting of several jets and missing transverse momentum com-
ing from the 5((1)' Since this thesis focuses on the searches with one lepton in
a final state, a model in which a squark decays to either the lightest chargino
and one SM quark q — qili, or the next-to-lightest neutralino and one SM
quark q — qxg is considered. In this model, the chargino then decays to
the lightest neutralino emitting a W boson Xli — W+ )2(1), while the next-to-
lightest neutralino decays to either a Z boson and the lightest neutralino or a
Higgs boson and the lightest neutralino, 5(8 —Z/ h)Z(l). A Feynman diagram
for such a decay is shown in Figure 2.8 (left).

On the other hand, gluinos can only decay via a squark, either on-shell or
virtual. If mg < msg, then a two-body decay (g — qq) will be dominant. If

mg > myg, gluinos can decay via off-shell squarks to neutralinos (g — qc_pzjo)

or charginos (g — q(pzii). In the simplest decay mode, gluinos decay to

the lightest neutralino and two SM quarks, g — qc]fg(l). This decay gives
several jets and missing transverse momentum in a final state. Due to the one
lepton requirement, in the model considered in this thesis, the fluino decays
to either the lightest chargino and two SM quarks g — qqx; or the next-

to-lightest neutralino and two SM quarks g — qqxg, as shown in Figure 2.8
(right). The decay chains of the lightest chargino and the next-to-lightest
neutralino are the same as for the squark production. In both productions,
the LSP is assumed to be the lightest neutralino.
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FIGURE 2.8: The decay topologies of the signal models consid-
ered in this thesis: squark production (left) and gluino produc-
tion (right).

The final state considered here consists of exactly one lepton (electron or
muon), different jet multiplicity depending on the decay chains of W, Z and h
bosons and missing transverse momentum from neutrinos and neutralinos.
This search is discussed in detail in Chapter 9.

2.5.2 Search for charginos and neutralinos

This section describes the process of direct pair production of the mass-dege-
nerate )Zli )28, pp — )Zli )Zg, which are assumed to be the lightest chargino and
the next-to-lightest neutralino as shown in Figure 2.9. The )Zli )28 are gene-
rated to be wino-like, while the )2(1) is bino-like. Masses of the )Zli )28 are set to
be equal. Particles which are not involved in the decay chain are assumed to

be massive and decoupled, while masses of the relevant particles ()21jE / )2(2), )2(1))
are varied independently to cover a large parameter space.

FIGURE 2.9: Diagram for the direct pair production of )Zlixg
considered in this thesis.
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The lightest chargino decays to the lightest neutralino and a W boson
with a 100% branching ratio, the W* boson then decays leptonically giv-
ing one charged lepton (electron or muon), )Zli — )Z?Wi — X?liﬂ. On the
other hand, the next-to-lightest neutralino decays to the lightest neutralino
and a Higgs boson with the branching ratio of 100%. The Higgs boson mass
is set to 125 GeV to be consistent with the measured value [3, 4] and its
branching fractions are assumed to be the same as in the SM. However, only
the Higgs decay chain to bb is considered due to the highest cross-section?,
)2(2) — )Z(l)h — )Z(l)bB. The final state considered for the search presented in this
thesis has exactly one lepton (electron or muon) from the W* boson, two b-
jets from the Higgs boson and missing transverse momentum from neutrino
and neutralinos. This search is discussed in detail in Chapter 10.

3BR(H — bb)=0.58 [20].






21

Chapter 3

Experimental overview

This chapter describes the design and working principles of the Large Hadron
Collider and of the ATLAS detector which provide the dataset used in the
searches presented in this thesis. Monte Carlo generators including the model-
ling of hard scattering, and an overview of different generators are detailed.
The CERN Grid computing is also discussed since it provides significant re-
sources to store, process and distribute data generated by the Large Hadron
Collider.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is situated in a 26.7 km-long circular tun-
nel and at a depth of 45-170 m under the border of France and Switzerland
as shown in Figure 3.1 [21]. This tunnel was originally constructed between
1984 and 1989 for the Large Electron Positron Collider (LEP) [21]. The LHC
project was approved by the CERN Council in December 1994, while an ap-
proval to construct the 14 TeV machine in a single step came 2 years later
[21]. The strong motivation for the LHC project was the existing LEP tunnel
and a possibility to use the LEP injection chain. In 2000, the LEP was closed
and its tunnel was used for the LHC [21]. The LHC started operation on 10th
September 2008, but due to an incident the initial testing was delayed from
2008 to the end of 2009 [21, 22]. From 2010 to 2012 (LHC Run I) the LHC had
very successful operations. An enormous success of the LHC Run [ is the
discovery of the Higgs boson, which had been the last undetected particle of
the SM [3, 4].
After an upgrade phase of 2 years, the LHC resumed operations in 2015 and
is now delivering two beams of protons accelerated to 6.5 TeV. A total colli-
sion energy is 13 TeV. This period of the LHC running is known as the LHC
Run IL

Seven different experiments with their own detectors collect particles pro-
duced by collisions in the LHC [24]. The two biggest experiments are:

o ATLAS (A Toroidal LHC ApparatuS), and
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FIGURE 3.1: The geographical location of the LHC ring [23].

e CMS (Compact Muon Solenoid) [25].

They use multi-purpose detectors to investigate the SM and beyond the
SM theories. Since these two detectors are independent, results obtained
from both of them are vital for the cross confirmation of any new discov-
eries. The other five experiments use detectors built for specialized purposes
as described below.

e LHCb (Large Hadron Collider beauty) studies B-physics [26],

e ALICE (A Large Ion Collider Experiment) uses heavy-ion collisions to
study the quark-gluion plasma [27],

e LHCf (Large Hadron Collider forward) uses particles produced at very
small angles to the beam directions in LHC collisions to simulate cosmic
rays [28],

e TOTEM (TOTal elastic And diffractive cross section Measurement) mea-
sures the total proton-proton cross-section and studies the elastic and
diffractive scattering [29], and

e MoEDAL (Monopole and Exotics Detector At the LHC) searches for
hypothetical particles such as magnetic monopoles and dyons [30].

Figure 3.2 shows the LHC ring and the position of four experiments: ATLAS,
CMS, ALICE and LHCD that are installed around the points in which the
beams collide.
The LHC has to accelerate a large number of protons which arrive in bunches.
These bunches are prepared in the complex system of pre-accelerators.
Figure 3.3 shows the full CERN accelerator complex.

The protons are produced from hydrogen which has to pass through an
electric field to stip off its electrons. Then the protons are passed through a
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FIGURE 3.2: Overview of four LHC detectors installed in the
LHC ring [31].
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FIGURE 3.3: Map of the CERN accelerator complex [32].

series of systems that successively increase their energy before being injected
into the main accelerator. The first system is the linear accelerator 2 (LINAC
2), which accelerates the protons to an energy of 50 MeV [33]. This accelerator
uses positive and negative electric fields to push and pull particles through
the accelerator. The protons are further injected into the first circular accel-
erator in the pre-accelerator complex called the Proton Synchrotron Booster
(PSB). It is made up of four synchrotron rings that accelerate the protons up
to 1.4 GeV and inject them into the Proton Synchrotron (PS) [33]. This 600
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m long circular accelerator accelerates the protons up to 25 GeV by conven-
tional room-temperature electromagnets [34]. The next step is the Super Pro-
ton Synchrotron (SPS), the second largest machine in the CERN accelerator
complex with a 7 km long ring. The SPS uses conventional electromagnets to
accelerate the protons to 450 GeV before they are injected into the LHC [33].
The last step is the final acceleration in the LHC. Here the proton bunches are
accumulated and reach their maximum energy. Finally, they are circulated
for 5 to 24 hours in the LHC ring, where collisions occur at four interaction
points.

The LHC superconducting magnets produce a magnetic field of 8.3 T
which bends beams and keeps them in their orbit at the high energy [33].
According to the design values, the LHC will collide beams consists of up to
2808 bunches with a 25 ns bunch spacing at the centre-of-mass energy of 14
TeV [35]. During operations in 2015 and 2016, the LHC collided beams con-
sists of up to 2244 and 2076 bunches, respectively with a 25 ns bunch spacing
at the centre-of-mass energy of 13 TeV [35].

3.1.1 Luminosity

The main goal of the ATLAS detector is to detect particles produced in dif-
ferent processes that originate from proton-proton collisions provided by the
LHC. How many times a particular process will appear during collisions is
a crucial information. The number of events, N, detected in a certain time, t,
for the particular process expected after running an experiment can be calcu-
lated as:

dN
—0- 1
Tk L (3.1)

where ¢ is the cross-section of the particular process and L is the lumino-
sity [21, 36]. The cross-sections have different values for different processes
as shown in Figure 2.3, where the cross-sections as a function of energy for
different processes are given.

The instantaneous luminosity can be calculated from:

Nznbfrev’?/r
L=_bDbTVT g 2
4menS* (32)

where Ny, is the number of protons per bunch, ny, is the number of bunches
per beam, frey is the revolution frequency, ¢ is the relativistic gamma factor,
¢n 1s the normalized transverse beam emittance, 5* is the 3 value at the inter-

action point and F is the reduction parameter introduced due to the geometry
of the beam crossing defined as:

0 2 -1/2
F = (1 + <2C;ff> ) (3.3)
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where 0. is the crossing angle of the beams, o, is the root mean square of
the bunch length in the z direction and ¢* is the same parameter but in the
transverse direction [21, 36].

The integrated luminosity is the integral of the delivered luminosity over
a period of time:

L = / Ldt (3.4)

Usually, the cross-section is expressed in units of cm™2. A second unit is
barn, where 1 barn is 1024cm?. Integrated luminosities in ATLAS are usu-
ally reported in units of 1/pb or 1/fb. Figure 3.4 shows the total integrated

luminosities delivered by the LHC and recorded by the ATLAS detector in
2015 and 2016.
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FIGURE 3.4: Total integrated luminosity versus time delivered

by the LHC (green) and recorded by the ATLAS detector (yel-

low) during stable beams of proton-proton collisions at the

centre-of-mass energy of 13 TeV in 2015 (left) and 2016 (right)
[37].

3.1.2 Pile-up in proton-proton collisions

Due to the high instantaneous luminosity of the LHC, multiple proton-proton
interactions, known as in-time pile-up occur within each bunch crossing. The
expected value of pile-up () is:

_ Loinelastic (3.5)

Nefrey

where L is the luminosity defined in Equation 3.1, gjalastic 1S the inelastic
proton-proton cross-section, nc is the number of colliding bunches in the
LHC and frey is the revolution frequency with the value of 11.245 kHz [38].
If the luminosity in Equation 3.5 is measured by averaging over many bunch
crossings, then this equation presents the average number of interactions per
crossing. Figure 3.5 shows the average number of interactions per crossing
for the data samples collected in 2015 and 2016, when the average number of
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interactions per crossing had the values of 13.7 in 2015 and 24.9 in 2016 [37].
The in-time pile-up can also be accompanied by out-of-time pile-up that oc-
curs when the detector and/or electronics integration time is significantly
larger than the time between crossings.
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FIGURE 3.5: The average number of interactions per crossing
as a function of recorded luminosity for the proton-proton data
samples collected in 2015 and 2016 [37].

3.1.3 Operations in 2015 and 2016

This thesis uses only events collected by the ATLAS detector in 2015 and 2016
when the LHC delivered 42.7 fb! to ATLAS (4.2 fb~! in 2015 and 38.5 fb™! in

2016) [37]. Figure 3.6 shows the luminosity as a function of time delivered to
ATLAS in 2015, 2016 and during the LHC Run I (2011 and 2012).
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FIGURE 3.6: Integrated luminosities as a function of time
recorded by the ATLAS detector [37].
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3.2 The ATLAS detector

ATLAS is a general-purpose detector designed to precisely measure proper-
ties of all particles emerging from proton-proton collisions [39]. It has the
shape of a cylinder as shown in Figure 3.7. With a length of 46 m, a diameter
of 25 m and an overall weight of 7 000 tonnes, ATLAS presents the largest de-
tector ever constructed for particle physics [39]. Its size is mainly determined
by the Muon Spectrometer which gives the ATLAS detector its shape.

25m
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LAr hadronic end-cap and
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Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

FIGURE 3.7: Schematic overview of the ATLAS detector in-
stalled in the LHC ring [39].

The ATLAS detector consists of four main components: the Inner Detec-
tor, the calorimeters, the Muon Spectrometer and the magnet system [39].
In addition, two systems are integrated with the detector components: the
Trigger and Data Acquisition System which selects potentially interesting
physics events, and the Computing System which provides software pack-
ages used to store and analyze large amounts of data recorded by the detec-
tor. All parts are discussed in the following starting from the ATLAS coordi-
nate system.

3.2.1 ATLAS Coordinate System

The ATLAS coordinate system is a right-handed system that has its origin at
the interaction point at the center of the detector. The direction of the beam
line defines the z-axis, while the x-axis points to the center of the LHC ring
and the y-axis points vertically upwards as shown in Figure 3.8. The half
of the ATLAS detector at the positive z value is defined as the "A-side", the
other half is referred to as the "C-side".
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FIGURE 3.8: Illustration of the ATLAS coordinate system.

The azimuthal angle ¢ is measured around the beam line, while the po-
lar angle ¢ is the angle from the beam line as illustrated in Figure 3.8. The
rapidity is defined as [40]:

y= ln (E i pz) (3.6)

The pseudorapidity is the approximation of the rapidity for high-energy
particles [40]:

n=-In (tani) (3.7)

Figure 3.9 shows some values of the polar angle and the pseudorapidity
for visualization the correspondence between them.
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FIGURE 3.9: Values of the pseudorapidity as a function of the
polar angles [41].

The geometrical distance between two particles in the pseudorapidity-
azimuthal angle space is defined as:

AR = \/An? + A¢p? (3.8)
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The transverse momentum p and energy Et are often used variables and
are defined by their projection on the x-y plane:

Et = E x sinf; pr =P X sind (3.9)

3.2.2 Magnet system

The magnet system allows the measurement of particle momenta by bending
charged particles. This bending is due to the Lorentz force:
_>
‘L—ft’ -q(E+7 x B) (3.10)

where ? is the particle 4-momentum, q is the charge of the particle, E is the

electric field vector, ¥V is the velocity vector of the charged particle and B is
the magnetic field vector.

Figure 3.10 shows an overview of the magnet system which is 22 m long in
diameter and 26 m in length [39].

FIGURE 3.10: Schematic overview of the ATLAS magnet sys-
tem. The solenoid is situated in the inner cylinder and provides
an uniform magnetic field in the Inner Detector. The barrel
and endcap toroids are outside and they provide a non-uniform
magnetic field in the Muon Spectrometer [39].

The magnet system consists of four large superconducting magnets:

e the central solenoid is designed to provide a 2 T magnetic field. It is
situated inside the calorimeters and surrounds the Inner Detector. The
length of the solenoid is 5.8 m [39].
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e the barrel toroid consists of eight separate coils and provides a mag-
netic field of 4 T [39]. It is situated outside the calorimeters. The length
of the barrel toroid is 25.3 m [39].

e two end-cap toroids provide a magnetic field of 4 T and consist of
eight independent coils which are located within the Muon Spectrome-
ter [39]. The length of the end-cap toroids is 5.0 m [39].

3.2.3 Inner Detector

The ATLAS Inner Detector (ID) is situated at the center of the experiment. It
is designed to measure the direction, momentum and charge of all electrically-
charged particles produced by the LHC and to precisely determine the pri-
mary vertex (PV) and secondary vertex (SV). The ID has full coverage in ¢
and can measure particles with 7| < 2.5. Typical resolution is [39]:

O-pT /pT = 0050/0 . pT @ 10/0

where the © symbol indicates a quadratic sum and pry is measured in GeV.
The ID has the geometry of a cylinder and consists of three individual detec-
tors: the Silicon Pixel Tracker, the Semiconductor Tracker and the Transition
Radiation Tracker as shown in Figure 3.11. The Silicon Pixel Tracker and the
Semiconductor Tracker cover the region || < 2.5, while the Transition Ra-
diation Tracker covers only |n| < 2. The length of the ID is 6.2 m, while its
width is 2.1 m [39].

According to the design value, the detector should measure approximately
1000 charged particles every 25 ns [39].

il Pixel detectors
Lt Barrel fransition radiation tracker
End-cap transition radiation fracker

" End-cap semiconductor tracker

FIGURE 3.11: Individual components of the ATLAS Inner De-
tector [39].
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Silicon Pixel Tracker

The Silicon Pixel Tracker (Pixel) is the detector situated closest to the beam
line of the LHC and consists of four layers in the barrel and of two end-cap
regions. The first three layers are labeled as Layer-0, Layer-1, and Layer-2,
while the forth layer has been added for the 2015 data-taking and is called
the Insertable B-Layer (IBL). The basic building element of the pixel detector
is a set composed of silicon sensors and front-end electronics. All sensors are
identical and consist of 47232 pixels [39]. Their nominal size in R - ¢ and z
direction is 50 x 400 ym? in the barrel, respectively and 50 x 600 um? in the
end-cap regions in R — ¢ and R, respectively [39]. This detector is designed
to provide the highest granularity used for the vertex reconstruction and the
highest precision used for the measurement of impact parameters (IP’s)! de-
fined as the minimum distance between the track and the PV. In 2014, the
IBL was added as the forth layer of the Pixel. This layer consists of 14 staves
mounted directly on top of the beam pipe, inside the barrel Layer-0 as shown
in Figure 3.12. The radius of the sensitive area is 33 mm from the interaction
point. Because of this extremely close distance, the size of the pixel sensor is
reduced to 50 x 250 ym leading to an improved impact parameter resolution.
The IBL is especially useful for the identification of the SV. This can improve
b-tagging, since the lifetime of b quarks allows them to travel a measurable
distance before decaying.

Actual B-Layer |\_ =
] ——

FIGURE 3.12: Schematic overview of the IBL in r — ¢ view [42].

ldefined in more detail in Section 4.1.4.
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Semiconductor Tracker

The Semiconductor Tracker (SCT) is the second subdetector which is located
just outside the Pixel. It consists of four layers of silicon microstrip modules
in the barrel and of two end-cap regions. The strips have a resolution of 17
x 580 in R — ¢ and z in the barrel, and 17 x 580 in R — ¢ and R in the end-cap
regions, respectively [39].

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) is the last component of the ID, si-
tuated just after the SCT. It consists of about 300000 gaseous tubes with a
diameter of 4 mm [39]. The tubes are filled with a Xe/CO,/0O,. The TRT
provides only R — ¢ information with an accuracy of 130 ym per straw. It
is used in the electron identification and contributes significantly to the mo-
mentum measurement.

3.2.4 Calorimeters

The ATLAS calorimeters lie outside of the ID and the solenoid and measure
energies of particles produced in proton-proton collisions. They are designed
to entirely stop most known particles except muons and neutrinos, which
leave little or no energy in the calorimeters. The calorimeters cover a pseu-
dorapidity range up to |n| < 4.9, but high granularity electromagnetic mea-
surements are made in the range of 17| < 2.5 [39].

The main components of the calorimeter system are the electromagnetic
calorimeter that measures energies of electrons and photons since they in-
teract with the material and the hadronic calorimeters that measure energies
of hadrons in their interactions with atomic nuclei. Figure 3.13 illustrates all
parts of the calorimeters which are described in the following.

Electromagnetic calorimeter

The electromagnetic calorimeter (EMCal) is a lead-Liquid Argon (LAr) de-
tector which consists of two main parts: a barrel and two end-caps. Both of
them use liquid argon as the active material and lead as the passive layer.
The barrel is built from 2048 so-called "accordion-shaped" absorbers, which
are designed with the characteristic shape to reduce the drift time after a par-
ticle interaction [39]. This part covers a pseudorapidity range of |7l < 1.475
and is located between 2.8 m and 4 m from the beam line [39]. Depending on
the 7, three or four read-out layers are used. Figure 3.14 shows an illustration
of the barrel module with different layers.

Each end-cap consists of inner and outer wheels and covers the range 1.375 <
Inl < 3.2 m from the interaction point [39]. The inner wheel is built of 256
absorbers and covers the region 2.5 < |7l < 3.2, while the outer wheel is
built of 768 absorbers and covers the rest of the range 1.375 < || < 2.5 [39].
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FIGURE 3.13: Schematic overview of the ATLAS calorimeter
system [39].

Hadronic calorimeter

The hadronic calorimeter surrounds the EMCal and consists of the following

three subdetectors:

e The tile calorimeter is a hadronic calorimeter which is located outside

of the EMCal. It uses steel as the absorber and scintillation tiles as the
active material. The Tile calorimeter consists of a barrel layer which
covers the region 7| < 1.0 and two extended barrels for covering the
region 0.8 < Inl < 1.7 [39].

The LAr Hadronic End-cap Calorimeter (HEC) consists of two wheels
in each end-cap which are situated directly behind the end-cap of the
EMCal. It uses liquid argon as the active material and copper plate as
the absorbers. This calorimeter covers the region of 1.5 < Inl < 3.2,
overlapping with the forward detector and the tile calorimeter [39].

The LAr Forward Calorimeter (FCal) is situated inside the inner ra-
dius of HEC wheels. This calorimeter provides electromagnetic and
hadronic coverage in the region closest to the interaction point in the
range 3.1 < Inl <4.9 [39]. It consists of three modules, where the first
is used for electromagnetic measurements and is made of copper, while
the other two are mainly used to measure energies of hadron interac-
tions and are made of tungsten.
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FIGURE 3.14: Readout granularity of the EMCal [39].

3.2.5 Muon Spectrometer

The ATLAS Muon Spectrometer (MS) is the outermost detector designed to
reconstruct charged particles which pass through the ID and the calorime-
ters. It also provides an independent muon trigger. Muons can be measured
in therange Inl <2.7, and triggered in the range 17| <2.4. The length of the
entire MS is 40 m, while it is 24 m thick.

Figures 3.15 and 3.16 show the layout of the spectrometer which consists
of four subdetectors. The largest subdetector of the MS is the Monitored
Drift Tubes (MDT’s) designed to provide precision measurements of charged
particles. There are 1088 MDT’s in the detector, arranged into three layers in
the barrel and three wheels in the end-cap [39].

In the region 2 < || < 2.7, Cathode Strip Chambers (CSC’s) are used for
a precise measurement of the track coordinates because of their high rate ca-
pability and time resolution. The CSC’s are multiwire proportional chambers
with two cathodes. Both cathodes are segmented, one with strips orthogo-
nal to wires providing the precision coordinates and the other parallel to the
wires providing the transverse coordinates. The typical resolution is 40 pm
in Rand 5 mm in ¢.

Apart from the precision measurement systems, the MS also contains two
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FIGURE 3.15: Main components of the Muon Spectrometer [39].

systems primarily for triggering. In the barrel region of (171 < 1.05), Resis-
tive Plate Chambers (RPC’s) are used for this purpose, while in the end-cap
(1.05 < Inl < 2.4) Thin Gap Chambers (TGC’s) are used. The RPCs consist
of two electrode plates with gas-filled gaps and their typical resolution is 10
mm in z and ¢. The TGCs operate on the same principle as multi-wire pro-
portional chambers and their typical resolution is from 2 to 6 mm in R and
from 3 to 7 mm in ¢.

3.2.6 Forward detectors

In addition, there are three smaller detectors that cover the ATLAS forward
region called:

e LUCID (LUminosity measurement using Cerenkov Integrating Detector),
e ALFA (Absolute Luminosity For ATLAS), and
e ZDC (Zero-Degree Calorimeter).

The first two detectors are used to determine the luminosity delivered to AT-
LAS, while the third detector determines the centrality of heavy-ion colli-
sions. These detectors are situated in the LHC ring at +17 m (LUCID), +240
m (ALFA) and £140 m (ZDC) from the interaction point [39].

3.3 ATLAS Trigger System

The LHC delivers proton-proton inelastic collisions at a frequency of 40 MHz,
with a collision of proton-proton bunches in all interaction points every 25 ns
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FIGURE 3.16: Illustration of the Muon Spectrometer in the x-y
(top) and z-y (bottom) projections [39].

[39, 43]. In this manner, it is not possible to record every collision due to lim-
ited storage capacity. Instead, a trigger system is used to select potentially
intere-sting events with a high efficiency and to reject a large rate of back-
ground events.

The ATLAS trigger system, shown in Figure 3.17 has two different types
of event selection: the Level-1 and the High Level Trigger. The Level-1 pro-
vides a hardware-based trigger decision, while the High Level Trigger makes
a trigger decision based on software algorithm. Each trigger level refines de-
cisions made by the previous level applying new selection criteria. At the
end, the 40 MHz frequency of the proton-proton collision data generated by
the LHC is reduced to about 1 kHz recorded data with a data rate of approx-
imately 1.5 GB/s [44-48].

3.3.1 Level-1

The Level-1 trigger (L1) is responsible for the first level of event selection
reducing the initial event rate to less than 100 kHz. Its elements such as
muon, jet, electromagnetic and tau clusters identify Regions of Interest (Rols)
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FIGURE 3.17: Schematic overview of the LHC Run II configu-
ration of the Trigger and Data Acquisition System [43].

that seed further trigger decisions at the High Level Trigger. The fast custom-
made electronics find the Rols using coarse information from the fast read-
out subdetectors: the calorimeters, the RPCs and TGCs within a latency of
2.5 us.

The L1 system consists of the L1 calorimeter trigger system (L1Calo),
the L1 muon trigger system (L1Muon), new L1 topological trigger modules
(L1Topo) and the Central Trigger Processors (CTP).

The L1Calo uses input data from all calorimeters which comes from 7200
analog "trigger towers" built with a granularity of 0.1x0.1. The goal of the
L1Calo is to identify all physics objects except muons.

The L1Muon uses input data from the RPC’s and the TGC’s. Multiplicities
for different thresholds are measured using the logic provided by the Muon
Central Trigger Processor Interface.

The L1Topo introduced in the LHC Run II calculates event topological
quantities between L1 objects such as electron/photons, muons, jets, and
taus. It uses trigger decisions made on information provided by the L1Calo
and L1Muon streams and allows the CTP to perform L1 selections based on
these quantities.

The CTP makes the trigger decision by applying different requirements
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and prescale factors? specified in the trigger menu. After receiving a signal
"Level-1 Accept", the L1 trigger decision is sent for further processing to the
High Level Trigger with the coordinates in the 7/ ¢-plane from each Rol.

3.3.2 High Level Trigger

The High Level Trigger (HLT) is implemented in software algorithms and
reduces the output rate of the L1 to 1 kHz which corresponds to a data rate
of 1.5 GB/s [44-48]. It uses the output data from Rols and decides whether
or not to keep an event. This process is performed based on its own trigger
menu which also consists of the L1 thresholds. In order to make sure that
all events that would pass the HLT requirements also passed the L1 require-
ments, the HLT thresholds are higher than their corresponding L1 thresholds.

All events that pass the HLT are written to trigger streams® and sent to
the CERN Tier-0, defined in Section 3.5 for permanent storage.

3.3.3 Trigger streams

A trigger stream consists of related signatures (electron, v, muon, jets, tau
and missing transverse momentum) recorded in the same dataset. The AT-
LAS has four trigger streams:

1. primary physics stream, stores all potentially interesting events de-
pending on which trigger fired,

2. calibration stream, as the name indicates it stores large data samples
for detector calibrations,

3. debug stream, saves events which caused errors during online running
for further investigation, and

4. express stream, designed to provide data quality information before
the reconstruction of the primary physics stream starts.

3.3.4 Trigger menu

The trigger menu is defined as a full collection of L1 and HLT selection crite-
ria and prescale factors. Typically, the trigger menu contains several hundred
triggers which need to satisfy different physics goals at ATLAS, including a
sufficient number of supporting triggers, alternative triggers, backup triggers
and calibration triggers which are described below.

e Supporting triggers are used for monitoring or performance studies.

o Alternative triggers are used for comparison studies with the primary
physics triggers.

2 A prescale factor is a reduction factor to issue a trigger (e.g. a prescale factor on chain X
of 5 means that every 5th event is accepted by the chain, while all others are discarded).
3defined in Section 3.3.3.
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e Backup triggers are used in case of unexpected luminosity increases

and have higher thresholds.
e Calibration triggers are used for the detector calibration.

The complete trigger menu of the ATLAS physics program for the LHC
Run Il includes the following triggers:

1. single and double lepton triggers,

2. jet triggers,

3. missing transverse momentum triggers,
4. tau triggers, and

5. b+jet triggers including muon-in-jet triggers.

3.3.5 Data quality

In 2015 and 2016 ATLAS had a high efficiency of data collection. Figure 3.18
shows the luminosity delivered by the LHC (in green) as a function of time,

recorded by ATLAS (in yellow) and good for physics analyses (in blue) in
2015.
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FIGURE 3.18: Cumulative luminosity versus time delivered
to ATLAS (green), recorded by ATLAS (yellow) and good for
physics (blue) [37].

Both analyses presented in this thesis use the 3.2 fb™! and 32.9 fb™! datasets,
collected in 2015 and 2016, respectively.
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3.4 Monte Carlo simulation

Samples obtained from the Monte Carlo (MC) simulation play a crucial role
since they are used for many vital parts of analyses like the optimisation of
signal regions and background estimations.

The simulation of proton-proton collisions and interactions of the produced
particles with the detector are performed in several steps.

3.4.1 Simulation

The first step of the MC simulation is the generation of proton-proton col-
lisions by event generators and it is independent of the detector. The MC
simulation consists of several components, which are categorized according
to scales of the momentum transfer involved. At the highest scales, the si-
mulation starts with a hard process (hard scatter) in which incoming protons
from collisions interact and produce a few outgoing particles such as the SM
quarks, leptons, gauge or hypothetical new particles. The parton distribution
functions which describe the momentum distribution of the incoming pro-
tons are used as input to generators. The matrix element of the hard process
is calculated in perturbative QCD. This is illustrated in Figure 3.19, where a
black blob presents the hard process.

FIGURE 3.19: Illustration of a proton-proton collision simulated
by a MC event generator [49].
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Quarks, gluons and all other new particles with color can emit further
gluons or quark-antiquark pairs. This leads to the formation of parton show-
ers shown in red in Figure 3.19.

After parton showering the partons are bound into colorless hadrons, this
process known as the process of hadronisation is shown in yellow in Figure
3.19.

In proton-proton collisions, the other constituents of the incoming pro-
tons can interact and produce the underlying event (UE) shown in green in
Figure 3.19.

The MC simulation also includes Initial State Radiation (ISR) and Final
State Radiation (FSR). ISR refers to particles radiated by incoming partons
before the main interaction, while FSR occurs after the main interaction when
outgoing partons radiate particles.

3.4.2 Overview of MC generators used in this thesis

The MC generators which generate particles from proton-proton collisions
used in this thesis are:

e SHERPA# [50], is a multi-purpose generator designed to generate ma-
trix elements, parton showers, hadronisation and the UE without inter-
facing with external packages. Matrix elements for 2 — n (n=2,3,4,5,6)
processes are calculated at the LO for many physics processes. A parton-
shower model is used to describe the emission of additional QCD par-
tons, while the UEs in hadron-hadron collisions are described by a sim-
ple model of multiple interactions.

e POWHEG®-Box [51-53], is a framework built based on POWHEG and
can be used for some complex processes because it calculates matrix
elements at the NLO. However, this framework has to be interfaced
with another generator in order to describe any physics process beyond
the hard scattering (it is not able to perform its own parton showering).
For MC samples used in this thesis, it is done with PYTHIA® [54].

e MadGraph [55] is a MC event generator which can generate 2 — N
processes and decays. The initial and final state particles are specified
by users. MadGraph generates all Feynman diagrams and gives a code
for the matrix element evaluation.

4SHERPA is an acronym standing for "Simulation of High-Energy Reactions of PArticles".

SPOWHEG is an acronym standing for " Positive Weight Hardest Emission Generator".

®PYTHIA is a general-purpose tool for the generation of high-energy collisions, which
contains a coherent set of hard processes and physics models for parton showers, multiple
interactions, string fragmentation and particle decays.
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3.5 Computing system

Although the trigger system significantly reduces the number of events that
need to be saved for further analyzing, still a huge amount of data needs
to be stored. The processing of the data will necessitate efficient processing
and large storage resources. Grid computing can address these needs since
the main goal of its design is to distribute data to different sites all over the
world.

The grid computing developed at CERN is called LHC Computing Grid
(LCG) [56]. The main purpose of this project is to provide and maintain
computing infrastructure for storage and analysis data which thousands of
physicists from different parts of the world need to access and use. The LCG
combines the computing and storage resources of more than 160 comput-
ing centers from 40 countries worldwide. The data produced by the LHC is
distributed to these centers according to a hierarchical model illustrated in
Figure 3.20. This model consists of sites organized in a four-tiered scheme as:

Tier-2 sites
(about 160)

Tier-1 sites

10 Gb/s links

FIGURE 3.20: Schematic overview of the hierarchical model
used in the LCG project [56].

e Tier-0 is situated at CERN and provides storage resources for the origi-
nal raw data that is output from the trigger system. Its responsibilities
are to make a primary backup of the data and to send outputs to the
Tier-1 sites.
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e Tier-1 consists of twelve computing centers based in different countries,
but ATLAS uses only ten of them. Each center has to store raw and
reconstructed data and provides computation capacity for processing
data.

e Tier-2s are typically located at universities and scientific institutes. They
provide storages and computation capacity for processing data and MC
events.

e Tier-3 consists of local clusters at universities and scientific institutes
and provides other computing facilities needed for data analysis. It is
outside of the LCG project.
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Chapter I

Object definitions

This chapter describes reconstruction and identification steps of objects such
as electrons, muons, and jets. The reconstruction is a basic term used to de-
scribe steps of converting signals recorded by ATLAS into sets of measure-
ments linked to particles produced in the detector. After the reconstruction
step comes the identification step in which the quality of the objects needs be
determined. This chapter also describes the reconstruction and calculation of
missing transverse momentum.

4.1 Electrons

Electrons leave a track in the Inner Detector (ID) and initiate an electro-
magnetic shower in the electromagnetic calorimeter (EMCal). Figure 4.1 shows
the signature of an electron.

4.1.1 Reconstruction

Electrons are reconstructed using energy deposits in the EMCal [48, 58], linked
to a track of a charged particle in the ID. When an electron interacts with the
EMCal, its energy is deposited in individual calorimeter cells. The clusters
of calorimeter cells are reconstructed using a sliding-window algorithm with
a window size of 3 x 0.025 units in n-space and 5 x 0.025 units in ¢-space
[48, 58]. This window is marked as "3x5". The unit size of 0.025 x 0.025 cor-
responds to the granularity of the middle layer of the EMCal [48, 58]. The
reconstruction step is finished when at least one track is matched to the re-
constructed cluster. After the track matching, the clusters of the electron can-
didates are rebuilt using a larger cluster size of 3x7 in the barrel and 5x5 in
the end-cap [48, 58].

The electron energy is determined by summing the energy measured in the
cluster and the energy deposit outside of the cluster window.
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FIGURE 4.1: The signatures of different particles recorded by
the ATLAS detector [57].

4.1.2 Identification

The identification step is introduced to make a separation between electrons
coming from signal and background processes. This selection is done using
electron identification algorithms. As input, these algorithms use electron
clusters, the track quality and the shape of the calorimeter shower. Three
operating points with increasing background rejection are defined as Loose,
Medium, and Tight. These points are inclusive which means that Loose is
a subset of Medium, while Medium is a subset of Tight. The identification
efficiency of the Loose, Medium and Tight working points for electron can-
didates with E1 ~ 25 GeV is 93%, 89% and 80%, respectively [58]. The tight
operating points have worse efficiencies for the identification of electrons but
on the other hand have a very low efficiency for mis-identification of jets as
electrons.

4.1.3 Isolation

The final step used to discriminate signal from background electrons is the
isolation. In this step, the following two discriminating variables are used to
reject non-prompt electrons, electrons produced in hadron decays and light
hadrons mis-identified as electrons:
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e calorimetric isolation energy E%Oneo'z(n, ¢) defined as the sum of trans-
verse energy of clusters within a cone of a radius dR=0.2. This variable
is illustrated in Figure 4.2.

e track isolation p%oneo'z(n, ¢) defined as the sum of transverse momenta

of all tracks inside a cone size of dR=0.2 as illustrated in Figure 4.3.

FIGURE 4.2: Tllustration of the ES"¢0-2 variable. The grid shows

the middle EMCal cells in the 1 and ¢ directions. Clusters (red)

that fall into the isolation cone (yellow) are used in the isolation
computation.

FIGURE 4.3: Illustration of the p{°"® variable. All good tracks

located in a cone around objects are selected and shown in red.

The black dotted lines show not selected tracks which are too
far from the object.

Based on these isolation variables divided by Et, a variety of selection re-
quirements has been defined to select isolated electrons resulting in working
points [58].
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4.1.4 Electrons used in this thesis

Two types of electrons are used in this thesis:
e Baseline electrons

All electrons selected as the baseline electrons are reconstructed according to
the steps discussed above. They have to pass the Loose quality standard. The
baseline electrons should be within |7l < 2.47 and exceed 7 GeV (10 GeV)
in py for the search for squarks and gluinos (the search for charginos and
neutralinos). This type of electrons is used in the calculation of all kinematic
variables! and of the missing transverse momentum.

e Signal electrons

Signal electrons are further required to pass the Tight quality standard with

the GradientLoose isolation. This isolation selection is applied on the E{°"¢02

and p$°¢0-2 variables in such a way that the isolation efficiency is larger than

95% for electrons with py = 25 GeV and 99% for electrons with py = 60 GeV
[58]. The signal electrons must have pt > 25 GeV (27 GeV) for the search for
squarks and gluinos (the search for charginos and neutralinos). This type of
electrons does not contain electrons which do not originate from the collision.
In order to remove such electrons, criteria on the transverse and longitudinal
components of the impact parameter (IP, see Section 3.2.3) are used. In the
ATLAS coordinate systemz, the transverse IP (d) is the closest distance of the
track to the primary vertex (PV) in the r - ¢ projection, while the longitudinal
IP (zg) is defined as the z value on the track that gives a value of dy. The
definitions of dy and zg with respect to the PV are shown in Figure 4.4 (dgV

and ZISV)_ The signal electrons have to pass the following IP criteria:
o | Azgvsine | < 0.5 mm, and
o | dgvsigniﬁcance | <5.

where the dgvsignificance is the track impact parameter significance defined
PV

e d . .
as dgvmgmflcance = % and o py is the uncertainty on the reconstructed
aPv do

dgv. The signal electrons are used in definitions of signal, control and vali-
dation regions.
All requirements made on the electrons can be seen in Table 4.1.

!defined in Chapter 6.
2illustrated in Figure 3.8.
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FIGURE 4.4: The definitions of longitudinal and transverse im-
pact parameters. The red dot marks the primary vertex.

Baseline electron

Kinematics pt >7(10) GeV and | nelust | <2 47
Quality Loose working point

Signal electron

Kinematics pr > 25 (27) GeV
Isolation GradientLoose
P I zgv | <0.5mm and | dgvsignificance | <5

TABLE 4.1: Summary of the electron definition. The criteria

are the same for both searches except the pr criterion which

is given in brackets for the search for charginos and neutrali-

nos. The signal selection requirements are applied on top of the
baseline selection.

4.2 Muons

Muons traverse the entire ATLAS detector, as indicated in Figure 4.1. They
leave a track in the ID and Muon Spectrometer (MS), and little or no energy
in the EMCal and hadronic calorimeters.
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4,21 Reconstruction

The reconstruction of the muons is performed in the ID and MS indepen-
dently. Then these two measurements are combined to form muon tracks.
Depending on which sub-detectors are used in the reconstruction step, the
following four types of muons are defined:

e Combined muons are reconstructed in the ID and MS independently,
then a combined track is formed using a global fit. These muons have
the best quality [59].

e Segment-tagged muons use ID tracks extrapolated to MS tracks. A
track is identified as a muon if it is linked to at least one local segment
in the MDT or CSC. This type of muons crosses only one layer of the
MS due to the low py [59].

e Calorimeter-tagged muons are reconstructed without information from
the MS. For their reconstruction, an ID track linked to an energy deposit
in the calorimeters is used [59].

e Extrapolated muons are reconstructed only based on a track in the MS
with an additional requirement that the track originates from the inter-
action point [59].

Collections of muons used in physics analyses are produced after resolving
overlaps between the different muon types. If two types of muons have
the same ID track, combined muons have a preference, then segment-tagged
muons and at the end calorimeter-tagged muons. The overlap with extrapo-
lated muons is solved by studying the track quality [59].

4.2.2 Identification

The identification method uses quality requirements that separate prompt
muons with a high efficiency from background muons. Three variables are
used in the identification for combined muons [59]:

e q/p significance, defined as:

(a/P1)1p = (4/P1) gl 4.1

2 2
V9D * OMs

q/p significance =

e p, defined as:
1D MS
3 ’PT ~PT ‘ 4.2)
P = ~Combined—track :
PT

e the normalised y?2 of the combined track fit.
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Based on them, four working points are defined as: Medium, Loose, Tight
and High pt. They have to satisfy specific needs of different physics analyses
such as: small systematic uncertainties, high efficiency, good purity and best
resolution in the high pt region, respectively. All four working points are
described below.

e Medium muons are combined or extrapolated muons. These muons
must have at least three hits in at least two MDT layers (except for
tracks in Il < 0.1) and the q/p significance less than seven. The
medium selection is the default for muons in ATLAS because it min-
imizes systematic uncertainties [59].

e Loose muons are all combined and extrapolated muons that satisfy the
medium selection discussed above. The segment-tagged and calorimeter-
tagged muons are also included, but they are limited to the region |7
<0.1[59].

e Tight muons are combined muons with hits in at least two MS layers.
They also need to satisfy the medium selection. The tight selection is
designed to maximize the purity of muons by reducing some efficien-
cies [59].

e High-pr muons are identified from the combined muons. They should
satisfy the medium selection and have at least three hits in three MS
layers. This requirement of having at least three hits improves the reso-
lution of muons with p above 1.5 TeV by around 30% and reduces the
reconstruction efficiency by about 20% [59].

4.2.3 Isolation

The muon isolation is used in many physics analyses to reject muons from
background processes. The muon isolation variables are the same as for the
electron isolation [59].

4.2.4 Muons used in this thesis

Two types of the muons are used in this thesis:
e Baseline muons

All muons selected as the baseline muons are reconstructed according to the
steps described in Section 4.2.1. They have to pass the Medium quality stan-
dard. The baseline muons should be within 7| < 2.7 and exceed 6 GeV (10
GeV) in pt for the search for squarks and gluinos (the search for charginos
and neutralinos). This type of muons is used in the calculation of all kine-
matic variables® and of the missing transverse momentum.

3defined in Chapter 6.
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e Signal muons

Signal muons are further required to be GradientLoose isolated. The Gradi-
entLoose isolation is defined in the same way as for the signal electrons and
required to be larger than 95% at 25 GeV and 99% at 60 GeV [59]. The sig-
nal muons must have py > 25 GeV (27 GeV) for the search for squarks and
gluinos (the search for charginos and neutralinos). This type of the muons
also needs to pass the same IP criteria as the signal electrons:

o | Azgvsiné | < 0.5 mm, and

. Idgvsignificancel <3.

The signal muons are used in definitions of signal, control and validation
regions.
All requirements made on muons can be seen in Table 4.2.

Baseline muon

Kinematics pr>6(10)GeVand Inl <27
Quality Medium working point
Signal muon
Kinematics pr > 25 (27) GeV
Isolation GradientLoose
IP I ng | <0.5mm and | dgvsignificance | <3

TABLE 4.2: Summary of the muon definitions. All criteria

are the same for both searches except the py criterion which

is given in brackets for the search for charginos and neutrali-

nos. The signal selection requirements are applied on top of the
baseline selection.

4.3 Jets

Jets can be defined as collimated sprays of stable particles originating from
the fragmentation and hadronization of quarks or gluons which emerge from
the interaction point. They are built based on information from the ID and the
calorimeters. Figure 4.5 shows a basic illustration of a proton-proton collision
with the fragmentation and hadronization of the quarks and gluons resulting
in a reconstructed jet.

4.3.1 Reconstruction

The reconstruction of jets is performed in the calorimeter using as inputs
energy deposits associated to tracks reconstructed in the ID. The standard
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FIGURE 4.5: A proton-proton collision with a particle shower
and a reconstructed jet [60].

algorithm for the reconstruction of jets used in ATLAS is called anti-k [61].
It uses two distance parameters:

e djj between two clusters i and j defined by:

Y O U AR}
g=min | —, — | x
’ Pr, p1,) R

(4.3)

where PT-(-) is the transverse momentum of the clusters i(j), ARij is the angular
i

separation of the two clusters and R is the radius parameter of the algorithm.
Typically, R is set to be 0.4.

e dy for an individual cluster defined as:

dy = — (4.4)

where py _is the transverse momentum of the cluster k.

The minimum of all dj and dy parameters is calculated. If the minimum
is the distance parameter dj between two clusters then the corresponding
clusters i and j are combined into one cluster ij and the minimum of all dj
and dj parameters are calculated again. When the minimum is the distance
parameter dy for an individual cluster k, then the cluster k is defined to be
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a jet and removed from the list of clusters. These steps are repeated with an
updated cluster list until all clusters are combined into jets.

4.3.2 Calibration

The goal of the jet calibration is to correct the energy and momentum of jets
measured in the calorimeters. This method consists of a few steps described
in the following [62].

e Pile-up corrections

A jet reconstructed in the calorimeter contains the energy from the hard scat-
tering and the pile-up. Since both processes occur during the same bunch
crossing, the origin of the jet needs to be determined. This is not possible
with the calorimeter due to a poor pointing resolution. In order to solve this
issue, the first step of jet calibration is a pile-up correction.

The pile-up corrections are performed with the jet area technique based on
the energy density p in the calorimeter [62]. The energy density is defined as
the median of the jet p divided by its area.

e Origin correction

The origin correction is applied to make sure that jets have their origin in the
PV instead of the center of the ATLAS detector [62].

e Jet energy scale and 7 corrections

This calibration step corrects the reconstructed jet p to the particle-level en-
ergy scale and the reconstructed jet n for a bias due to poorly instrumented
regions of the calorimeters [62].

e In situ correction

The last step of the calibration takes into account differences between data
and MC simulation in the jet py measurement that originate from different
sources such as: physics of jet formation, electromagnetic and hadronic in-
teractions in the detector, pile-up activity, the description of materials used
to built the detector, limitations in the simulation of UEs [62].

e Additional correction due to pile-up

An important part for many physics analyses is the rejection of reconstructed
jets that come from pile-up vertices. For this purpose the Jet Vertex Tagger
(JVT) is introduced. The algorithm uses variables which connect non pile-up
jets and the PV. For jets with 20 < py < 60 GeV and 7 < 2.4, the output of the
JVT algorithm is required to be larger than 0.59 [38].
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4.3.3 Jets used in this thesis
Two types of the jets are used in this thesis:
e Baseline jets

All jets selected as the baseline jets are reconstructed according to the steps
discussed above. They should be within 7| < 2.8 and exceed 20 GeV in pr.
This type of jets is used in the calculation of all kinematic variables* and of
the missing transverse momentum.

e Signal jets

Signal jets are further required to have py > 25 GeV and pass the JVT re-
quirement. These jets are used in definitions of signal, control and validation
regions.

All requirements made on the jets can be seen in Table 4.3.

Baseline jet

Kinematics | pp>20GeVand Inl <28
Signal jet

Kinematics pr > 25 GeV

JVT requirement 0.59

TABLE 4.3: Summary of the jet definition. The signal selection
requirements are applied on top of the baseline selection.

4.4 b-jets

Jets that originate from the b quark hadronization, called b-jets, are present
in many physics processes. Their identification is crucial in separating them
from other processes which consist of jets from gluons and light-flavour quarks,
and from the c quark fragmentation.

Unique features of the b quarks greatly help to distinguish b-jets from lighter
jets. The relatively large mass of b quarks (> 5 GeV) allows their decay prod-
ucts to have higher transverse momenta. The b quarks also have sufficient
lifetime® to travel a measurable distance before decaying. This leads to the
presence of a secondary vertex (SV) displaced from the primary interaction
point, and of tracks with a high transverse IP. In case of semi-leptonic b quark
decays, the b-jets can be identified by the presence of a lepton (electron or
muon) within the jet. The branching ratio of these decays is ~ 20% includ-
ing both the direct decay, b — WX, W™ — 1777 and the cascade decay
b — W™¢, c — 1" X [63].

4defined in Chapter 6.
5 Typically, their lifetime is of the order of 1.5 ps.
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FIGURE 4.6: Illustration of the identification of a jet initiated by
a b quark decay [64].

4.4.1 Tagging algorithms

The b-tagging algorithms are so-called b-taggers and are divided according
to a main variable used for the tagging:

1) IP based algorithms exploit the fact that most of the b quarks produced
travel a distance which is measurable with the ID before decaying. There are
three algorithms which use impact parameter significances of all tracks in a
jet to tag a b-jet [65]:

e IP1D uses the longitudinal impact parameter significances,
o IP2D makes use of the transverse impact parameter significances, and

e IP3D uses both the longitudinal and transverse impact parameter sig-
nificances, taking advantage of their correlations.

2) SV tagging algorithms, called SV taggers, involve explicit reconstruction
of a displaced SV in a jet. The reconstruction starts by forming two-track ver-
tices which are displaced from the PV. All tracks from the remaining vertices
are combined to single SV. There are two SV taggers which exploit properties
of the SV such as the invariant mass of all tracks linked to the vertex, the ratio
calculated between the sum of vertex track momenta and the jet energy, and
the number of two-track vertices to tag a b-jet [65]:

e SV1 uses the first two variables, while

e SV2 uses all three variables mentioned above.
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3) Decay chain multi-vertex algorithm, known as JetFitter, studies the topol-
ogy of b and c quark decays inside a jet to reconstruct a full decay chain.
Outputs from the IP3D, SV1 and JetFitter algorithms are then combined. In
the LHC Run II, the combination is done by using a Boosted Decision Tree
and the resulting tagging algorithm is called MV2 which is trained with dif-
ferent c-jet/light-jet proportions. MV2c20 is trained with 20% of the c-jets
and 80% of the light-jets, while MV2c10 is trained with 10% of the c-jets and
90% of the light-jets.

4.4.2 Db-jets used in this thesis

b-jets are tagged using the MV2 tagger algorithm with 10% of the c-jets and
90% of the light-jets rejection (MV2c10). They are further required to be
within 7] < 2.5 and have py > 25 GeV. Table 4.4 shows all requirements
made on the b-jets used in definitions of signal, control and validation re-
gions.

b-jet

Kinematics pr>25GeVand Inl <25
b-tagger algorithm | MV2c10 @ fixed cut of 77% working point

TABLE 4.4: Summary of the b-jet definition.

4.5 Large-R jets

In the LHC Run II, the higher centre-of-mass energy of 13 TeV opens new
a kinematic regime for the production of boosted SM particles or new mas-
sive particles which can decay to boosted SM particles. For example, if W, Z
and Higgs bosons are boosted, they are produced with substantial momen-
tum and not at rest. This means that their decay products might be suffi-
ciently collimated. If the distance between the decay products gets smaller
than the radius of the jet, the decay products can merge as shown in Fig-
ure 4.7. This potential merging results in jets with significantly larger radius,
so-called large-R jets or fat jets.

Independent of the type of a decaying particle, the angular separation
approximately goes as [66]:

AR ~ 22 (4.5)

Pt

where AR is defined in Equation 3.8, m and pt are the mass and transverse
momentum of the decaying particle, respectively.
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Small-R jets
Large-R jets
Recluster S

FIGURE 4.7: Illustration of forming the large-R jets from smaller
jets.

Usually, the mass of large-R jets, M, is used to separate SUSY signals from
SM events. The mass is defined as:

M? = (Z Ei> " (Z ?i) 2 (4.6)

where E; and ?i are the energy and three-momentum of the it constituent.
The sum is over all jets in an event.

One potential consequence of reconstructing large-R jets is due to contami-
nation; as a large radius size is used to collect all collimated decay products
into a single jet, unwanted radiation from beam remnants and overlapping
simultaneous proton-proton collisions can also be collected. If this additional
radiation is soft, it does not affect the energy of the jet significantly but it
could have a large impact on the mass of the large-R jets.

There is a wide range of algorithms defined to remove these effects. The most
common algorithm in ATLAS is trimming which removes all sub-constituents
from the large-R jets if the py fraction, defined as f = py(sub)/p(]), is less
than 5%. This algorithm first takes all particles in a jet with a radius R and
reclusters them into sub-jets W1th a radius Rsub where Ry, < R. The sub-jets
which satisfy the condition p brjet feut x pT ® are kept and merged to form
a trimmed jet. The fyt is the fixed dimensionless parameter [67].

Recluster discard subjest
et (ip) @

onscale R_, @ with <f P,

FIGURE 4.8: Illustration of the trimming procedure used to re-
move the contamination.
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4.5.1 Study of large-R jets

The algorithm uses anti-kt 0.4 jets as inputs to form the large-R jets. Four
different values of the radius of the large-R jets have been tested, looking at
signal events in which squarks (gluinos) decay to a W/Z/h boson and )Z(l) via
)Zf / )28. Figure 4.9 shows the distributions of the mass of the leading large-R
jets for such events with different values of the radius: 0.8 (A), 1.0 (B), 1.2 (C)
and 1.4 (D). A clearer signal peak is seen around the mass of W/Z/h boson
with the radius of large-R jets with 0.8.

Figure 4.10 compares the four different radius of large-R jets already shown
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FIGURE 4.9: Mass of the leading large-R jet with different val-
ues of the radius.

separately in Figure 4.9. The red solid line (0.8) shows a clearer peak around
the mass of W/Z/h bosons than the other lines. For these studies, an addi-
tional unwanted radiation is removed using the trimming procedure. The
recommended values for fcut of 5% and for Rq, of 0.3 are applied.

4.6 Overlapping objects

Objects described so far might overlap with other objects due to the fact that
most of the reconstruction steps described above are run independently. For
this purpose, an overlap removal between objects is used. This method re-
moves objects using the geometrical variable AR defined in Equation 3.8.
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FIGURE 4.10: Comparison between large-R jets with different
values of the radius R.

The procedure is the following:

e remove any jet reconstructed near electrons (AR < 0.2) due to deposits
in the EMCal which can be used for the reconstruction of jets but at
the same time they can be identified as coming from electrons. If a jet
is tagged as a b-jet, the electron will be removed due to the frequent
production of electrons in decays of heavy-flavor jets,

e remove electrons near muons (AR < 0.01) due to bremsstrahlung effects
from muons followed by a photon conversion into electron pairs,

e remove muons near jets (AR < min(0.4, 0.04 + 10 GeV / py(n))) with
JVT > 0.6, py <50 and Inl < 2.4 or jets with more than three tracks
with pp > 500 MeV. If a jet is tagged as a b-jet, the muon is kept, and

e discard any jet reconstructed near muons (AR < 0.2).

4.7 Missing transverse momentum

Apart from particles which can precisely be measured such as electrons, muons,
hadrons, there are particles which are invisible to general purpose detectors
like ATLAS. Due to the conservation of momentum, the transverse momenta
of all collision products have to sum to zero. The missing transverse mo-
mentum (Elrniss) is defined as the negative vector sum of py measured in an
event. The existence of missing transverse momentum may be indicative of
weakly-interacting stable particles. In the SM, these particles are the neu-
trinos, but in a beyond the SM theory like SUSY, the neutralinos can pass
through detectors without any interaction with detector materials and may
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result in missing transverse momentum.
The total EJ*® term is defined as:

E%ﬁss — \/ (Eg(niSS)Z + (E§,niSS)2 4.7)

where ESS and E}rf‘iss are respectively defined as:

i jet hoton

Exmlss p]X pilectron p;nuon % p)s(oft (4.8)
) .

Emiss :]et . electron . Xmuon . photon . soft (4.9)

In practice, the Effniss components of an event are calculated independently
for each type of baseline objects and for the "soft" term. The soft term takes
into account momentum contributions that are not attributed to any of the
baseline objects and can be reconstructed using one of the three algorithms:
the Calorimeter Soft Term E;rr1iss’ Track E;rr1iss and the Track Soft Term E%ﬁss.

The Calorimeter Soft Term E?iss is calorimeter-based: it uses the energy de-
posits in the calorimeter which are not associated with any reconstructed
hard object. The algorithm is very sensitive to pile-up. The Track E® uses
momenta of ID tracks and includes tracks emanating from pile-up. The Track
Soft Term EITniss is much more robust, since it excludes tracks from pile-up
vertices [68].

4.7.1 Missing transverse momentum used in this thesis

The EFSS used in this thesis is calculated using baseline electrons, baseline
muons, baseline jets, and photons with pr> 10 GeV. Hadronic tau decays are
included in the jet component. The soft term is reconstructed with the Track
Soft Term EIFniSS algorithm.
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Chapter 5

Standard Model backgrounds

As discussed in Chapter 2, both searches have exactly one lepton, jets and
missing transverse momentum in the final states. However, these final states
can also be obtained from several SM processes acting as backgrounds in
this thesis. A vital part of searching for supersymmetric particles is a good
understanding of these SM processes. This chapter details all SM processes
which give the same or similar final states as the SUSY signals considered in
this thesis.

5.1 Standard Model backgrounds in the 1 lepton
channel

The dominant SM processes contributing to the final state with one lepton,
jets and missing transverse momentum are top quark pair production, pro-
duction of a W boson in association with jets and single top production.
Smaller background processes arise from production of a Z boson in asso-
ciation with jets, tt production in association with a vector boson or a Higgs
boson, WH and ZH productions, diboson and triboson backgrounds. A brief
summary of the generators used for each process, together with a few techni-
cal details, is given in Section 5.2. Although, multi jet processes have a very
high production cross-section this background is negligible due to the one
lepton requirement and a hard criterion on the missing transverse momen-
tum.

5.1.1 Top quark pair background

The production of a top quark pair often precisely mimics a final state ex-
pected from the SUSY signals. Figure 5.1 shows a tt diagram where both top
and anti-top quarks decay to a W boson and a b-jet. A final state with one
isolated lepton is obtained if one of the W bosons decays to a lepton and a
neutrino and the other one to quarks. In this case, the final state will contain
one lepton, four jets (not including jets from ISR or FSR) and missing trans-
verse momentum from neutrino. Events where both W bosons decay to a
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lepton can contribute to the background, if one of the leptons has not been
identified or selected.

FIGURE 5.1: Feynman diagram for the tt production [69].

5.1.2 W+jets background

The production of W bosons produced in association with jets is the second
largest background in the 1 lepton channel. A final state with one lepton
can be obtained if the W boson decays leptonically. Figure 5.2 shows the
production of the W boson with associated jets.

Sl ;
6/%1

FIGURE 5.2: Feynman diagram for the production of a W boson
in association with jets [69].
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5.1.3 Single top background

Similarly to tt events, a lepton in single top events arrives from a W boson.
The production of single top quarks can happen in several ways known as
channels. A bottom quark can transform to a top quark and a W boson giving
a "t-channel” or an intermediate W boson can decay into a top and an anti-
bottom quark giving a "s-channel”. The third channel in which a single top
quark is produced in association with a W boson is known as a "Wt channel"
[70]. Figure 5.3 shows the “t-channel" of the single top production.

FIGURE 5.3: Feynman diagram of the single top production for
the “t-channel” [69].

5.1.4 Smaller backgrounds

Smaller backgrounds have a similar topology as the SUSY signals but with
smaller cross-sections. The following processes are treated as the smaller
backgrounds in this thesis:

production of a single Z boson in association with jets,

production of tt background including a vector boson production where
a boson could be either a W or Z boson,

WH and ZH backgrounds,

production of tt with a Higgs boson decaying to two b-jets,

diboson and triboson backgrounds with W and/or Z bosons.

5.2 MC background samples

MC background samples are generated for each SM process by using the MC
generators described in Section 3.4.2. To generate tt and single top samples
with the t-, s- and Wt production mechanisms, POWHEG-Box interfaced to
PYTHIA is used. The SHERPA at the NLO is used to generate W/Z+jets,
diboson and tribosons samples. For ttV events, MadGraph at the LO is used,
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while ttH events are generated with MCAtNLO and VH events are produced
with PYTHIA. Table 5.1 details the generators used to produce background
samples.

Cross-section

Physics process Generator Matrix Elements .
normalisation
W(— ev) +jets SHERPA NLO NNLO
Z/~v*(— ee) +jets SHERPA NLO NNLO
tt POWHEG + PYTHIA NLO NNLO+NNLL
Single-to
© §_ - det—charmels) POWHEG + PYTHIA NLO NNLO
tt+ W/Z/WW Madgraph LO NLO
WW, WZ and ZZ SHERPA NLO NLO
WWW, WWZ WZZ and ZZZ  SHERPA NLO NLO
tt+H aMcAtNlo+Herwigpp NLO NLO
WH and ZH PYTHIA+EvtGen LO NLO

TABLE 5.1: Simulated background samples shown with the
corresponding generator, matrix element and cross-section nor-
malisation [50, 71-82].
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Chapter 6

Kinematic variables

In order to obtain a good separation between the SUSY signal and back-
ground events different kinematic variables has been studied, but only the
most useful variables are retained for both searches. These kinematic vari-
ables are described in this chapter, together with plots showing their dis-
criminating power. The background events are stacked and shown with full
color, while the signal models shown with lines are superimposed to show
the power of the variables in discriminating different kinematic shapes.

6.1 Transverse mass of lepton and missing trans-
verse energy mr
The transverse mass of lepton and missing transverse energy is an important

kinematic variable for both searches presented in this thesis [83]. It is defined
as:

mp = /2 - pl - BIISS . (1 - cos Ag(1, ERsS)) (6.1)

using the leading lepton pr, the missing transverse energy and the azimuthal
angle between them.

This variable can suppress one of the most dominant background processes
such as the W+jets background. If missing transverse energy comes only
from neutrinos in the W decay, the mT distribution shows a clear kinematic
edge at the mass of the W boson!. On the other hand, if missing transverse
energy comes from neutrinos and the LSPs, mt has higher values than the
mass of the W boson. Figure 6.1 shows the differences in the mt distribution
around the mass of the W boson between the squark and gluino signals, and
background events on the left side, and the chargino/neutralino signal and
background events on the right side.

Imy=80370+19 MeV [84].
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FIGURE 6.1: m distribution with the squark and gluino sig-

nals after applying a selection of exactly one lepton and at least

two jets (top), and with the chargino/neutralino signal after re-

questing exactly one lepton, two b-jets and two or three jets
(bottom).

6.2 Invariant mass of two b-jets my,,

The invariant mass of two b-jets is defined as the sum of the b-jets four-
vectors squared:

my, 1, = (Pp, + sz)2 (6.2)

It can also be written as:
Mp, b, = Mp, + mp,, + Z(EblEbz - |pb1 | x |pb2 | x COS@) (63)

Figure 6.2 shows the difference between the squark and gluino signals, and
the background events on the left side, and between the chargino/neutralino
signal and the background events on the right side. In both cases, the signal
shows a clear peak around the mass of the Higgs boson.
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FIGURE 6.2: my,, distribution with the squark and gluino sig-
nals after applying a selection of exactly one lepton and at least
two jets (top), and with the chargino/neutralino signal after re-
quiring exactly one lepton, two b-jets and two or three jets
(bottom).

6.3 Effective mass of lepton, jets and missing trans-
verse energy me(

The effective mass of lepton, jets and missing transverse energy is the sum
of the transverse momentum of the lepton plT, the transverse momenta of all

jets pj;t, and the missing transverse energy [85, 86]:

» ,
Mg = pr+ > Pl + ERsS (6.4)

This variable is used as a kinematic variable because it often has a good re-
lation to the mass differences between initially produced SUSY particles and
the LSP. Figure 6.3 shows the differences in the mg g distribution between the
signal and background events, where it is evident that the signal events have
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higher values of my¢. The m ¢ variable is used only in the search for squarks
and gluinos.
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FIGURE 6.3: m¢ distribution with the squark and gluino sig-
nals after applying a selection of exactly one lepton and at least
two jets.

6.4 Aplanarity A

The aplanarity provides information about the shape of events [87]. It uses
information on the full momentum tensor of an event, Mixyz, that is given
through its eigenvalues A, Ay and As3:

pii pXipyi pXipZi
S ol I R ©9
1
pZipXi pZiPYi p%

where the sum runs over a lepton and all jets used in the event.
The individual eigenvalues of the tensor in Equation 6.5 are normalized and
ordered as A\ > Ay > A3. The aplanarity is then defined as:

A= §/\3 (6.6)
2

There are three different shapes of an event: linear, planar and aplanar. The
SM background events usually have a linear or planar shape as shown in Fig-
ure 6.4. Generally, it means that most of the momentum activity in an event
is concentrated in a plane. On the other hand, since a SUSY particle decays to
two heavy particles which are usually produced approximately at rest, they
tend to decay uniformly in all directions as shown in Figure 6.5. Due to this,
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SUSY events have an aplanar shape with a large value of aplanarity. Figure
6.6 shows a difference in shape for the signal and SM background events.
This variable is used only in the search for squarks and gluinos.
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SN

4 V \
1
%’—V”’\-x’
[ S~ /TN
-~
: b {ely)}
~..’

FIGURE 6.4: The shape of the aplanarity for the SM background
events.

FIGURE 6.5: The shape of the aplanarity for the SUSY events.
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FIGURE 6.6: Aplanarity distribution with the squark and
gluino signals after applying a selection of exactly one signal
lepton and at least two jets.
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6.5 Contransverse mass of two b-jets mcr

The contranverse mass of two b-jets is designed to give information about
the kinematic configuration of visible objects. It is defined as [88]:

mey = \/2 : pl%l : pgz - (14 cosAg¢(by,by)) (6.7)

using the pr of two b-jets and the angle between them.

The mcT variable can be reconstructed from the four-momenta of the two vi-
sible objects in an event showing a kinematic edge. For tt background events,
the value of this endpoint is given by [88]:

2 2
m@ax = ZTW 136 Gev 6:8)
myg

where the mass of the top quark is 173.1+0.6 GeV [89].
Events with larger mass splittings between two SUSY states in the decay
chain can be produced with large values of mct. Therefore, mct can be
used as a kinematic variable to separate signal from background events.
Figure 6.7 shows the differences in the mct distribution between the signal
and background events. This variable is used only in the search for charginos
and neutralinos.

_[Ld:=36.1 fb"\/§=‘13TeV — tt [ ] Sir"ngle top
[ W+jets [ Diboson
3 vH B Z-+jets 3
v = ttH -
[ Triboson Signal x 10 3

Entries / 22 GeV

100 200 300 400 500 _ 600
My [GeV]

FIGURE 6.7: mct distribution with the chargino/neutralino
signal after applying a selection of exactly one lepton, two b-
jets and two or three jets.
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Chapter 7

Analysis strategy

Although the SUSY search program at ATLAS targets a wide range of diffe-
rent signal scenarios and final states, most analyses follow a similar analysis
strategy. The goal is to select events consistent with the SUSY signal with a
high efficiency while suppressing the SM backgrounds. The kinematic vari-
ables defined in Chapter 6 are employed to discriminate the SUSY signal
from the SM backgrounds. After the event selection, a precise estimation
of the remaining SM background is very important. This chapter describes
the general analysis strategy used in many SUSY searches including both
searches presented in this thesis [90].

7.1 Signal regions

Signal regions (SRs) are defined to have a high contribution from a SUSY
signal and a low contamination from SM predictions. They are designed
based on signal kinematic features using various selection criteria. The SRs
might be divided into further sub-regions to capture the kinematic shape of
a particular signal.

7.1.1 Optimization strategies

An optimization procedure is performed to find suitable SRs. A good SR
should be characterized by a high significance, defined as:

A — (7.1)

Vb + (o)

where Z is the significance, s and b are the number of expected signal and
background events, respectively and oy, is the systematic uncertainty of the
total background. In the optimization procedure, it is requested that the SR
contains at least two background events in order to reduce the statistical un-
certainty and avoid unphysical results.
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7.2 Control regions

Control regions (CRs) are defined to be enriched with one specific SM back-
ground process. They are designed to be as kinematically close to the SRs
as possible, but orthogonal to them. This is done by changing one or two of
the SR selection criteria as shown in Figure 7.1. The signal contamination in
the CRs is negligible. Each dominant background has its own CR, and CRs
belonging to the same SR are orthogonal to each other.

Variable 2

SR

>

Variable 1

FIGURE 7.1: Schematic view of the SR with the multiple CRs.
The SR is defined by selection criteria on variables 1 and 2. Both
criteria are reverted to define the CRs.

The number of estimated background events in a SR, for the SM back-

ground of interest k, Ng?imated(k) , is given by:
i k
Ngi{tlmated(k) = py ¥ Ng/I[{C (7.2)

where i is the normalisation factor obtained in the fit to data and defined
as:

N%%ta _ Nl(\j/llgadditional—background
) MCK
NCRr

(7.3)

Mk

If i ~ 1, the simulated number of events agrees well with the number of
events observed in data.
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Based on Equations 7.2 and 7.3, the transfer function between the CR and SR
for the background k can be written as:

NMCk
TF =_SR 7.4
CR—SR = k (7.4)
NMC
CR

Detailed background estimation techniques for each search are described in
dedicated sections.

7.3 Validation regions

The next important component of the analysis strategy is the validation of
the background estimates in the SR. For this purpose, one or more validation
regions (VRs) are defined. They are designed by reverting one of two or more
criteria which have been used for the SR definitions with respect to the CR
selection. A schematic view of an analysis strategy with one SR, and multiple
CRs and VRs is shown in Figure 7.2.

>

Variable 2

VR SR

Top CR = VR

>
Variable 1

FIGURE 7.2: Schematic view of the SR with the multiple CRs
and VRs. The VRs are defined by inverting some of the SR se-
lection criteria.

The number of estimated background events in the VR can be found in a
similar way as in a SR using:

3 k
Nslslt{mated(k) = g X N\D;[RC (7.5)
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If there is a large disagreement between the observed and predicted number
of events in the VRs, the SR must not be unblinded. Additional studies have
to be done in order to better understand the disagreement. Only in case
when a satisfactory agreement between the observed and predicted number
of events in all VRs is found, the background predictions are extrapolated
into the SR and compared to the observed data. In general, this step is called
"unblinding" or "opening the box".
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Chapter 8

Statistical apparatus

The searches presented in this thesis use a software tool for statistical data
analysis called HistFitter in order to obtain the background normalization
factors and to check if any potential excess of observed events over the SM
predictions is statistically significant. HistFitter is based on the packages
RooStats and HistFactory [90-94]. This chapter gives the mathematical back-
ground of this tool.

8.1 Likelihood function

The general likelihood function used in this thesis can be written as [90]:
L (n, 0% 11, b, 0) = Psg x Pcr % Csyst

=P(nglAs (i, b, 0)) x H P (n | A; (11, b, 8)) x Csyst (00, 9)
ieCR

(8.1)

where:
e Pis the Poisson distribution which depends on the number of observed
events in the SR, ng, or CR, n;.

e )\g and ); are the Poisson expectations depending on the background
prediction b, the nuisance parameters 1 0, the normalization factors for
background processes jip and the signal strength parameter p.

o Csyst are PDFs for auxiliary measurements which constrain systematics
uncertainties and depends on @ and 6°.

e 09 are introduced due to variations of 8 and present the central values
of the auxiliary measurements around 6.

The profile likelihood ratio is defined as [93]:

A(p) = L<M/é) (8.2)

A
A

(0

1 A nuisance parameter is used to describe systematics uncertainties.
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where [ and 6 maximize the Likelihood, while & maximizes the Likelihood
for a fixed pu.

8.2 Test statistic

A test statistic is defined using the profile likelihood ratio from Equation 8.2
as [93]:

t, = —2InA(u) (8.3)

The p-value gives the probability of obtaining an outcome of a statistical test
at least as extreme as the observed outcome. Using the test statistic, this
implies [93]:

p,= [ ftulpdt, (5.49)

1,0bs

where f(t,, | ;1) is the PDF of the test statistic t;, given for a fixed value of p.
The integral extends from the observed value of the test statistic to infinity.
The p-value is related to the significance Z:

Z=ao"11-p) (8.5)

where @ is the quantile of the standard Gaussian distribution.

Figure 8.1 illustrates the relation between the p-value, the observed t, and the
significance Z. The significance larger then 3 (Z > 3) points to the evidence
of new physics, whereas the significance of at least 5 (this corresponds to the
p-value of 2.87 x 1077) indicates a discovery [93].

/ p-value
\ | /

t, k— 72— X

FIGURE 8.1: Illustration of the relation between the p-value, the
test statistic t, and the significance Z [93].
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8.3 Fit strategies

The fit strategies used in this thesis are defined as the background-only fit,
the model-independent signal fit and the model-dependent signal fit. They
are described in the following.

8.3.1 Background-only fit

The background-only fit strategy is used to estimate the total background
in SRs and VRs without incorporating signal contributions in the CRs. The
tit is performed simultaneously in a set of orthogonal CRs assuming that
no signal is present in the CRs. The input parameters of the Likelihood fit
are the number of observed events in each CR, MC background estimates
and systematic uncertainties, while the fit parameters are the normalization
factors of the SM processes.

8.3.2 Model-independent signal fit

The model-independent signal fit or discovery fit is used to evaluate whether
the number of observed data in a SR is compatible with the SM prediction
only. In a discovery test, any signal contamination in the CRs is assumed to
be negligible and the test statistic q is defined for =0 as [93]:

=2InA(0) if >0
= 8.6
o {0 if <0 (8.6)
The p-value is calculated using the test statistic q as [93]:
o0
Po= [ fap!0)dg (87)

qO,obs

where f(q | 0) is the PDF of the test statistic q; given for the fixed value of
1=0.

8.3.3 Model-dependent signal fit

The model-dependent signal fit or exclusion fit is used if the discovery test
tails to reject the background-only hypothesis. In an exclusion test, a specific
signal hypothesis with a fixed signal strength is tested and a signal contami-
nation in the CRs is taken into account. The modified test statistic q, is given
by [93]:

) (8.8)

_ ) 2InA(w) i a<up
~ o if f>p

where the signal strength is imposed to be ;1 = 1 in this thesis.
The p-value defined in Equation 8.4 is given by:

p,= [ fa,lmdg, (5.9)

q,u,obs
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where f(q ’ | 11) is the PDF of the test statistic q ’ assuming p=1.

8.4 CLg technique

The signal is excluded using the CLs technique defined as [94]:

CLs = -1 (8.10)
I-py

where p; and p are the p-values calculated using Equation 8.9 for ;1 =1 and
Equation 8.7 for p = 0. If CLs < 0.05, a specific signal hypothesis is excluded
at 95% Confidence Level (CL).
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Chapter 9

Search for squarks and
gluinos decaying to W/Z/h
bosons

This chapter presents the search for squarks and gluinos decaying to W, Z or
h bosons (the WZh model for short) described in Section 2.5.1. A slightly dif-
ferent supersymmetric model in which squarks and gluinos decay to only W
bosons has been performed by the ATLAS collaboration and the latest result
is reported in [95]. The WZh model has been introduced to cover production
of squarks and gluinos decaying to W/Z/h bosons instead only to W bosons.

The first section describes a construction of the WZh model and a baseline
event selection including a trigger strategy. Afterwards, the analysis strategy
is detailed and the obtained sensitivity has been compared with a reinterpre-
tation of the published analysis on squarks and gluinos decaying to only W
bosons. At the end of this chapter, future prospects and a possibility of using
large-R jets are discussed.

9.1 Construction of the WZh model

The WZh simplified model in which the pair-produced squarks (gluinos) de-
cay through either )Zli or S(g to W/Z/h bosons has been designed to explore
boson-tagging techniques as well as final states including b-jets.

In this model, the masses of )Zli and )28 are assumed to be equal. The masses
of squarks (gluinos) and )Zli / )Zg are chosen with respect to the variable x de-
fined as:

i ©0.1)
Mg(g) — M0

x
Il
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In order to ensure that Xli / )Zg can decay to an on-shell Higgs boson, the
minimum value of the variable x has to satisfy the condition:

Am = qui/fcg - m)z(lj > 130GeV

The mass of 5((1) is fixed to be 60 GeV.

Branching ratios (BRs) of squarks, gluinos, )Z% and )Zg are motivated by pos-
sible pMSSM (phenomenological Minimal Supersymmetric Standard Model)
scenarios, which is a two-dimensional subspace of the 19 parameters [96, 97]:

tan 3 the ratio of the VEVs of the two Higgs doublet fields
Ll the higgsino mass parameter

M, My, M3 the bino, wino and gluino mass parameters

Map the mass of the pseudoscalar Higgs boson

Mg, Mg, Mg , M, Mgy first/second generation sfermion masses
Mgy, Mg, Mg, Mf, M third generation sfermion masses
At Ap, A third generation trilinear couplings

The calculation of BRs is done separately for the squark and gluino case.
The parameters from the pMSSM scenario are set in the package SUSY-HIT,
which is used for the calculation of BRs [98, 99].

In the squark case, the first and second generation of squarks are assumed
to be lighter than gluinos and their masses are set to 1.1 TeV [100]. The value
of 1.1 TeV is chosen because it is the minimum excluded value of squark
masses at the LHC (at the time of the construction of this model). The third
generation squarks and gluinos are effectively decoupled by fixing their mass
to 4 TeV. The other parameters are set to be Ma=4 TeV, tan 5 = 10, At = Ay,
= A; = 4 TeV. Three scenarios with M1 = 100 GeV, M2 = 500 GeV and pu =
2000 GeV, and all possible permutations have been explored. The total BR
to the W, Z and h bosons obtained from decays of left-handed squarks and
right-handed squarks are shown in Figures 9.1 and 9.2, respectively. The
total BRs to Z and h bosons are similar in the three combinations for the left-
handed squarks case and the two combinations for the right-handed squarks
case, while the total BR to W bosons is about two times larger than to Z or h
bosons in the mentioned combinations.

In the gluino case, masses of the gluinos are set to be 1.8 TeV according
to the latest result published by the ATLAS collaboration at time of the con-
struction of this model [100]. The squarks in all generations are assumed to
be heavier than gluinos and are decoupled by setting their masses to 4 TeV.
The other parameters are set to be Mp=4 TeV, tan 5 = 10, At = Ap = A, =
4 TeV. The same scenarios as above of M1, M2 and 1 together with all six
permutations have been tested. The total BRs to the W, Z and h bosons for
each permutation obtained from decays of gluinos are shown in Figure 9.3.
The total BRs to Z and h bosons are similar in the four combinations while
the total BR to W bosons is about two times larger in the same combinations.
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FIGURE 9.3: Total BRs to the W, Z and h bosons obtained from

decays of gluinos.
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Since the combination in which the BR to W boson is about two times
larger then the BR to Z or h boson appears a few times for the squark and
gluino cases, the model is constructed in such a way. Figures 9.4 and 9.5
show the squark and gluino decays, respectively, with the chosen BRs.

q .......
q | BR(@G— qvE) =05 q| BR(§— qx3) =0.5
i X5 - -
BR(x5 — Zx7) =0.5
w | BRGZE - wi) =10 Z/h <Xj) ﬁ) ?
BR(xy — hxi) =0.5
~0 \ 4 \ 4
X1
FIGURE 9.4: Decay chain of squarks with the chosen BRs.
g .......
97 | BR(G — qax¥) =05 qq | BR(§— qqx3) =05
X5 X5 - -
BR(x5 — Zx7) = 0.5
w | BR(xE - wi9) =1.0 Z/h ()ff) fol) ’
BR(x5 — hxi) = 0.5
On— Y

FIGURE 9.5: Decay chain of gluinos with the chosen BRs.

9.2 Dataset and Monte Carlo samples

This search uses a dataset recorded at the center-of-mass energy of 13 TeV
with an integrated luminosity of 36.1 fb™!,

Signal samples are generated with MadGraph interfaced to PYTHIA for both
cases. Figure 9.6 shows the signal grid for the squark case (left) and gluino
case (right). Both grids have 72 signal points shown as red dots. Since the
aim is to extend the parameter space with respect to the published analysis
[95], the gluino grid has more signal points with higher gluino masses.

9.3 Baseline selection

The baseline selection includes data quality checks, a trigger selection and
further preselection criteria based on the signal topology. All of these criteria
are described in this section.
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FIGURE 9.6: Two-dimensional signal grid in the mg(s) - X plane
for the squark case (left) and the gluino case (right).

9.3.1 Data quality check

All events are required to pass several data quality checks to keep only high
quality events from proton-proton collisions, collected during optimal oper-
ation of the LHC and of ATLAS:

Data quality: all events obtained from stable beams delivered by the
LHC when the ATLAS detector is operating with all sub-detectors are
givenina "Good Run List (GRL)". For the search presented in this thesis
only events which have been marked as good in the GRL are used.

Data corruption: incomplete events can appear due to problems in the
trigger and/or data acquisition system. Also events which fall into an
inactive area of the LAr and Tile calorimeter, can give a source of fake
missing transverse momentum. All these events are vetoed.

Primary vertex: vertices from proton-proton collisions are reconstructed
based on information from the Inner Detector. Only events with at least
two reconstructed primary vertices are used for this search.

Cosmic muon: muons from cosmic rays can enter the detector and pre-
cisely mimic the trajectory of a muon obtained from a proton-proton
collision. In order to remove these cosmic muons, all events which con-
tain a muon with | dgv | >0.2mm or | zgv | >1 mm are rejected.

Bad muon: all events which contain badly reconstructed muons are
vetoed. A muon is considered as badly reconstructed if o(q/p)/(q/p) >
0.2, where q is the charge of the muon.

Bad jet: events with bad jets are rejected. A bad jet could come from
cosmic-ray showers, detector effects and/or problems which appear
due to the quality of the LHC beams.
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9.3.2 Trigger strategy

The dataset used is collected using missing transverse momentum (Efrniss)
triggers with different thresholds during the data taking period 2015 - 2016.
Table 9.1 shows the values of the thresholds at the L1 and the HLT, and how
much integrated luminosity was collected with the thresholds.

Period HLT L1 Integrated
threshold [GeV] | threshold [GeV] | luminosity [fb_l]

2015 70 50 3.2

2016 A-D3 90 50 6.1

2016 D4-F1 100 50 5.5

2016 F2- 110 50 21.7

TABLE 9.1: Summary of the ERSS triggers used in this search.

The turn-on curves! of the ETUSS trigger efficiency as a function of the of-
fline Efrniss are shown in Figure 9.7. They have been extracted using data col-
lected by single lepton (electron or muon) triggers as references and an offline
criterion on the lepton (electron or muon) transverse momentum of > 27 GeV.
All turn-on curves have been divided into the electron and muon channels,
and a selection of exactly one lepton and at least two jets is applied before
extracting the trigger efficiency. Since the lowest requested criterion on Errrniss
is 250 GeV in this analysis as shown in Section 9.4, the turn-on curves show
that the trigger is fully efficient beyond this value.

9.3.3 Preselection criteria

After the trigger requirements, the events are further selected by applying
additional criteria, which are called preselection criteria:

Lepton criterion, Nj.,,: the search presented in this chapter requests ei-
ther a signal electron or a signal muon. If the squarks (gluinos) decay via
)Zli to a W boson and )2(1), then one lepton (+ missing transverse momen-
tum) arises from the leptonic decay of the W boson. However, if the squarks
(gluinos) decay via 5(8 to a Z or h boson and )2(1), then the origin of the lep-
ton depends on the Z or h decays. Figure 9.8 shows the lepton origin after
requesting exactly one signal lepton (electron or muon). The origin of the

LA trigger efficiency curve can be separated into three parts. The first part has low val-
ues of BT and the trigger cannot record any events in this part due to the higher trigger
requirement. In the second part, the efficiency curve which is called turn-on goes from an
efficiency of zero to the maximum efficiency for a considered trigger. In the third part, the
trigger is maximally efficient and this region is called plateu.
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events as a function of EXUSS plotted for the EXSS triggers listed
in Table 9.1. The trigger efficiencies have been divided into the
electron (left) and muon (right) channels. The tt process is used
because it is the dominant background in this search.
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lepton is in 87% of the cases a W boson, in 3% (10%) of the cases a Z (h) bo-
son. This is expected because exactly one lepton can be obtained from a W
decay. In case of Z and h decays, two leptons are mostly expected but they
can also contribute to the final state with one lepton if one of them has not
been identified or selected.

[2] -
-
: —
[J] -
5 L
w 95000—
o B Lepton from -
5 B a W boson
0 -
£ 4000(—
5 L
Z —
3000—
B Lepton from
2000— a Z boson
B Lepton from
1000 — a Higgs boson
C 1 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1
qz 14 16 18 20 22 24

Lepton origin'

FIGURE 9.8: The lepton origin from W, Z and h bosons. The
X-axis shows the Monte Carlo numbers of parent particles: 13 -
Z boson, 14 - Higgs boson and 22 - W boson.

Criterion on the jet multiplicity including b-jets: as already discussed,
this search allows a different number of jets including jets from b-quarks in
the final state. In order to select typical events for the signal and reduce
as many background events as possible, any accepted event is required to
contain at least two jets.

9.4 Analysis strategy

The optimisation strategy has been performed for the events that pass the
baseline selection using the kinematic variables defined in Chapter 6. In or-

der to cover different scenarios of mass splittings between q(g), )Zli / )23 and

)2(1) three SRs are defined as: signal region compressed (SRC), signal region
intermediate (SRI) and signal region boosted (SRB).
The SRC provides sensitivity to scenarios known as "compressed scena-

rios" where m}zi /50 is close to m>20' In this scenario, the signal events are
1/X2 1
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expected to have a soft pr lepton, larger values of my¢ and of aplanarity due
to the large mass splittings between q(g) and )Zli / )Zg
The SRI covers scenarios in which m_ oo are chosen to be mid-way be-
1/X2

tween q(g) and 5((1). In this scenario, known as "intermediate scenario"”, the
signal events have similar characteristics as in the compressed scenario but a
harder lepton spectrum.

The SRB is designed for scenarios where mg ;) is close to M 0. This
1/X2

q(E
scenario is called "boosted scenario”, because the W/Z/h boson produced
in the decay of Xli / )28 is significantly boosted. Due to the boosted W/Z/h
boson the signal events have a high-p lepton and larger values of mr.

A schematic overview of all scenarios is sketched in Figure 9.9, while the

whole grid with all three SRs is illustrated in Figure 9.10.

Compressed scenario Intermediate scenario Boosted scenario
q
. ) l Wiz
Xi g
o __ Wiy oy
X1
Compressed scenario Intermediate scenario Boosted scenario
g ........... -
] - | v 14
qq
s " Wz l w/z/
X1/
0 /IR B SR
X1

FIGURE 9.9: Decay chains of squarks (top) and gluinos (bot-

tom) considered in this search. A decay of )28 to Z or H boson

(+ )2?) is shown in orange. The vertical distance indicates mass
differences between sparticles.

Representative signal points have been chosen in all three scenarios. The
significance Z defined in Equation 7.1 is calculated for each representative
signal point using the following optimization scan:

Niets 2,3,4,5,6,7,8]
EXSS [GeV] | [200, 250, 300, 350, 400, 450, 500]
mr [GeV] | [100, 125, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400, 425]

Aplanarity | [0, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07]
ERSS /myge | [0.,0.1,0.2,0.3,04]

[
[
[
meg [GeV] | [600, 800, 1000, 1200, 1400, 1600, 1800, 2000, 2200]
[
[
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FIGURE 9.10: Schematic overview of the three SRs in the mgs)
- variable x plane. The variable x is defined in Equation 9.1.

The selections with the highest significance for each representative signal
point have been checked with so-called N-1 plots. The N-1 plots show the
key kinematic variables for representative signal points and all background
processes after applying all selection criteria minus the plotted quantity. Fig-
ures 9.11 to 9.13 show the N-1 plots with the key kinematic variables for the
compressed, intermediate and boosted scenarios, respectively. Three squark
representative signal points from each scenario are shown on the left side,
while the gluino representative signal points are shown on the right side.
The bottom pad shows the expected significance. The final SRs have been
chosen by averaging the expected significance obtained from the N-1 plots
between different representative signal points in each scenario.

Table 9.2 shows the final SR selections for the squark and gluino cases.

Squark case Gluino case
SRC | SRI | SRB | SRC | SRI | SRB
Njets 2 3 4 3 5 3

E%‘iss [GeV] | 500 | 500 | 250 | 250 | 300 | 250
my [GeV] 125 | 125 | 425 | 125 | 200 | 425
meg [GeV] | 2200 | 1600 | 1600 | 2000 | 2000 | 1800
EMISS /mege | - - | 04 | - - 103
Aplanarity | 0.07 | 0.07 - 0.07 | 0.06 -

TABLE 9.2: The SR selections for the squark and gluino case.
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FIGURE 9.11: The N-1 plots for three representative signal
points and all background processes as a function of mT, meg
and aplanarity after applying the SRC selection minus the plot-
ted variable. The squark representative signal points are shown
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taken from the compressed spectra. The bottom pad shows the
expected significance.
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FIGURE 9.12: The N-1 plots for three representative signal
points and all background processes as a function of mT, me
and aplanarity after applying the SRI selection minus the plot-
ted variable. The squark representative signal points are shown
on the left side, while the gluino representative signal points
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expected significance.
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FIGURE 9.13: The N-1 plots for three representative signal
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expected significance.
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The 2 o sensitivity projections obtained using the SR selections are shown
in Figure 9.14 for the squark case and in Figure 9.15 for the gluino case. In the
squark case, the SRB covers the middle part of the grid up to mg = 1200 GeV,
the SRI shows the sensitivity for the signal points with mg from 800 GeV to
1100 GeV and the x values from 0.65 to 0.85. The last SRC does not show any
sensitivity. In the gluino case, all three SRs cover the middle part of the grid
up to mg = 1750 GeV.
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FIGURE 9.14: The sensitivity projection obtained by using the
SR selections from Table 9.2 for the squark case.
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FIGURE 9.15: The sensitivity projection obtained by using the
SR selections from Table 9.2 for the gluino case.
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Due to the existence of the h boson, the WZh model was used to explore
variables defined with the b-jets. Such variables are my,;, and mct introduced
in Chapter 6. These two variables have been added to the optimization scan
above and the significance have been calculated for the same representative
signal points. However, the selections with the highest significance obtained
from the optimization scan show a very low sensitivity. The variables de-
tined with the b-jets are not useful for this model because many signal events
contain exactly one or no b-jet. Figure 9.16 shows the signal events after re-
questing at least one baseline lepton and at least two baseline jets. On the
X-axis are shown additional requirements.

100
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25

All events

Exactly 1 signal lepton
Exactly 2 signal leptons
More than 2 signal leptons
2 or more signal jets

3 or more signal jets

4 or more signal jets

5 or more signal jets

6 or more signal jets

0 b-jets

Exactly 1 b-jet

Exactly 2 b-jets

FIGURE 9.16: Number of the signal events with the different
requirements.

9.5 Search for squarks and gluinos decaying to two
W bosons

The search for squarks and gluinos decaying to two W bosons has been per-
formed by the ATLAS collaboration using the data recorded during the LHC
Run I [101] and II [95, 102]. This section presents the latest published analy-
sis by the ATLAS experiment [95] with the purpose of testing it on the WZh
model.

In the squark case, the squark decays to the lightest chargino and one
SM quark q — quli, then the chargino decays to the W boson and the LSP as
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shown in Figure 9.17 (left). In the gluino case, the gluino decays to the lightest
chargino and two SM quarks g — qqxli. The decay chain of chargino is the
same as in the squark case (Figure 9.17 right). The LSP is assumed to be the
lightest neutralino.

p ~
q
P ~+
- Xl
\N\ - )NCZF
q
p

FIGURE 9.17: The decay chain of squarks (left) and gluinos
(right) to W bosons [95].

In this model, one of the W boson decays to one lepton (electron or muon)
and missing transverse momentum, while the second one decays hadroni-
cally. The final state consists of one lepton (electron or muon), several jets
depending on the initial SUSY particles (q/g) and missing transverse mo-
mentum from neutrino(s) and neutralinos.

The search for squarks and gluinos decaying to two W bosons is per-
formed using SUSY simplified models. In both cases, the masses of squarks
(gluinos), the lightest chargino and the lightest neutralino are free parame-
ters, while other sparticles which do not participate in the interactions are de-
coupled by setting them to high masses. Depending on the free parameters,
two different model parameterizations are explored. Both models contain
the variable x defined in Equation 9.1.

In the first model, the masses of squarks (gluinos) and the variable x are
free parameters, while the mass of the lightest neutralino is set to be 60 GeV.
In the second model, the masses of squarks (gluinos) and the lightest neu-
tralino are free parameters, while the mass of the lightest chargino is set by
fixing x to 0.5.

9.5.1 Analysis strategy

To cover as much parameter space as possible, the four SRs are designed
using the variables defined in Chapter 6 [95]. They are marked as 2], 4] low-x,
4] high-x and 6] according to the minimum number of jets required. The SRs
are optimized by binning in b-veto/b-tag and mg in the model dependent
signal fit, where a simultaneous fit is performed over 28 bins of all four SRs.
The dominant SM backgrounds originate from top quark production (tt and
single top) and W+jets production. These backgrounds are estimated in dedi-
cated CRs. For each SR, two types of the CRs labeled TR for the top quark
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background and WR for the W+jets background are designed in each bin of
megr. The TR and WR have the same selection except the b-jet requirement.
The TR requests at least one jet originating from a b quark, while the WR
vetoes this type of jets. The extrapolation from the CRs to the SRs has been
validated in dedicated VRs. They are designed to be kinematically close to
the SR and use the same binning in m.¢ as the SRs.

The 2] SR focuses on scenarios with small mass differences between q(g),
ﬁ[ and )2(1), and a small py of the decay products. Selected events have one
lepton (electron or muon) with a minimum py of 7 (6) GeV for the electron
(muon) and at least two jets. The maximum py is determined as py < mini-
mum (5 - Niets, 35) GeV. A schematic overview of the 2] SR together with all
CRs and VRs is illustrated in Figure 9.18. The CRs (TR and WR) are designed
by reverting the mt and Et criteria with respect to the SR selection. Two VRs
labeled as VR mt and VR Et are defined by inverting either mt or Et.

Et [GeV]

SR 2J
VR Er Et1/mest >0.25
Et/mess > 0.25 b-veto (Nb-jets=0)
mes: 3 bins € [700,1900] or b-tag (Nb-jets=1)
+ [>1900] GeV mesi: 3 bins < [700,1900]

+ [>1900] GeV

430

WR/TR
Nb-jets = 0/ =1 VR my
Et/mes > 0.15 Ev/mett > 0.1
mett 3 bins € [700,1900] mest 3 bins € [700, 1900] + [> 1900] GeV
+ [> 1900] GeV

300
40 450 mr [GeV]

FIGURE 9.18: The definitions of the 2] SR, CRs and VRs. All

selections include exactly one lepton (electron or muon) with a

minimum py of 7 (6) for the electron (muon) and the maximum
pr <minimum (5 - Njets, 35) GeV, and at least two jets.

The 4] low-x SR is designed to cover scenarios with small differences be-
tween m -+ and m_ o, and a fixed mass of the lightest neutralino at 60 GeV.

Selected exlfents havé a high jet activity leading to higher m¢¢ and larger apla-
narity. A schematic overview of the 4] low-x SR together with all CRs and
VRs is shown in Figure 9.19. The CRs denoted by TR and WR are designed
with respect to the SR selection and the b-jet requirement. Two VRs labeled
as VR Aplanarity and VR Hybrid are defined by inverting either aplanarity
or mr.
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Aplanarity

SR 4J low-x
VR Aplanarity Er > 250 GeV
Er> 250 GeV b-veto (Nb-jets=0)
Meft 2 bins € [1300,2000] or b-tag (Nb-jets=1)
+ [>2000] GeV mest: 2 bins < [1300,2000] +
[>2000] GeV

0.05

WR/TR
Nb-jets = 0/ =1
Er > 250 GeV
mest 2 bins € [1300, 2000]
+ [>2000] GeV

VR Hybrid
Er > 250 GeV

mett 2 bins € [1300, 2000] +
[>2000] GeV

0.01L >
50 150 450 mr [GeV]

FIGURE 9.19: The definitions of the 4] low-x SR, CRs and
VRs. All selections include events containing exactly one lepton
(electron or muon) with the py of 35 GeV, and 4 or 5 jets.

The 4] high-x SR targets scenarios with small differences between mgs)
and m and a fixed mass of the lightest neutralino at 60 GeV. The small

1
differences between mg(s) and M lead to significantly boosted W bosons

which result in a high-p lepton and larger mt. Figure 9.20 shows a schematic
overview of the 4] high-x SR together with all CRs and VRs. Two CRs (TR
and WR) and three VRs (VR Aplanarity, VR mt and VR Hybrid) are designed
by reverting aplanarity and/or mr.

The 6] SR focuses on scenarios with large masses of sparticles. Selected
events have exactly one high-p lepton (electron or muon) and six or more
signal jets. The 6] strategy also includes two CRs (TR and WR) defined based
on the b-jet requirement, and two VRs (VR Aplanarity and VR mT) designed
by inverting either aplanarity or mt. Figure 9.21 shows a schematic overview
of the 6] SR together with all CRs and VRs.

9.5.2 Results

The final results of the search for squarks § — qqW*W* )2(1) )2(1) and for gluinos
§ — qqqqW=W* )2(1) )2(1) are shown in Figures 9.22-9.25. The figures show the
number of observed events in all SRs and VRs compared to the SM estima-
tions. No significant excess of data over the SM estimation is found in any
region.
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Aplanarity

o
=)
3]

VR Aplanarity

Er> 250 GeV
Ev/mess > 0.25
Mett 2 bins e SR 4J high-x
[1000,2000] + Er > 300 GeV
[>2000] GeV E1/mes; >0.25
b-veto (Nb-jets=0)
or b-tag (Nb-jets=1)
VR Hybri Mmesi: 2 bins €
E?%yﬁdv [1000,2000] +
Meit 2 bins < [1000, 2000] + [>2000] GeV
[>2000] GeV

WR/TR
Nb-jets = 0/ 21 VR mz
Er > 300 GeV Er > 250 GeV
Ev/meff > 0.25 Et/mess > 0.25
mesi 2 bins €[1000, 2000] + Mesi 2 bins € [1000, 2000] + [> 2000] GeV
[>2000] GeV

50 150 200

450 mr [GeV]

FIGURE 9.20: The definitions of the 4] high-x SR, CRs and VRs.
All selections include exactly one lepton (electron or muon)
with the pr of 35 GeV, and 4 or 5 jets.

SR 6J
Er > 350 GeV

VR Aplanarity
b-veto (Nb-jets=0)

Er> 350 GeV
or b-tag (Nb-jets=1)

Aplanarity

mett 3 bins € [700,2300]
+ [>2300] GeV mesiz 3 bins < [700,2300]
+ [> 2300] GeV

WR/TR VR mr
Nb-iets =0/=z1 ET > 250 GeV
Mett 3El;i:ss 2([)7((?3 v2300] R E eaily]
. +[>2300] GeV

+[>2300] GeV

400 mr[GeV]

175

FIGURE 9.21: The definitions of the 6] SR, CRs and VRs. All
selections include exactly one lepton (electron or muon) with
the p of 35 GeV and at least 6 jets.
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9.5.3 Reinterpretation of the published analysis

The analysis strategy detailed in Section 9.5.1 is used for an exclusion limit
interpretation on the qq — quZh;Z(l) )2(1) and gg — quqC]WZh)Z? )Z(l) simpli-
fied models. The exclusion limits are derived using the model-dependent fit
which is performed simultaneously in the CRs and SRs, taking into account
all systematic uncertainties with their correlations. The results are shown in
Figures 9.26 and 9.27 for qq and gg pair production, respectively. The 95%
CL observed limits and the & 1o variation on this limit due to the theoretical
signal production cross-section are shown as the red solid line and red dotted
lines, respectively. The 95% CL expected limits and the + 1o variation on the
limit are shown with a black dashed line and a yellow error band. Masses up
to 1.3 TeV are excluded for squark pair production and up to 2 TeV for gluino
pair production.

Kok
—4 Q:

- qAWZhY,7,, m_, = 60 GeV
T

— [ T T I T T Iyl I T T T T ' T T T T ' T T T T T T T T T T T T T I_
E"lx’ 1.4 — Vs=13TeV, 36.1 fo”' —
. D 1 el +jets + S === Observed limit (+1G}ror) ]
E 1.2 — === Expected limit (+10,,;) —
=~ r Al limits at 95% CL 7
Fud r q(Udsc) |
= L bl ]
s C ]
£~ 08— 3
o C ]
< 0.6 — —
0.4 —
0.2 R ]
ol b b b b L b

800 900 1000 1100 1200 1300 1400 1500
m; [GeV]

FIGURE 9.26: Exclusion limits for the qq — quZh;Z?;Z? sim-
plified model. The observed limits and the + 1o variation on
this limit are shown with the red solid line and red dotted lines,
respectively. The expected limit and the + 1o variation are
shown using the black dashed line with the yellow error band.

9.5.4 Comparison of strategies

The SR selections presented in Section 9.4 are optimized for discovery. These
SRs have been chosen with respect to the highest significance for each repre-
sentative signal point and they are not orthogonal.
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FIGURE 9.27: Exclusion limits for the gg — quQWZh)Zg)Z(l)

simplified model. The observed limits and the + 1o variation

on this limit are shown with the red solid and two red dotted

lines, respectively. The expected limit and the + 1o variation

are shown using the black dashed line with the yellow error
band.

On the other hand, the SR selections presented in Section 9.5.1 are designed
to provide the best exclusion limit and they are orthogonal?.

9.6 Future prospects

During the LHC Run II, the LHC machine should deliver a luminosity of 150
fb~1 [103]. In the next period of the LHC running, known as the LHC Run II,
additional 150 fb™! are expected [103]. After the LHC Run III, a new project
known as HL-LHC (High-Luminosity LHC) is planned to be active. The aim
of this project is to improve the LHC performance in order to increase disco-
very potentials. The HL-LHC will try to provide a total integrated luminosity
of 3000 fb~1 [103]. Figure 9.28 shows the LHC program until 2025 schemati-
cally.

The higher center-of-mass energy in the LHC Run II affects the produc-
tions of the SM particles with significant Lorenz boost and allows usage of
the large-R jets introduced in Section 4.5. In order to maximize the sensitivity
reach and cover a part of the parameter space in which the variable x is close
to 1, the search for squarks and gluinos decaying to W/Z/h bosons has been
also performed using the large-R jets. The mass of the large-R jets defined

2SRs can be optimized either for discovery or exclusion. If a SR is optimized for discovery
it must have a high significance. On the other hand, if a SR is optimized for exclusion then
the SR selection has higher signal acceptance but also more background events.
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LHC / HL-LHC Plan

LHC
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cryo Point 4
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experiment upgrade
phase 1

14 TeV

Run 3

energy

HL-LHC installation nominal

experiment
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integrated
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FIGURE 9.28: The LHC plan until 2025 with the centre-of-mass
energy of collisions shown with red lines and an integrated lu-
minosity shown in green lines [104].

in Equation 4.6 is added on the top of the optimization scan used in Section
9.4. The significance is calculated for each combination from the optimization
scan using three representative signal points taken from the boosted spectra.
The selections with the highest significance for both cases are taken as poten-
tial SR selections. These potential SR selections have been checked with the
significance of N-1 plots. Figure 9.29 shows the N-1 plots of the main kine-
matic variables for the squark case (left) and the gluino case (right). The bot-
tom pad shows the expected significance. The final SR selections are obtained
by averaging the expected significance in the N-1 plots and are reported in
Table 9.3.

Variable | SR -Squark | SR - Gluino
.N]-ets 3 4

ET"'*® [GeV] 250 250

mt [GeV] 350 350
megt [GeV] 1600 2000
ErTmSS /meff 0.3 04
Aplanarity 0.01 0.01

M [GeV] 120 120

TABLE 9.3: The boosted SR selection for the squark pair pro-
duction (the second column) and the gluino pair production

(the third column).

Figure 9.30 (A and B) shows the sensitivity projection for the squark and
gluino cases, respectively, obtained with the SR selection detailed in Table
9.3. The black line corresponds to the sensitivity of 2 0. The SRs with the
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FIGURE 9.29: The N-1 plots for three representative signal
points and all background processes as a function of mt, me
and M (mass of the large-R jets) after applying the boosted SR
selection minus the plotted variable. The squark representa-
tive signal points are shown on the left side, while the gluino
representative signal points are shown on the right side. All
representative signal points are taken from the boosted spectra.
The bottom pad shows the expected significance.
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large-R jets (the boosted SRs) cover the boosted part of parameter space with
large mass splittings between )Zf / )Zg and )2(1) as expected.

In additional, the sensitivity projections for the integrated luminosities of 120
fb! (C and D) and 150 fb! (E and F) are reported for the squark (left) and
gluino (right) pair production. As shown in the figure, the higher integrated
luminosity in the LHC Run II will significantly extend the current sensitivity
reach.
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FIGURE 9.30: The 2 ¢ sensitivity projections obtained using the
boosted SR selection for the squark (left) and gluino (right) pair
production.



107

o 10

Search for charginos and
neutralinos decaying to W
and h bosons

This chapter presents the search for the lightest chargino )Zli and the next-
to-lightest neutralino )Zg decaying via W and h bosons to final states with
exactly one lepton, two b-jets and missing transverse momentum, described
in Section 2.5.2. First, a motivation for this search with the result obtained
during the LHC Run I is given. Afterwards, a common event selection in-
cluding trigger studies is described. This is followed by a description of the
full analysis strategy. Finally, the uncertainties on the measurement in data
and MC are discussed, and the result of the analysis is shown.

10.1 Motivation

The same final state was explored with the dataset recorded by the ATLAS
detector at the centre-of-mass energy of 8 TeV corresponding to the inte-
grated luminosity of 20.3 fb! [105]. Since the observed events in data were
found to be consistent in all SRs, the results were used to set exclusion limits
on the masses of 5(1 / )28 Figure 10.1 shows the 95% CL exclusion limits in
the m. o /50~ m. 0 plane of the simplified model, where m_ o /50 up to 150

GeV are excluded form_ 0= =0 GeV [105].

The production cross- sect10n of Xi / Xg is largely increased at the higher
centre-of-mass energy of 13 TeV during the LHC Run II. Figure 10.2 compares
the cross-sections at the centre-of-mass energy of 8 and of 13 TeV. For a )Zf / )28
with mass of 500 GeV, it increases by a factor of 8 from 5.7 fb~! to 46.4 b1,

As discussed above, the previous search was performed using 20.3 fb!
of proton-proton collision. The larger integrated luminosity in 2015 and 2016
improves the signal sensitivity by a factor 1.8.
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FIGURE 10.2: The cross-section comparison between the centre-
of-mass energy of 8 and of 13 TeV for the production of
ﬁc / )28+X, where X indicates particles from ISR).

10.2 Dataset and Monte Carlo samples

This search uses the same dataset as the search for squarks and gluinos dis-
cussed in Chapter 9.

Signal events are generated using the MadGraph generator at the LO matrix
element interfaced with Pythia in order to simulate the parton shower, the
fragmentation and UEs.

Slepton, squarks and gluinos do not participate in the interactions and they
are set to be very massive and decoupled. The masses of )Zli / 5(8 and 5((1) are
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only free parameters. Figure 10.3 shows the two-dimensional grid built by
varying the masses of )Zli / )28 and 5((1)'
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FIGURE 10.3: Two-dimensional signal grid in the Mgt co-Moo
1 /A2 1
plane. Each red point shows one signal point.

10.3 Baseline selection

The baseline selection includes the same data quality checks as the previous
search described in Section 9.3.1, a corresponding trigger selection and pre-
selection criteria based on the signal topology. All of these criteria which
significantly reduce the background events are described in this section.

10.3.1 Trigger strategy

The dataset used in this search is collected using the same missing transverse
momentum (EF"®) triggers as the search for squarks and gluinos, listed in
Table 9.1. The turn-on curves of the EY"*® triggers have been extracted in the

same way as for the previous search and are shown as a function of E?iss
in Figure 10.4. A selection of exactly one lepton, two b-jets, two or three jets
and mT>100 GeV is applied before extracting the trigger efficiency. In order
to better estimate the trigger efficiency, the last bin presents a range from 180
to 300 GeV. A starting point of 180 GeV has been taken due to the selection
criteria on ErTniSs in VRs discussed in Section 10.6. The turn-on curves show
that the triggers are not fully efficient at the plateau, especially in the muon
channel. A correction factor for MC which corrects trigger efficiencies to data
needs to be used. Studies to provide such a factor have been performed but
due to very poor statistics the correction factor could not be determined. In-
stead, an uncertainty of 4% is applied to all events in order to account for
small differences in the efficiency of EJSS triggers between data and MC ob-
served in the figure.
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FIGURE 10.4: Trigger efficiencies of data and MC simulated tt
events as a function of EXS plotted for the EXS triggers listed
in Table 9.1. The tt process is used because it is the dominant
background in this search. The trigger efficiencies have been

divided into the electron (left) and muon (right) channels.
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10.3.2 Preselection criteria

The preselection criteria are applied to all events that pass the trigger re-
quirements. The main aim of these criteria is to select typical events for the
considered signal:

Lepton criterion, Nj.,,: the search for charginos and neutralinos requests
either a signal electron or a signal muon in the final state. Events which con-
tain a second lepton (electron or muon) are vetoed.

Criterion on the b-jet multiplicity, N, jets: as discussed in Section 2.5.2,

this search only takes into account the H — bb decay mode. According to
this fact, any event accepted is required to contain exactly two jets originat-
ing from b quarks with p > 25 GeV each.

Criterion on the jet multiplicity, Njets: this search requests two or three
jets in the final state in order to account for possible jets in the signal events
which could come from ISR and/or FSR processes. Figure 10.5 shows the
number of jets after requesting exactly one lepton, where is evident that the
request of two or three jets significantly reduces tt events.

108 IIIIIIIIIIIIIIIIIIlllllllilﬁllllllllll

107 ILdt=36.1 fo' Vs = 13 Tev = Signal

Entries

0 6 8 10 12 14 16 18 20
Number of jets

FIGURE 10.5: Number of jets in the signal and tt events after
requesting exactly one lepton.

10.4 Signal region optimization

The signal region optimization is performed with the aim to provide a good

coverage in the m_, _o - m_o parameter space. In order to cover as much
X1/X2 X1

parameter space as possible three SRs are designed as: SR low mass (SRLM),
SR medium mass (SRMM) and SR high mass (SRHM). The SRLM is designed
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to cover scenarios with small mass splittings between )Zli / )Zg and )Z(l), while
the SRHM targets large mass splittings between Xli / )28 and )2(1) The SRMM is
introduced to be a compromise between these two approaches. A schematic
overview of all three SRs is given in Figure 10.6.

@ SRLM

myo [GeV]

»
>

My /g [GeV]

FIGURE 10.6: Schematic overview of all three SRs in the
mﬁ: /ig_mfc? parameter space.

The optimization procedure follows all steps described in Section 7.1 and
uses only the MC simulated events. A systematic uncertainty of 25% is taken
as an estimate of systematic uncertainties on the total background. The vari-
ables used in the SR definition are myp, mct, my and ERVSS described in
Chapter 6.

Since H — bb is a fully reconstructable resonance and manifests itself as
a narrow peak in the my,, distribution (see Section 6.2), my,, is not included
in the optimization scan. The shape of the signal peak is fitted by using a
Crystal Ball function which consists of a Gaussian core portion and a power
law tail defined as [106]:

f(x;a,n,X,0) =N- 2

(67
n ___— _\—h _v
(n) e 2 (n—lal—xx) for ug—a
lal lal o o
(10.1)
where x is a Higgs boson mass of 125 GeV, o and n are the power law para-

meters, X is the mean of the Gaussian core, o is the standard deviation of the
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Gaussian core and N is the normalization factor [107] defined as:

laol n-1

_Ial2> Lo
NTlzg. |- 21 ~e( 2 +\/§ 1+e<\/§> (10.2)

The fit is performed for eight signal points taken from different parts of
the parameter space. Figure 10.7 shows the results of the fit after applying
the preselection criteria, Ef® > 40 GeV and mt > 40 GeV. As indicated in
Figure 10.7, the most probable value of 120 GeV with a width of 15 GeV
has been found. This value indicates that the position of the signal peak
in the my,, spectrum is shifted by 5 GeV. There are two effects which can
explain this shift. As already mentioned, the signal events could have two
or three additional jets which could come from ISR and/or FSR processes.
Since these jets are not included in the reconstruction of the Higgs resonance
they can shift the peak downwards by a couple of percent. The second effect
is related to a semi-leptonic decay of b-jet which results in one lepton and
neutrino. The energies of the b-jet decay products are not included in the jet
reconstruction and shift the peak towards lower values.

For the SR selections the signal peak with its width obtained from the fit is
used (105 GeV - 135 GeV).

The mct variable has an endpoint around 136 GeV for tt events as dis-
cussed in Section 6.5. In order to suppress as many background events as
possible and still keep a good statistics, a selection criterion of 160 GeV is
applied in all SRs. The search is then performed for higher values of the mcT
distribution.

Since the selection criteria on my,}, and mct have been fixed due to the
kinematics of the W and h bosons, the optimization scan runs only over dif-
ferent values of EITniss and of mr.

The EXVSS variable is particularly powerful in reducing the background
events while keeping a good fraction of the signal events. Due to the presence
of three undetected particles (one neutrino from a W boson and two )2(1)), the

signal events have higher values of EJSS than the background events.

Figure 10.8 shows the mry distributions for three representative signal
points taken from different parts of the parameter space. Since the kinemat-
ics of these three signal points are different, this variable is used to design
three SRs.

The results of the optimization scan including the preselection criteria,
the fixed criteria on my,;, and mc are reported in Table 10.1.

In order to have the best significance, the criteria on mt and EXSS ob-
tained from the optimization scan have been cross-checked with the two-
dimensional distributions of mt vs. ESS for all dominant backgrounds and
tive signal points, shown in Figure 10.9. Due to small mass splittings between
)Zli / )28 and )2(1), the mp and E?iss distributions for these signal points are ex-
pected to be smaller than for the signal points with medium and large mass
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splittings between )Zli/ )Zg and )Z(l) and therefore more similar to the back-
ground processes. On the other hand, the signal points with medium and
large mass splittings between f(li/ )Zg and )Z? have higher values of mT and
ET® than the background events as shown in the figure.
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FIGURE 10.7: The shape of the signal peak (black dots) fitted
with the Crystal Ball function (solid red line) in a region with
the baseline criteria, Er > 40 GeV and mt >40 GeV.
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Variable | Preselection
Niep 1
Nb—]ets 2
]ets 2or3
| SRLM | SRMM | SRHM
myp [GeV] | [105 - 135 |
mcr [GeV] | > 160
mr [GeV] | [100 - 140] | [140-200] | > 200
EMIss [GeV] | > 200

TABLE 10.1: Summary of the SR definitions.

Figure 10.10 shows the two-dimensional distributions of mt vs. Effniss
for the dominant backgrounds and the same signal points as above after ap-
plying the preselection criteria, and the fixed criteria on my,}, and mct. The
red lines correspond to the SR selections which drastically reduce the back-
ground events with minimal signal losses for the signal points with medium
and large mass splittings between )21 / )22 and )21 Since the signal points

with small splittings between 7 /% Xz and Xl have similar my vs. Emlss distri-
butions in comparison to the backgrounds, the lower criterion on mT of 100

GeV is used in the SRLM to suppress the dominant backgrounds.
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The separation between the signal and background events has further
been investigated with N-1 plots. These plots show the key kinematic vari-
ables for three signal points and all background processes after applying all
selection criteria minus the plotted quantity as shown in Figures 10.11 to
10.13. The bottom pad shows the expected significance. Since the my, and
mcr variables have not been optimized in the optimization scan, the conclu-
sion on some optimized criteria may slightly differ from Table 10.1.
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The 2 o sensitivity projections obtained using the SR selections detailed in
Table 10.1 for each SR are shown in Figure 10.14. The good sensitivity reach

is found in the M+ /00 - Moo parameter space with middle and large mass
1/X2 1

splittings between )Z%/ )28 and )2(1). The lower sensitivity is observed in the

_ . e -+ /-0
M /00 - My parameter space with small mass splittings between Y77 /X5

and 5((1) as expected due to the similar kinematics between the signal and
background events.
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FIGURE 10.14: Sensitivity projection obtained using all three
SR definitions.

The SRs are designed to be orthogonal to each other and can be combined.
Figure 10.15 shows the 2 o sensitivity projection obtained combining all three
SRs.
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FIGURE 10.15: Sensitivity projection obtained combining all
three SRs.
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10.5 Background estimation

As discussed, the dominant background contributions in the SRs are due
to tt, W+jets and single top production. Three CRs enriched in tt events
(TCRLM, TCRMM and TCRHM) have been designed to be kinematically
close and at the same time statistically independent to the SRs. The orthogo-
nality is ensured by reverting the selection on mct (mcT < 160 GeV) and my,,
(50 =< my,}, <=105 GeV or my,}, >= 135 GeV). The selection criteria on mt and
EMIsS are the same as in the SR selections. The composition of the TCRLM,
TCRMM and TCRHM is shown respectively in Figure 10.16, for all back-
grounds. The dominant backgrounds are shown separately, while the smaller
background processes are grouped into one category and are shown as "Oth-
ers". The contribution of the tt background is about 82% in the TCRLM, 91%
in the TCRMM and 93% in the TCRHM.

@ttt ® W+jets @ Single top Others

FIGURE 10.16: Composition of the TCRLM (left)), TCRMM

(middle) and TCRHM (top). The dominant background pro-

cesses are shown separately, while the smaller background pro-
cesses are grouped into one category and shown as "Others".

The signal contamination is found to be below 5% in all three TCRs as
shown in Figure 10.17.

Figures 10.18 to 10.20 show the main kinematic distributions of data with
black dots and the MC background processes with colored stacks in the TCRLM,
TCRMM and TCRHM, respectively. The middle pad shows data/MC com-
parisons and the bottom pad shows contributions of each background. The
dominant backgrounds are normalized to data using the normalization fac-
tors listed in Table 10.5 and only statistical uncertainties are considered. A
reasonable agreement is found within the statistical uncertainties.

A region enriched in W+jets events named WCT has been designed with
mT < 100 GeV and my,}, < 80 GeV due to kinematics of the W boson. The se-
lection on my,}, has been chosen to maximise the purity of the W+jets events,
but retains enough statistics to study the background modelling. The selec-
tion criteria on mcT and E?iss are the same as in the SR selections.
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FIGURE 10.20: Data and MC comparison in the TCRHM.
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Figure 10.21 shows the expected background contribution (left) and the
signal contamination (right) in the WCR. The contribution of the W+jets events
is 61.6%, while the signal contamination is less than 5%.
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@® W+jets

® Single top
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Q)

Signal/background [%
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m’?T 7 [GeV]

FIGURE 10.21: Composition of the WCR showing the back-
ground contribution (left) and the signal contamination (right).
The dominant backgrounds are shown separately, while the
smaller background processes are shown together as "Others".

Figure 10.22 shows the main kinematic distributions of data and the MC
background processes in the WCR. The middle pad compares data with the
expected backgrounds, while the bottom pad shows contributions of each
background. The dominant backgrounds are normalized to data by applying
the normalization factors listed in Table 10.5. The statistical uncertainties are
only considered and a resonable agreement is observed within the statistical
uncertainties.

The last CR enriched in single top events is called STCR. It is designed to
use a high value of my,}, (my}, > 195 GeV). In order to have enough statistics,
values of mT beyond 100 GeV are used. The selection criteria on mct and
EMiss are the same as in the SR selections. Figure 10.23 shows the composi-
tions of the STCR. The signal contamination in the STCR is about 5%, while
the contribution of the single top events is 50.6%.

Figure 10.24 shows the main kinematic distributions of data and the ex-
pected backgrounds in the STCR. The middle pad shows the ratio between
data and the expected backgrounds, while the bottom pad shows contribu-
tions of each background. The dominant backgrounds are normalized to data
using the normalization factors listed in Table 10.5 and only the statistical un-
certainties are considered. Overall reasonable agreement is observed within
the statistical uncertainties.

The summary of all CRs including the preselection criteria is reported in
Table 10.2.
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FIGURE 10.23: Composition of the STCR showing the back-
ground contribution (left) and the signal contamination (right).
The dominant backgrounds are shown separately, while the
smaller background processes are shown together as "Others".
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FIGURE 10.24: Data and MC comparison in the STCR.

Variable \ Preselection
Niep 1
Nb—jets 2
Niets 20r3

| TCRLM | TCRMM | TCRHM | WCR | STCR
[50 - 105] or >= 135

| | <80 | >195
| <160 | > 160

m [GeV] | [100 - 140] | [140-200] | >200 | [40-100] | > 100
ERSS [GeV] | > 200

TABLE 10.2: Summary of all CR definitions.
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10.6 Validation of the procedure

In order to validate the background estimations, two types of VRs are de-
signed depending on the my,, value. Both types consist of three VRs designed
with different mr criteria as done for the TCRs and the SRs. The first type
of the VRs is known as "ON" due to the criterion on my,}, which includes the
peak of the Higgs boson mass and its width (the same my,, criterion as in
the SRs). The three VRs belonging to the ON type are labeled as VRLMqy;,
VRMMoy and VRHM@y with respect to the criteria on m. The selection on
mcrT stays inverted as in the TCRs and the selection on Effniss is the same as
in all CR and SR definitions. The second type of the VRs uses the mass side-
bands in my,}, meaning that the selection on my,y, is inverted. These VRs are
called "OFF" and are labeled as VRLMopr, VRMMopr and VRHM@pr with
respect to the selection on mt. The selection on ET"*° of 180 GeV is applied
to keep the signal contamination within acceptable limits. The selection on
mc is the same as in the WCR, STCR and all SRs.

All VRs are summarized in Table 10.3 together with the preselection cri-
teria.

Variable | Preselection
Niep 1
Nb—jets 2
Njets 2o0r3
| Type I VRs | Type Il VRs

| VRLMon | VRMMon | VRHMon | VRLMorr | VRMMorr | VRHMorr

myp, [GeV] | [105 - 135] | <[50 - 95] or [145 - 195]

mcr [GeV] | <160 | > 160

mr [GeV] | [100-140] | [140-200] | > 200 | [100-140] | [140-200] | > 200
EXiss [GeV] | > 200 | > 180

TABLE 10.3: Summary of all VR definitions.

Figures from 10.25 to 10.30 show the main kinematic distributions of data
with black dots and the expected backgrounds with colored stacks in the
VRLMON P VRMMON P VRHMON , VRLMOFF , VRMMOFF and VRHMOFF , res-
pectively. The dominant backgrounds are normalized to data by applying the
normalization factors listed in Table 10.5 and only the statistical uncertain-
ties are taken into account. The middle pad compares data with the expected
backgrounds, while the bottom pad shows the background contributions.
Overall reasonable agreement is observed within the statistical uncertainties.
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Figure 10.31 shows the signal contaminations in the VRs. The signal con-
tamination is less than 20% in all VRs except the VRHM@gg where a bit

higher signal contamination of 25% is observed.

100

S 250 S
(O] r o
E: g
£ 200 2
r 2
. [5]
F 8
1501~ g
| i =
L k=]
L w

100

m)?/ig [GeV]
VRLMon

; 250‘7 100'0\—0'
Jo) r —
S r kel
S, f <
£ 200 <
r (=
. x
. Q
r 8
1501~ £
. f=
L k=)
= (/2]

100j

mif/iz [GeV]
VRMMopn

= : 100 =
% 250~ X
(O] r o
O g
£ 200 2
r 2
. [5]
F 8
150~ =
L c
L I=]
- w

100

m.. , [GeV]

1%,

VRHMon

X,

m, [GeV]

X,

m., [GeV]

X,

m, [GeV]

200

150

100

Signal/background [%]

mif 7 [GeV]

VRLMopr

250

200

150

100

Signal/background [%]

m... [GeV]

X;/ X,

VRMMQOFrE

250

200

150

100

Signal/background [%]

m..

o [GeV]

1/,

VRHMopr

FIGURE 10.31: Signal contamination in all VRs.

The full analysis strategy which includes 3 SRs, 5 CRs and 6 VRs is illus-

trated in Figure 10.32.
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10.7 Systematic uncertainties

Systematic uncertainties are connected to the background estimates, the sig-
nal modeling and cross-sections. They affect the predicted background event
yields in the SRs, CRs and VRs, and the TFs used for the extrapolation of the
SM estimates from the CRs to the SRs. The systematic uncertainties can be
divided into experimental and theoretical uncertainties.

10.7.1 Experimental systematic uncertainties

Experimental systematic uncertainties consist of all detector related systema-
tics. They are estimated by varying the calibrations described in Chapter 4
and are discussed in the following.

e Electron systematic uncertainty

Electron systematic uncertainties come from the reconstruction, identifica-
tion and isolation procedures. They are determined by using a Tag-and-
Probe method and samples of Z — ee and ]/ ¥ — ee decays. In both cases, a
selection criterion is applied on one of two decay electrons. That electron is
called "tag". The second electron from the decay, called "probe”, is used for
the efficiency measurements. For electrons with low pp (from 7 to 20 GeV)
J/¥ — ee events are used, while electrons with pp > 15 GeV are covered
by Z — ee decays [58]. In the overlapping bin 15-20 GeV, events from both
decays are combined [58].

e Muon systematic uncertainty

There are two types of uncertainties associated to muons. The first type
presents the efficiency uncertainties which come from the reconstruction,
identification and isolation criteria. The second type consists of the statistical
and systematic uncertainties in the measurement. Both types are determined
with a Tag-and-Probe method using Z — 11 events [59].

e Jet systematic uncertainty

The Jet Energy Scale (JES) uncertainty describes the uncertainty on jet kine-
matic measurements after the calibration step discussed in Section 4.3. It is
the dominant uncertainty and applied to all jets with p > 15 GeV and |7l <
4.5 [108]. The Jet Energy Resolution (JER) uncertainty is similar to the JES, but
it describes the uncertainty on the energy resolution. The JER is estimated by
smearing reconstructed jet energies to a Gaussian distribution [109].

e b-jet systematic uncertainty

The uncertainty on the b-tagging efficiency is evaluated using different sam-
ples for each algorithm and different configurations for the combined algo-
rithm MV2 [110, 111].
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e MET systematic uncertainty

Apart from the uncertainties on the reconstructed objects, there is one more
uncertainty related to the soft term described in Section 4.7. This uncertainty
is determined using Z(— ll)+jets events by making a comparison between
the expected and observed momentum profile of soft terms [68].

e Pile-up systematic uncertainty

An uncertainty on the pile-up contribution is obtained by scaling the average
number of interactions per crossing in MC by 10%.

e Luminosity systematic uncertainty
An uncertainty of 3.2% on the integrated luminosity is used [112].
e Trigger systematic uncertainty

The uncertainty of 4% is applied to all events as discussed in Section 10.3.1.

10.7.2 Theoretical systematic uncertainties

Theoretical systematic uncertainties consist of uncertainties which come from
the MC estimates. They are usually evaluated using different MC samples
with respect to the nominal MC samples listed in Table 5.1.

Signal uncertainties: the uncertainty on the signal production cross-sections
is estimated using two PDF sets together with variations on the renormalisa-
tion and factorisation parameters.

Top pair and single top background uncertainties: the uncertainties on
the tt and single top MC samples are evaluated as uncertainties on the trans-
fer factors which are used for the extrapolation between the CRs and SRs, or
VRs. The sources of the uncertainties considered are:

e Hard Scattering: the difference of the predictions between POWHEG
interfaced to PYTHIA and SHERPA is used to evaluate the systematic
uncertainties for the MC tt samples. For the single top samples the
predictions of POWHEG interfaced to PYTHIA are compared to Mad-
Graph interfaced to PYTHIA.

e Hadronisation/Fragmentation model: the predictions of POWHEG in-
terfaced to the two different parton shower algorithms PYTHIA and
HERWIG are compared.

e Scale variations and additional radiation: the predictions of POWHEG
are compared with variable shower radiation.

¢ Interference (Wt-channel): the difference between the predictions of
POWHEG interfaced to PYTHIA is compared to MadGraph interfaced
to PYTHIA.
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W+jets background uncertainties: the uncertainties on the W+jets back-
ground are evaluated as uncertainties on the transfer factor. The uncertain-
ties due to the PDF set are estimated by comparing to other PDF sets. The un-
certanties due to the renormalisation, factorisation and resummation scales
are evaluated by varying these scales up down by factors of 0.5 and 2, while
the uncertainties on the CKKW scale are derived by varying the thresholds
from 15 GeV to 30 GeV.

Other background uncertainties: for the Z+jets background, the same
sources of uncertainties need to be considered as for W-jets. Since the Z+jets
background is a small background in this search, the uncertainties are calcu-
lated on the yields in the SRs and not on the transfer factors. For the diboson
samples only an uncertainty on the cross-section is applied, while the uncer-
tainties on the ttV samples include uncertainties on the scale and PDF.

10.8 Results

The background estimates in the CRs and VRs are shown in Table 10.4. The
observed events are found to be in a good agreement with the SM predictions
in the CRs, while the observed events in the VRs agree with the SM predic-
tions within the uncertainties. The normalization factors evaluated in the fit
are given in Table 10.5.

CR TRLM TRMM TRHM WR STCR

Observed events 192 359 1115 72 65

Fitted bkg events 192+14 359+19 1115+34 724+9 65+8
VRonN VRLMgN VRMMgon VRHMgon
Observed events 29 41 100
Fitted bkg events 23+9 54 £24 131 +:22
VROoFF VRLMgrr VRMMgopr VRHMggp
Observed events 24 10 18
Fitted bkg events 22+7 13.9 £3.3 103 £3.4

TABLE 10.4: Observed events and background fit results for the
CRs and VRs. The total uncertainties include both statistical
and systematic sources.

The final results of the search for )Zf )Zg decaying to Wif((l)hfg(l) are given
in Table 10.6, which shows the number of observed and expected events in
all three SRs. The total uncertainties include both statistical and systematic
sources. As shown in the table, the fitted SM estimations are 5.742.3 in the
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primM | oprMM | HTEM | w0 psT
1024+ 0.14 | 1.10 + 0.1 | 0.89 + 0.04 | 1.26 + 0.18 | 1.18 + 0.18

TABLE 10.5: The normalization factors.

SRLM and 4.6+1.2 in the SRHM, while 6 and 5 events are observed, respec-
tively, resulting in a good agreement between data and the SM expectations.
The deviation of about 2 ¢ is found in the SRMM, where 2.841.0 events are
expected while 7 events are observed.

SR SRLM SRMM SRHM

Observed events 6 7 5
Fitted bkg events 57 +23 28+£1.0 46+12

TABLE 10.6: Observed events and background fit results for the
SRLM, SRMM and SRHM. The total uncertainties include both
statistical and systematic sources.

Figure 10.33 shows the number of observed and expected events in all
regions considered in this search. As discussed above, the good agreement is
found in all CRs and VRs.

The largest deviation between the observed and expected events of 2 o
observed in the SRMM has been cross-checked with N-1 plots. Figures 10.34
to 10.36 show the distributions of observed data, the SM predictions and two
simulated signal points as a function of the main kinematic variables mr,
My}, EIFniSS, and mcrt for all events passing the SRLM, SRMM and SRHM
criteria, respectively minus the plotted variable. The “Others” category con-
tains the contributions from the production of the Z boson in association with
jets, triboson backgrounds, the VH production and tt events including the H
boson production. Some differences between the observed events and the
SM predictions are observed in the mt distribution. However, careful checks
of the main kinematic distributions in all three SR selections lead to the con-
clusion that no statistically significant excess has been observed.

The main kinematic distributions after applying all the SRLM, SRMM and
SRHM criteria, respectively are shown in Figures from 10.37 to 10.39. The
“Others” category contains the same contributions as in the N-1 plots.
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FIGURE 10.34: Distributions of observed data, the SM predic-
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ttH backgrounds.
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The total systematic uncertainty in all regions considered in this search is
reported in Table 10.7. It ranges from 3.01% in the TCRHM to 43.85% in the
VRMMy;. The largest uncertainties in the VRMMy; originate from the the-
oretical uncertainties on the tt background and amount to more than 36%. In
all regions, the theoretical uncertainties on the tt background are dominant.

Uncertainty of channel SRLM SRMM SRHM
Total background expectation 5.73 2.85 4.57
Total background systematic =~ +2.32 [40.40%] £1.0[35.02%] +1.20 [26.26%]
Uncertainty of channel TCRLM TCRMM TCRHM
Total background expectation 192.00 359.00 1115.00

Total background systematic =~ +14.00 [7.29%] +19.17 [5.34%] +33.59 [3.01%]

Uncertainty of channel WCR STCR

Total background expectation 72.00 65.00
Total background systematic ~ +8.76 [12.17%] +8.08 [12.42%]

Uncertainty of channel VRLMonN VRMMon VRHMgN
Total background expectation 23.00 54.34 131.33
Total background systematic =~ +9.42 [40.95%] +23.83 [43.85%] +£21.63 [16.47%]
Uncertainty of channel VRLMqoFr VRMMopr VRHM g
Total background expectation 22.34 13.94 10.26

Total background systematic =~ +6.84 [30.60%]  +3.31[23.76%]  £3.41[33.21%]

TABLE 10.7: Total statistical and background systematic uncer-
tainties for all regions. The percentages show the uncertainty
relative to the total expected background.

10.9 Interpretation

Since the event yields observed in data are compatible with the SM pre-
dictions in all SRs, the results are interpreted as an exclusion limit for the
)2%)28 — Wif(?hx(l) simplified model. The exclusion limits are derived by
using the model-dependent fit described in Section 8.3.3, and the overall sig-
nal strength is assumed to have only positive values. The fit is performed
simultaneously in the CRs and SRs, taking into account the systematic un-
certainties and their correlations in the different regions. The result is shown
in Figure 10.40, where the black dashed and red solid lines represent the 95%
CL expected and observed limits, respectively. The yellow band around the

expected limit shows the effect of the & 1o variation on the limit. The two
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dotted red lines around the observed limit represent the + 1o variation on
this limit due to the theoretical signal production cross-section. The gray
area shows the observed limit from the previous search performed with 20.3
fb! at the center-of-mass energy of 8 TeV [105]. The exclusion limit from the
LHC Run [ is significantly improved by the increase in statistics and center-
of-mass energy. As shown in the figure, the masses of )2%)28 are excluded

up to 550 GeV. This limit is valid only in case when m o = 0 GeV. This is
1

an important observation. Although the masses of )fo(g are excluded up to
550 GeV there is not any exclusion for a high mass of )2(1) A part close to the
diagonal remains difficult to reach due to increased background predictions
and increased systematic uncertainties. This part could be a possible hiding
place for supersymmetric particles considered in this chapter.
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FIGURE 10.40: Exclusion limits for the ﬁ[f(g — Wt )2(1)}1)2(1) sim-
plified model. The red solid and the two red dotted lines show
the observed limits and the + 1o variation on this limit due
to the theoretical signal production cross-section, respectively.
The black dashed line with the yellow error band show the ex-
pected limit and the effect of the &+ 1o variation on the limit.
The result obtained with data recorded during the LHC Run I
is shown as the gray area.
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Conclusion

This thesis presents two searches for supersymmetric particles in events with
exactly one lepton (electron or muon), jets and missing transverse momen-
tum. Both searches use proton-proton collisions delivered by the Large Hadron
Collider (LHC) at the centre-of-mass energy of 13 TeV in 2015 and 2016. The
searches are performed on the dataset recorded by the ATLAS detector with
an integrated luminosity of 36.1 fb™.

The search for squarks and gluinos decaying to W/Z/h bosons was ex-
plored using variables such as Njet, mT, meg, ErTniSS, Effniss /mgg, and apla-
narity. The sensitivity of this analysis has been compared with a reinterpre-
tation of a published analysis on squarks and gluinos decaying to two W
bosons. Additionally, the analysis is performed using variables sensitive to
the Higgs boson, but due to the strong b-jet requirement such variables can-
not improve the sensitivity. However, the sensitivity reach can be maximized
in the boosted part of the parameter space with small mass splittings between
q(g) and )2% / Xg using jets with a large radius.

The search for charginos and neutralinos decaying to W and h bosons
was performed with three signal regions covering different mass splittings
between )Zli / )28 and 92(1). A background strategy was developed where domi-
nant backgrounds were normalized and validated in dedicated regions. The
observed events in data have been found to be consistent with the Standard
Model (SM) predictions in all three signal regions. The results are interpreted
as exclusion limits on masses of X{E/ xg, where masses of XI—L/ )28 up to 550
GeV are excluded at 95% Confidence Level. The LHC Run I limits are sig-
nificantly improved due to higher production cross-sections, the increased
integrated luminosity and the improvements of the particle reconstruction.

Although there is not any concrete experimental evidence for supersym-
metric particles in the dataset recorded by the ATLAS detector in 2015 and
2016 with the integrated luminosity of 36.1 fb~!, supersymmetry remains
among the most popular SM extensions due to its elegant solutions to many
of the open issues in the SM. The full LHC dataset will significantly increase
the current sensitivity and might provide hints to the new physics phenom-
ena beyond the SM. The next discovery in these field can be a key to our
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understanding of particle physics.
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Appendix A

Study of missing transverse
momentum trigger
recommendations for physics
analyses

The studies described in this section are motivated by the searches for su-
persymmetric particles presented in this thesis, especially with the search
for charginos and neutralinos decaying to W and h bosons. As already dis-
cussed both searches use the missing transverse momentum (EF) triggers,
but these triggers are not fully efficient for the search for charginos and neu-
tralinos (see Section 10.3.1). This search as well as many others need cor-
rection factors to correct the EfSS trigger efficiency obtained from the MC
simulation to data. This chapter describes studies performed with the aim to
provide such factors which are called scale factors.

A.1 Methods to estimate scale factors

A.1.1 Data and simulated samples

The studies presented here use the dataset recorded by the ATLAS detector
at the centre-of-mass energy of 13 TeV with an integrated luminosity of 21.7
fb~! and MC samples. Since these studies are based on the searches for su-
persymmetric particles with one isolated lepton in the final states, only dom-
inant SM processes such as tt and W + jets are considered. These processes
are merged and are treated as one MC process.

A.1.2 Event selections

The event selection starts with the one lepton (electron or muon) requirement
because both searches presented in this thesis require either one electron or
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one muon. This requirement allows the calculation of scale factors separately
for the electron and muon channels.

Due to kinematics of the MC process (tt + W+jets) a b-tagging requirement is
also applied resulting in two selections: b-tag and b-veto. The b-tag selects
only events with at least one b-jet, while the b-veto vetoes such events. Other
requirements on the number of b-jets (= 2, > 2, =3, > 3, ...) significantly
reduce statistics and cannot be applied. This issue is already reported in
Section 10.3.1 and is a reason why the scale factor has not been provided for
the search for charginos and neutralinos decaying to W and h bosons.

After the one lepton and b-tagging requirements, the events are further select
by applying the following criteria:

pl! [30-40, 40-50, 50-60, 60-70, 70-80] GeV
mry [<30, 30-40, 40-50, 50-60, 60-70] GeV
Niets [2,3,4,5,6]

Bjets + pl > | [30,40, 50, 60, 70] GeV

These criteria are chosen to make these studies more general and cover dif-
ferent parts of parameter space:

e Criterion on the lepton plle this criterion starts from 30 GeV because
one lepton usually arises from a W boson decay and have a high py.

e Criterion on mr: the criterion on this variable goes from 0 GeV to 70
GeV due to kinematic of a W boson.

e Criteria on jets (Njets and 3 jets + p]T1:2:3): these criteria consider all
possible jets which could come from squark or gluino decays.

A.1.3 Strategy

The performance of the triggers is not well modelled in the MC simulated
data as can be seen in Figures 9.7 and 10.4. Both figures show that the trigger
efficiencies in data and MC are not 100% comparable. The differences can be
taken into account by applying a scale factor to all MC events which passed
the trigger. The scale factor (SF) is defined as:

SF = “data (A1)
EMC

where €g,:, and ey are the trigger efficiency measured in data and the ef-
ficiency of the MC simulated trigger, respectively. Both efficiencies are cal-
culated as the number of events which passed the trigger, divided by the
number of all events considered.

The studies consider only the ERNSS trigger with the HLT threshold of 110
GeV. As reported in Table 9.1, this trigger has collected events grouped in
datasets with an integrated luminosity of 21.7 fb™ (60% of all events used in
this thesis).
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A.2 Results

This section presents results obtained by using Equation A.1 and the selec-
tions detailed in Section A.1.2 for the EFUSS trigger with the HLT threshold of
110 GeV. Figure A.1 shows the scale factors in the electron channel after re-
questing exactly one electron and vetoing b-jets for the different plT1 (A)/mT
(B)/ Njets (C)/3 jets + p]T1 =2=53 (D) selections. Considering only a part from
180 GeVl, the different values of the scale factor can be observed. Their va-
lues go from 0.93 to 0.97. Figure A.2 shows the scale factors in the electron
channel after requesting the same selections as above and at least one b-jet.

The scale factors are ordered in the same way as in the previous figure. Look-
ing at the part of interest (from 180 GeV) the scale factors have the values

from 0.92 to 0.98, except for the 3 jets + pj% T273 gelection where they look
pretty similar.
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FIGURE A.1: Scale factors calculated by using Equation A.1 in
the electron channel after requesting exactly one electron and
vetoing b-jets.

1A starting point of 180 GeV has been taken due to the VR selections in the search for

charginos and neutralinos.
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FIGURE A.2: Scale factors calculated by using Equation A.1 in
the electron channel after requesting exactly one electron and at
least one b-jet.

Figures A.3 and A.4 show the scale factors after requesting the same se-
lections as above but in the muon channel. The b-veto requirement is shown
in Figure A.3, while the b-tag in Figure A.4. The scale factors in the muon
channel look better then in the electron channel. Their values go from 0.96 to

1 for both the b-jet requirements (b-veto and b-tag). The selections as 3 jets +
j1=j2=j3
P

efficiency in the muon channel is expected to be different from the ETSS trig-

and mr give the scale factors with the value of 1. The E?iss trigger

ger efficiency obtained in the electron channel because the EITniss used in these
studies is calculated with the contribution from baseline muons as described
in Section 4.7.1. The differences between the electron and muon channel can

be partly recovered by computing the ETisS without the contribution from

baseline muons?2.

2 At the L1, only information from the calorimeters is available. At the HLT, tracking infor-
mation from the inner detector is available while information from the muon spectrometer
is not.
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FIGURE A.3: Scale factors calculated by using Equation A.1 in
the muon channel after requesting exactly one muon and veto-
ing b-jets.
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FIGURE A.4: Scale factors calculated by using Equation A.1 in
the muon channel after requesting exactly one muon and at
least one b-jet.
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A.3 Fit function

In order to remove bias caused by the binning the scale factors shown in
Section A.2 have been modeled by the error function with the following pa-
rameterization:

) P miss _ p
PEMISS) = £0 |7 perf [ L L (A.2)
T 2 |25}

where ®(ET%) is the probability that an event with a certain value of EfsS
passes the trigger, p is the height of the plateau, p; is the effective threshold
and p, is the standard deviation of the Gaussian.

Different choices of initial parameters have been tested with the aim to find
as good a fit as possible. The results obtained after an optimisation of the
initial parameters are shown in Figures A.5-A.8. The order of results is the
same as before. Overall the fit function describes the scale factors well, but
the unique scale factor can be provided. As already discussed in Section A.2,
some differences between the different selections can be observed leading to
a conclusion that the scale factors are dependent of event topology.
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FIGURE A.5: Scale factors obtained by using the error function
A.2 in the electron channel after vetoing b-jets.
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FIGURE A.7: Scale factors obtained by using the error function
A.2 in the muon channel after vetoing b-jets.
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FIGURE A.8: Scale factors obtained by using the error function
A.2 in the muon channel after requesting at least one b-jet.

A.4 Conclusion

This chapter presents the studies performed with the aim to provide an unique
scale factor for all analyses in ATLAS. The studies have been motivated by
the searches for supersummetric particles in events with one isolated lepton
presented in this thesis. The different selection criteria have been applied
in order to make these studies more general. The unique scale factor for all
physics analyses in ATLAS cannot be determined because the scale factors
are dependent of event topology.
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