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Abstract

This thesis presents a search for Supersymmetry in final states containing two
same-flavor opposite-sign leptons, jets and large missing transverse momentum.
The search makes use of 36.1 fb−1 of proton-proton collision data collected at a
center-of-mass energy of

√
s = 13 TeV by the ATLAS detector at the Large Hadron

Collider. Two signal scenarios, which both involve the pair-production of squarks
or gluinos decaying into final states with two leptons and the lightest supersym-
metric particle, are targeted by the analysis. The first scenario considers decay
chains with a leptonically decaying Z boson and is characterized by a peak in the
dilepton invariant mass distribution. In the second scenario, decays through inter-
mediate sleptons or an off-shell Z boson are considered. Such processes lead to a
kinematic endpoint in the dilepton invariant mass distribution. The main Standard
Model backgrounds include the pair-production of top quarks and direct produc-
tion of Z bosons. These backgrounds are estimated with two data-driven methods.
The observed data is found to be consistent with the Standard Model expectation
and the results are interpreted in simplified Supersymmetry models for gluino and
squark pair-production. Sensitivity is provided for gluino and squark masses up to
1.85 TeV and 1.3 TeV respectively.
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Sammanfattning

I denna avhandling presenteras en analys som letar efter supersymmetriska partik-
lar producerade i proton-proton-kollisioner vid en kollisionsenergi p̊a

√
s = 13 TeV.

Analysen använder sig av data insamlad under 2015 och 2016 av ATLAS-experimentet
vid CERNs Large Hadron Collider. Den totala analyserade datamängden motsvarar
36, 1 fb−1. Kollisioner som resulterar i par av elektroner eller myoner med motsatt
laddning, jets och en stor obalans i rörelsemängd i det transversella planet väljs
ut för analys. Målet är att finna tecken p̊a en produktion av skvarkar eller gluiner
som sönderfaller till tv̊a leptoner och en oladdad supersymmetrisk partikel som
lämnar detektorn utan att lämna n̊agon signal. Inom supersymmetriska modeller
kan s̊adana slutliga tillst̊and uppkomma genom sönderfallskedjor med Z-bosoner
som sönderfaller leptoniskt, eller genom sönderfallskedjor med sleptoner. Flera
processer som förutsp̊as av Standardmodellen kan efterlikna den eftersökta signalen
och utgör bakgrunder i analysen. De viktigaste bakgrunderna best̊ar av Z-bosoner
och par av toppkvarkar som produceras direkt i proton-proton-kollisionerna. Dessa
bakgrunder uppskattas genom att använda data, medan andra mindre bakgrunder
uppskattas genom att använda simuleringar. Ingen signifikant signal utöver den
uppskattade backgrunden uppmäts i analysen. Istället tolkas resultaten med hjälp
av simuleringar av förenklade supersymmetriska modeller. P̊a s̊a sätt kan exklud-
eringsgränser med 95 % konfidensniv̊a beräknas för gluino- och skvark-massorna.
Massor över 1, 85 TeV utesluts för gluiner och massor över 1, 3 TeV utesluts för
skvarkar.
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Chapter 1

Introduction

The field of particle physics aims to answer fundamental questions about matter
and energy and their relation to the history of the Universe. Through a mixture
of theoretical insight and experimental input, we know today that everything we
see in our daily life is formed from quarks and leptons that interact via the strong,
weak, electromagnetic and gravitational forces. Our knowledge of these elementary
building blocks is summarized in a theoretical framework called the Standard Model
(SM) of particle physics. Since its formulation in the 1960s and 1970s, this model
has withstood decades of experimental tests and has been able to predict and
explain several experimental observations. Many of the tests have been performed
in accelerator experiments such as the Large Hadron Collider (LHC) where the
nature of fundamental particles is studied in proton-proton collisions at the TeV
energy scale. The greatest success of the LHC so far is the discovery of the Higgs
boson which was announced by the ATLAS and CMS collaborations in 2012 [1,2].
This was the last particle predicted by the SM to be experimentally verified.

Despite its success, the SM has several short-comings. For example it offers
no explanation for the observation of Dark Matter in the Universe and does not
provide a particle-level description of gravity. Clearly, the SM does not give a
full picture of our Universe and there ought to exist a more encompassing theory.
After the discovery of the Higgs boson, the primary goal of the LHC is therefore
to search for physics beyond the SM. One of the most popular theories for new
physics is Supersymmetry (SUSY) which matches every particle in the SM with a
supersymmetric partner particle. It thereby extends the SM and is able to solve
several of the open questions in particle physics. One way to test the validity of this
new theory is to search for supersymmetric particles produced in the proton-proton
collisions at the LHC. A wide range of searches are performed which target different
supersymmetric models and different experimental signatures.

This thesis presents one of the searches for SUSY conducted with the ATLAS
experiment at the LHC. The analysis is seeking to find events in which supersym-
metric squarks or gluons are produced in proton-proton collisions and then decay
into final states with two same-flavor opposite-sign (SFOS) leptons and a chargeless
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2 Chapter 1. Introduction

supersymmetric particle which escapes detection. Such processes result in an exper-
imental signature consisting of the two SFOS leptons, jets and missing transverse
momentum. One of the main challenges of the analysis is to distinguish a potential
signal from SM processes that yield similar experimental signatures. Large effort
is therefore put into a careful evaluation of these background processes.

The thesis is outlined as follows. Chapter 2 begins with a review of the SM
and a detailed discussion about its short-comings. SUSY is then introduced and
a motivation for the theory is provided. Finally, the general strategies for the
search for SUSY at the LHC are presented. Chapter 3 introduces the LHC and
the ATLAS detector. The process of reconstructing the raw data collected in AT-
LAS is described as well as the simulation of the proton-proton collisions studied
at the LHC. Chapter 4 describes the search for SUSY in final states containing
two SFOS leptons, jets and missing transverse momentum. Chapter 5 contains a
detailed description of the estimation of the so-called flavor-symmetric processes
which constitute the largest background in the analysis.

1.1 Author’s contribution

The analysis presented in this thesis is a collaborative work conducted by around
ten members of the ATLAS collaboration. Two iterations of the analysis have
been performed with data collected by the ATLAS detector in 2015 and 2016. The
first version of the analysis was published in The European Physical Journal C
in February 2017 [3]. The author contributed to the first iteration with the as-
sessment of the accuracy of the simulation of the background processes, with the
propagation of uncertainties from the background estimates, and with a cross-check
to the nominal estimation method of the so-called Z/γ∗ + jets background. Sev-
eral of the final figures included in the paper were also generated by the author.
This thesis focuses on the second iteration of the analysis which has not been made
public at the time of writing. The analysis is however formally approved by the
ATLAS SUSY collaboration and the ATLAS internal review of the paper is in an
advanced stage. Chapter 4 presents the analysis in the author’s own words with
emphasis on the motivation, analysis strategy and background estimation. All fig-
ures shown in this chapter are generated by the author except for the figures shown
in Sections 4.10, 4.11 and 4.12. These figures are taken from the ATLAS internal
documentation of the analysis and contain substantial contributions from the au-
thor. The author has made direct contributions to the signal region optimization
presented in Section 4.7.3, to the assessment of the accuracy of the simulation of
the background processes presented in Section 4.7.2, and to the estimation of the
so-called diboson background presented in Section 4.8.2. In addition, the author
has been responsible for the production and validation of the data files used to
generate all the analysis results. The author’s main contribution to the analysis is
the estimation of the flavor-symmetric background which is presented separately in
Chapter 5. Here, the author is solely responsible for all results and figures.



Chapter 2

Theory and motivation

The Standard Model (SM) of particle physics summarizes our current understand-
ing of the smallest building blocks of nature. It explains how matter consists of a
small number of fundamental particles and describes how these particles interact
and combine to make more complex structures. Since its completion in the 1970s
the model has held up to many high-precision tests and has been successful at pre-
dicting the existence of fundamental particles before their experimental discovery.
Despite this success, the SM is not a complete theory and fails to provide answers to
several open questions in particle physics. Even if the model is correct at the energy
scales that have thus far been probed it might represent a low-energy approxima-
tion of a more comprehensive picture. Supersymmetry (SUSY) is a candidate for
a more complete theoretical framework aiming to solve some of the short-comings
of the SM. It builds upon the SM in an attempt to extend it and provide a full
description of our Universe.

This chapter gives an overview of the SM, discusses its short-comings and in-
troduces SUSY in order to provide the theoretical background and a motivation for
the analysis presented in the thesis.

2.1 The Standard Model

The SM [4–6] is a theory that explains how all known matter is built from a few
elementary particles and how these particles interact through the electromagnetic,
the weak and the strong forces. It is formulated as a Quantum Field Theory
(QFT), where particles are introduced as excitations of quantum fields that pervade
space-time. These fields are specific to each type of particle and communicate only
through the exchange of force quanta which in turn are excitations of force fields.

The dynamics and kinematics of a system in QFT are defined by the Lagrangian
which is often constructed based on principles of symmetry. Any QFT must be
invariant under uniform translations of the system in space-time, rotations in space
and Lorentz boosts. These transformations are therefore symmetry operations on

3



4 Chapter 2. Theory and motivation

the system. Each symmetry corresponds to a quantity that is always conserved in
the system. The translational invariance in space and time for example leads to
the laws of conservation of linear momentum and energy.

The symmetries that define the SM are direct products of the global symme-
tries of space-time and the internal gauge symmetry group SU(3)⊗ SU(2)⊗ U(1)
which defines all fundamental interactions. SU(3) describes the strong force and
SU(2)⊗ U(1) describes the unified electroweak interaction. The SM Lagrangian
is required to be invariant under the gauge transformations of these groups. This
results in several additional quantities that are necessarily conserved in the SM and
leads to a set of fundamental conditions of the theory.

The particle content of the SM is summarized in Table 2.1. Leptons and quarks
are the matter particles, the vector bosons mediate the interactions and the scalar
Higgs boson and its associated field explain the origin of mass in the SM. This
section provides an overview of the particles and interactions of the SM. A more
complete review can be found in standard textbooks on the subject, e.g Refer-
ence [7].

Table 2.1. The particle content of the SM including the electric charges in units
of e and the masses. Values are taken from the Particle Data Group Listings [8].
Uncertainties for very precise measurements have been omitted.

Particle Symbol Charge [e] Mass

Electron e −1 0.511 MeV

Electron neutrino νe 0 < 2 eV

Leptons Muon µ −1 106 MeV

(spin 1/2) Muon neutrino νµ 0 < 2 eV

Tau τ −1 1776.86± 0.12 MeV

Tau neutrino ντ 0 < 2 eV

Up u +2/3 2.2+0.6
−0.4 MeV

Down d −1/3 4.7+0.5
−0.4 MeV

Quarks Charm c +2/3 1.28± 0.03 GeV

(spin 1/2) Strange s −1/3 96+8
−4 MeV

Top t +2/3 173.1± 0.6 GeV

Bottom b −1/3 4.18+0.04
−0.03 GeV

Photon γ 0 0

Vector bosons W boson W± ±1 80.385± 0.015 GeV

(spin 1) Z boson Z 0 91.1876± 0.0021 GeV

Gluon g 0 0

Scalar boson Higgs H0 0 125.09± 0.24 GeV

(spin 0)
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2.1.1 Matter

The fundamental constituents of matter are the spin-1/2 fermions which are divided
into quarks and leptons based on their properties. Both exist in three generations,
with two particles and two corresponding antiparticles in each generation. The
antiparticles have the same mass and spin as the particles, but opposite values of
all other quantum numbers.

There are three distinct types, or flavors, of charged leptons; the electron, the
muon and the tau, all carrying charge −1 in units of the elementary charge e1.
Corresponding to these are the antileptons; the positron, the antimuon and the
antitau. The flavors have identical characteristics but differ in masses and lifetimes.
Each charged lepton is paired with a neutral lepton called a neutrino which has a
very small mass. The lepton generations thus consist of the doublets (e, νe), (µ, νµ)
and (τ, ντ ).

Each lepton generation is associated with a lepton number Ll (l = e, µ, τ) which
is conserved in all interactions in the SM2. The lepton number has the value +1 for
the lepton, −1 for the corresponding antilepton and 0 for all other particles. The
charged leptons interact through the electromagnetic and weak forces whereas the
neutrinos only interact through the weak force.

The quarks differ from the leptons in that they carry fractional charge and
couple to the strong force. They exist in six flavors forming the three generations
(u, d), (c, s) and (t, b). Each generation consists of a quark with charge +2/3 and
a quark of charge −1/3, in units of e. The quarks carry a quantum number called
color that the leptons do not possess. Any quark can exist in three different colors;
red, green and blue. Likewise, the antiquarks can exist in the three corresponding
anticolors. Individual quarks are not seen in nature but are always confined to color
neutral bound states called hadrons, a behavior referred to as quark confinement.
The hadrons are subdivided into two categories; mesons consisting of a quark and an
antiquark and baryons or antibaryons consisting of three quarks or three antiquarks.

Each quark has a so-called baryon number B assigned to it, +1/3 for the quarks
and −1/3 for the antiquarks. Consequently, all mesons have B = 0, while baryons
and antibaryons have B = ±1. All leptons have baryon number zero. The total
baryon number is conserved in all interactions. Furthermore, each flavor is asso-
ciated with a quark number which is conserved separately for each flavor in the
electromagnetic and strong interactions.

A general property of all fundamental particles is their tendency to decay into
lighter particles if they are allowed to do so. Whether or not the decay is possible
is dictated by the conservation laws of the SM that permit certain reactions and
forbid others. For instance, the electric charge, the color charge, the overall baryon
number and the individual lepton numbers must be conserved in all interactions.
These conservation laws explain why certain particles are stable. The electron is the
lightest electrically charged particle, so conservation of energy and charge prevents

11 e = 1.602 · 10−19 C
2An exception is neutrino oscillations where conservation of flavor can be violated. However,

this has no measurable effect in any other particle interaction.



6 Chapter 2. Theory and motivation

it from decaying. Likewise, the proton, which consists of the quarks uud, is the
lightest particle with non-zero baryon number and it is therefore stable.

2.1.2 Interactions

There are four fundamental forces in our Universe; the electromagnetic, the weak,
the strong and the gravitational force. Of these, the first three forces are de-
scribed by the SM. The gravitational force is several orders of magnitude weaker
than the three other forces and is not incorporated in the framework. In the SM,
the forces are mediated through the exchange of spin-1 gauge bosons that carry
four-momentum between the interacting particles. The photon mediates the elec-
tromagnetic force, the W± and Z bosons the weak force, and the eight gluons the
strong force. Each force carrier interacts only with particles that carry certain
charges. The electromagnetic interaction couples to all electrically charged parti-
cles, the strong interaction couples to color charge and the weak interaction couples
to weak isospin, an intrinsic property that all fermions in the SM possess.

All forces are characterized by the range over which the interaction can take
place and their coupling constant which determines the strength. The range of the
interaction is inversely proportional to the mass of the force mediating particle.
Forces mediated by massless particles are therefore in principle infinite in range
whereas interactions mediated by massive particles have a finite range.

The electromagnetic interaction is mediated by the massless photon and is there-
fore infinite in range. Its coupling constant α is affected by pairs of virtual quarks
and leptons that contribute to electromagnetic scattering processes. These virtual
particles result in a vacuum polarization that partially screens the bare charge of
the interacting fermions and reduces the strength of the interaction. At short dis-
tances, the screening becomes less efficient. The electromagnetic coupling strength
therefore grows stronger at short distances, or equivalently, at large momentum
transfer. This behavior is referred to as running of the coupling constant.

The weak force is mediated by three massive gauge bosons, the W± and the
Z, and is therefore a short range interaction. Z boson mediated interactions are
called neutral currents and conserve individual quark numbers. The interactions
mediated by the W± bosons are called charged currents. These interactions do not
conserve the individual quark numbers and can therefore change the quark flavor.
Furthermore, all SM fermions exist in left-handed and right-handed chirality states
and these are treated differently by the charged weak interaction. The chirality
is an intrinsic property of the particle. In the massless limit it coincides with the
helicity which the sign of the projection of the spin vector of the particle onto
the momentum vector. A particle is left-handed if the helicity is negative and
right-handed if the helicity is positive. Only left-handed particles and right-handed
antiparticles interact through the charged weak currents.

The strong interaction is mediated by the massless gluons which themselves
also carry color charge. Gluons exist in eight different superpositions of combined
color-anticolor states. The color quantum number permits the gluons to undergo
self-interactions which affects the running of the strong coupling constant. Just like
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the electromagnetic case, virtual pairs of fermions polarize the vacuum, but here
also virtual pairs of gluons contribute. The gluon pairs lead to an antiscreening
effect and the net result is a running opposite to the running of the electromagnetic
coupling constant. The strong interaction thus grows weaker at short distances, or
equivalently, at large momentum transfer. This concept is called asymptotic free-
dom and entails that the strong interaction, in spite of having a massless mediator,
effectively has a short range. As two colored objects move apart, the energy in the
gluonic field between the two objects will increase and a color-neutral combination
will eventually be formed. Gluons and quarks can therefore never be observed as
free particles. An exception is the top quark which decays before it forms bound
states.

2.1.3 Electroweak unification and the Higgs mechanism

In the SM, the electromagnetic and weak forces are unified into one electroweak
interaction described by the gauge symmetry group SU(2)⊗ U(1). The symmetry
group is associated to four fields corresponding to four massless gauge bosons. Three
bosons (W+,W−,W 0), two charged and one neutral, result from the SU(2) sym-
metry and one neutral boson (B0) results from the U(1) symmetry. The observed
photon and the Z boson can be described as mixtures of the neutral electroweak
gauge bosons W 0 and B0. This however means that all three mediators of the weak
force are massless in the theory which is in conflict with experimental observations
where they are found to be massive. The electroweak symmetry must therefore be
a broken symmetry.

The existence of the Higgs field that interacts with the gauge bosons offers an
explanation to the electroweak symmetry breaking. The Higgs field differs from the
other SM fields in its behavior in the vacuum state, which contains no particles of
any kind. In contrast to the other fields, the Higgs field has a non-zero value in the
vacuum and this value is not invariant under a gauge transformation. The symmetry
is therefore broken and the electroweak gauge bosons are no longer required to be
massless. This process is called spontaneous symmetry breaking.

The Higgs field has four components. When the weak gauge bosons interact
with the field, three of these components mix with the weak gauge bosons which
thereby acquire mass. The remaining component of the Higgs field becomes the
Higgs boson. This is a neutral spin-0 boson that interacts with all fermions and
bosons in the SM with a coupling strength proportional to their masses.

2.2 Short-comings of the Standard Model

The SM is a self-consistent theory that accurately describes all current experimental
observations of the particles and the interactions that it includes. There are however
several open questions in particle physics that remain unanswered by the SM and it
is clear that the theory does not provide a complete picture of the Universe. Given
its success at predicting experimental results at the energy scales that have thus
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far been probed, it is likely that the model represents a low-energy approximation
of a more fundamental theory.

There is compelling evidence that the matter which is described by the SM
constitutes a minor part of the total mass in the Universe. The existence of some
hitherto unknown matter type, which is denoted as Dark Matter, was first inferred
from observations of galactic rotation curves [9]. Measurements of the orbital speed
of visible stars and gas as a function of the radial distance to the galactic centers
indicate that there is more mass in the systems than can be accounted for by direct
observations of the galaxies. Studies of the Cosmic Microwave Background further
show that only 4.8 % of the energy content of the Universe consists of regular SM
particles, while 26.8 % consists of Dark Matter [10]. The remainder of the energy
content consists of Dark Energy which is inferred to explain observations of e.g
supernovae showing that the expansion of the Universe accelerates [11]. Perhaps
the most outstanding issue with the SM is that it offers no explanation for Dark
Matter, making new theories beyond the SM necessary.

Another short-coming of the SM is the omission of the gravitational interaction
from the model. The force is well understood at large scales in General Relativity
but there is no satisfactory quantum description of the force. At energies on the
Planck scale at around 1019 GeV, gravity is expected to become comparable in
strength to the SM forces. At this energy the SM must therefore be extended or
replaced with a more complete theory that accounts also for gravity.

Other issues of the SM relate to the formulation of the theory itself and concern
its fine-tuning and naturalness. Both problems can be exemplified in terms of the
Higgs boson mass. There are two contributions to the mass in the SM; the so-
called bare mass term and a term arising from radiative corrections from quantum
loop interactions with fermions and bosons. The corrections are on the order of
the cut-off scale where new physics is expected to change the high-energy behavior
of the model. With the current formulation of the SM, taken as valid up to the
Planck scale, these corrections can grow enormous. The bare Higgs mass in the
SM Lagrangian therefore needs to be fine-tuned in order to cancel out the radiative
corrections in the model. Such an exact tuning without adequate motivation spoils
the naturalness of the theory and suggests that some fundamental component has
been missed.

Besides these issues, the SM includes 26 free parameters that determine the
masses of all the particles and the couplings of the interactions between them. A
common philosophy in physics is that any fundamental theory should consist of a
minimal number of laws and as few free parameters as possible. This inspires the
pursuit of a Grand Unified Theory where the electroweak and strong interactions
are merged into one single force, thereby simplifying the theory. With the current
formulation of the SM, the running of the three gauge couplings is found to nearly,
but not quite, meet at the same point at high energies. This also motivates the
search for a new or extended model that gives more exact unification at high energy
scales.
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2.3 Supersymmetry

SUSY is a theoretical framework that builds on the SM and extends it by proposing
a new symmetry between bosons and fermions. The theory solves many of the short-
comings of the SM and can potentially also explain Dark Matter. This section will
briefly describe the principles of SUSY by focusing on the concepts rather than the
technical implementation of the theory. A more complete review can be found in
Reference [12].

In SUSY, there is a fermionic superpartner for each SM boson and a bosonic
superpartner for each SM fermion. These SUSY particles, or sparticles, have the
same internal quantum numbers as their SM counterparts except for the spin. The
new superpartners of the SM fermions are called sleptons and squarks whereas the
superpartners of the SM bosons are called gauginos.

SUSY is formulated using a superspace where an additional fermionic symmetry
is added to the space-time symmetries of QFT. Rotations of the SUSY Lagrangian
in this extra dimension changes the spin of particles by 1/2. Demanding the La-
grangian to be invariant under such rotations requires the existence of the new set
of sparticles. For an exact SUSY the particles and their superpartners must have
the same mass. This is obviously not realized in nature since such sparticles would
have been found using present-day equipment. If SUSY exists it must therefore
be a broken symmetry. In analogy with the electroweak symmetry breaking, this
would allow the sparticles to differ in mass from their SM counterparts. There are
a number of models that attempt to explain the mechanism of SUSY breaking,
and the details concerning each of these impact the features and phenomenology of
the model. The SUSY extension of the SM that requires the minimum amount of
new particle states and new interactions is the Minimal Supersymmetric Standard
Model (MSSM).

2.3.1 The Minimal Supersymmetric Standard Model

The sparticle content of the MSSM is presented in Table 2.2. In this framework,
all SM fermions are replaced with supermultiplets containing an additional spin-1
boson. Likewise, the SM bosons with spin-1, that is the gluons and the B0,W+,W−

and W 0 before electroweak symmetry breaking, are replaced by supermultiplets
containing an additional spin-1/2 fermion.

The addition of a fermionic superpartner to the Higgs boson, a Higgsino, leads
to anomalies in the electroweak gauge symmetry. Such anomalies are associated
with processes involving loops of particles and lead to divergent integrals in the
theory. The anomalies in the SM cancel out exactly between the contributions to
the loops from the quarks and the leptons. However, in the MSSM the addition
of one Higgsino contributes with extra terms that are not canceled. This issue is
solved in the MSSM by including two Higgs fields with mutually opposite values of
the charges. Just like the SM case, electroweak symmetry breaking results in a loss
of degrees of freedom of these fields. Five of the original eight Higgs states are left,
the lightest of which can be interpreted as the SM Higgs boson. Two neutral states
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Table 2.2. Superpartners of the SM particles in the MSSM.

Particle group Symbol Spin R-parity

Squarks
ũ d̃

0 -1s̃ c̃

t̃ b̃

Sleptons
ẽ ν̃e

0 -1µ̃ ν̃µ
τ̃ ν̃τ

Neutralinos χ̃0
1 χ̃

0
2 χ̃

0
3 χ̃

0
4 1/2 -1

Charginos χ̃±1 χ̃±2 1/2 -1

Gluino g̃ 1/2 -1

and two charged states then remain. On the SUSY side, the neutral Higgsino states
mix with the neutral gaugino states and the charged states mix with the charged
gaugino states. The result is a series of neutral states called neutralinos (χ0

1, χ0
2,

χ0
3, χ0

4) numbered from the lightest to the heaviest and a series of charged states
called charginos (χ±1 , χ±2 ).

The MSSM introduces new interactions between particles and sparticles with
the coupling constants of the electromagnetic, weak and strong interactions being
the same as in the SM. As a general rule, any SM vertex where two particles are
replaced by their sparticle equivalents will be part of the MSSM. Figure 2.1 shows
two examples of MSSM vertices.

g

q̃∗

q̃

l̃

χ̃0
1

l

Figure 2.1. Two example vertices allowed by the MSSM. The symbol q̃∗ denotes
the antiparticle of the squark q̃.

There are several terms appearing in the MSSM Lagrangian that violate baryon
and lepton number conservation. Very strong limits from proton decay experiments
are set on such violations meaning that this has to be solved in the theory. A solu-
tion is to introduce the conservation of a new quantum number, R-parity, defined
as



2.5. Searches for Supersymmetry at the LHC 11

PR = (−1)3(B−L)+2s, (2.1)

where B is the baryon number, L is the lepton number and s is the spin of the
particle. All SM particles have positive R-parity while all sparticles have nega-
tive R-parity. The conservation of R-parity has two important consequences; all
sparticles must be produced in pairs and the lightest SUSY particle must be stable.

2.4 Motivation for Supersymmetry

There are several reasons for SUSY being a favored theory to provide an extension
to the SM. One reason is that the introduction of the new particles can solve the
naturalness problem. In SUSY, loops involving squarks and sfermions contribute to
the Higgs mass with an opposite sign to the SM particles. This makes it possible to
naturally cancel the loop corrections without fine-tuning. The cancellation requires
that the difference in mass between the SM particles and their sparticle counterparts
is not too large, with the limit approximately at the TeV scale.

SUSY models with R-parity conservation also provide an explanation for Dark
Matter. In such models the lightest SUSY particle (LSP) is required to be stable
since it cannot decay into a SM particle without violating the conservation of R-
parity. This particle, provided that it does not interact electromagnetically or
strongly, provides a good candidate for a Dark Matter particle. In the MSSM, the
lightest neutralino is a viable Dark Matter candidate.

Finally, in the MSSM, the matching of the running of the three gauge couplings
at high energies becomes more accurate compared to the result in the SM. With
the addition of SUSY particles with masses at the TeV scale the coupling constants
meet at the grand unification energy of 1016 GeV as shown in Figure 2.2. This can
also be taken as a compelling argument for SUSY.

2.5 Searches for Supersymmetry at the LHC

The LHC, described in Chapter 3, is an accelerator designed to collide protons
at energies at the TeV scale. An important part of its research program is the
search for physics beyond the SM. Several important discoveries in particle physics
have been made at collider experiments. Some examples include the W and Z
bosons [14, 15], the top quark [16, 17] and the Higgs boson [1, 2] which was discov-
ered at the LHC. All these have in common that the existence of the particle was
predicted by the SM before the experimental discovery, together with some impor-
tant features such as the production and decay properties. In the search for physics
beyond the SM, there is less precise guidance from theory, and the task is more
difficult. In R-parity conserving SUSY models, sparticles can be produced in pairs
in proton-proton collisions. Provided that their masses are within the accessible
energy range, supersymmetric particles should therefore be produced at the LHC.
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(a) (b)

Figure 2.2. Running of the strong (α1), electromagnetic (α2) and weak (α3) cou-
pling constants as a function of energy for the SM (a) and the MSSM (b) [13].

The naturalness limit which constrains the sparticle masses to be at the TeV scale
is thus an important motivation for the search for SUSY at the LHC.

2.5.1 Search strategies

The strategy for the search for new physics at the LHC consists in detecting signif-
icant deviations between experimental observations and the SM expectation. This
can be performed in different ways by studying the data from the proton-proton
collisions. A common approach is to define some selection criteria designed to fil-
ter the data in order to increase the probability for observing a new signal. Such
searches are dependent on signal models to determine and optimize the selection.
Simplified models of SUSY, described in Section 2.5.2, are often used for this pur-
pose. The analyses can be carried out as counting experiments or as studies of the
shape of some kinematic variable sensitive to new physics scenarios. In counting
experiments, the number of observed events passing the selection is compared to the
expected yield from SM processes. Analyses studying a kinematic variable instead
aim at establishing a difference between the observed spectrum and the spectrum
predicted by assuming that only SM processes enter the data selection. Both kinds
of analyses are heavily dependent on a precise modeling of the SM backgrounds.
Special care must therefore be taken to validate the accuracy of SM simulations and
oftentimes data is used to predict the shape and normalization of the backgrounds.

At the ATLAS experiment at the LHC, the searches for SUSY are divided
around different production channels, targeting strong, third order and electroweak
production. Strong production includes the production of gluinos and light squarks,
third order includes the production of stop and sbottom squarks, and electroweak
includes the production of sleptons and electroweak gauginos. The predicted cross-
sections for these productions channels are shown in Figure 2.3. Strong production
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has the highest cross-section and gluino and squark pairs are therefore expected to
be the most abundantly produced SUSY particles. When data is collected at the
experiment, the first searches therefore target strong production. With increased
statistics the focus is then shifted to third generation production and eventually
electroweak production. For each production channel several decay mechanisms are
considered which lead to different experimental signatures.

Figure 2.3. Cross-sections for SUSY particle production at the LHC at 8 TeV and
13-14 TeV [18].

2.5.2 Simplified models of Supersymmetry

Direct experimental searches for SUSY exploit the topology of postulated SUSY
signals in order to identify interesting events to study. This approach demands
some knowledge about the processes of interest which usually is achieved through
simulations. The many free parameters in SUSY however make the simulation
difficult and time consuming. The procedure is therefore usually simplified by
searching for a single topology that can be realized in several different SUSY models.
This is done by using a so-called simplified SUSY model.

The simplified models consist of one diagram describing the production of spar-
ticles and their decay. All sparticles not directly involved in the decay process are
effectively decoupled, for example by setting their masses to an energy which is
well beyond the reach of the experiment. The masses of the remaining sparticles
in the simplified process are then free to be tuned directly. This differs from more
complete models which are tuned by changing fundamental constants that affect
the properties of all involved particles. The simplified models therefore allow for a
more model-independent approach.
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Analyses often make use of grids with simulations generated by varying the
masses of the sparticles in a given simplified model. Such grids allow for a fast scan
of the possible signals and for the prediction of the likelihood to detect them in
the experiment. In analyses where the experimental results are in agreement with
the SM prediction, the grids are used to set exclusion limits on the masses of the
sparticles involved in the simplified models.



Chapter 3

Experimental facilities

The Large Hadron Collider (LHC) is the largest and highest-energy particle acceler-
ator in the world. It accelerates and collides particles at energies on the TeV scale,
thereby permitting physicists to explore the nature of physics at very high energies.
This provides a wide range of physics opportunities and allows for precision tests
of the SM as well as searches for physics beyond the SM in an unexplored mass
regime. The ATLAS detector is one of the experiments that observe the particle
collisions at the LHC and is designed to exploit the full discovery potential of the
accelerator.

This chapter introduces the LHC and the ATLAS experiment where the work
presented in this thesis is conducted. The event reconstruction, which is the process
of extracting the physics information from the raw data, and the simulation of the
particle collisions at the LHC are also described.

3.1 The Large Hadron Collider

The LHC [19] is a circular proton and heavy-ion collider operating at CERN. It is
an accelerator with a circumference of 27 km contained in an underground tunnel
on the border between Switzerland and France. The tunnel contains two adjacent
parallel beam pipes kept at ultra-high vacuum. During operation, the pipes contain
proton or heavy-ion beams that circulate in opposite directions around the ring.
The beams are guided around the accelerator ring by 1232 superconducting dipole
magnets producing a strong magnetic field with a design strength of 8.3 T. The
magnets are cooled by liquid helium and are operated at a temperature of 1.9 K.
In addition, a total of 392 quadrupole magnets are used to focus the beams.

The LHC is a synchrotron accelerator. Acceleration is achieved as the beam
repeatedly traverses a number of radio frequency cavities that provide an oscil-
lating longitudinal electric field which gives energy to the particles. In practice
the particles are accelerated in bunches, each bunch being synchronized with the

15
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radio frequency field. The magnetic field that guides the beams is increased syn-
chronously with the energy of the particles. Once the maximum field is achieved,
the coasting beams are brought into collision at four points around the ring. At
these points the beam pipes are intersected, causing the beams to collide almost
head-on.

The work described in this thesis is focused on the proton-proton collisions at
the LHC. Protons are extracted from hydrogen gas and are accelerated in var-
ious steps that successively increase their energy before injection into the LHC.
The chain starts with the linear accelerator Linac2 where the protons are brought
up to an energy of 50 MeV. This is followed by three synchrotron accelerators of
increasing size, the Booster, the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS), where the energy is brought to 1.4 GeV, 25 GeV and 450 GeV,
respectively. Due to the increasing size of the accelerators, several fills from the
preceding accelerator are needed in every step. The exact scheme in which the ac-
celerators are sequentially filled with proton bunches determines the bunch pattern
that is finally obtained in the LHC. An LHC beam can consist of up to 2808 proton
bunches which are spaced in time by 25 ns. The filling scheme must always contain
an abort gap of 3 µs to allow for kicker magnets to ramp up to dump the beam.
A typical LHC fill corresponds to about one hour to prepare the beams and about
ten hours of collisions before the beam is dumped.

The four interaction points at the LHC host the experiments ALICE, ATLAS,
CMS and LHCb that are dedicated to the study of the physical processes that occur
in the collisions. The LHC accelerator complex together with the four detectors are
shown schematically in Figure 3.1. ATLAS and CMS are general-purpose detectors
designed to cover the widest possible range of physics at the LHC. ALICE specializes
in the study of quark-gluon plasma in heavy-ion physics and LHCb in the study
of asymmetries between matter and antimatter through physics associated to the
b-quark.

3.1.1 Luminosity and beam energy

The physics potential of a collider can be quantified in terms of its beam energy and
its luminosity. The beam energy dictates the achievable center-of-mass energy

√
s,

which is the energy available to create new particles in the collisions. For a collider
where two equal beams of energy Eb are made to collide at very small crossing angle,
the center-of-mass energy is given by

√
s = 2Eb. The maximum beam energy that

can be achieved is proportional to the maximum bending dipole magnetic field and
to the ring circumference. For a hadron collider, the total center-of-mass energy is
not available for particle production since the hadrons are composite particles. The
LHC is designed to operate at a proton-proton center-of-mass energy of 14 TeV [19].

Luminosity is essentially a measure of the amount of data that the collider
produces. The instantaneous luminosity is measured in units of cm−2s−1 and is
given by

L =
N2

bnbfγ

4πεnβ∗
F. (3.1)
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Figure 3.1. The LHC accelerator complex [20]. Protons are extracted from hydro-
gen and are accelerated in steps in Linac2, the Booster, the PS and the SPS before
being injected into the LHC. Four main experiments, ALICE, ATLAS, CMS and
LHCb are located around the LHC.

Here, Nb is the number of protons per bunch, nb is the number of bunches, f is
the revolution frequency of the bunches, γ is the Lorentz factor, εn is the normal-
ized transverse beam emittance1, β∗ is the value of the amplitude function at the
interaction point2, and F is a geometrical reduction factor which is related to the
crossing angle between the two beams. As the proton beams circulate and collide,
Nb decreases, producing a falling instantaneous luminosity spectrum. The design
instantaneous luminosity of the LHC is 1 · 1034 cm−2s−1 [19].

The instantaneous luminosity dictates the rate of a given process according to
the equation

L =
1

σ

dN

dt
, (3.2)

where σ is the cross-section and dN/dt is the rate of events of the process. The most
interesting processes for analysis typically have a very small cross-section compared
to the total proton-proton interaction cross-section and will be very rare at the LHC.
A high integrated luminosity,

∫
Ldt, is therefore needed in order to collect sufficient

statistics. The integrated luminosity is measured in units of inverse barn3, b−1,
and is often quoted as a description of the performance of the machine and the
amount of data available for analysis.

1The emittance ε is a measure of the average spread of the beam in position and momentum.
The normalized emittance is given by βLγε where βL and γ are the standard Lorentz factors.

2The amplitude function β is related to the spread of the beam through β = πσ2/ε where σ is
the spread of the bunch in the transverse plane.

31 b = 10−28 m2.
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3.1.2 Phenomenology of proton-proton collisions

A proton is a complex object composed of quarks and gluons that collectively
are called partons. The probabilities for different processes in the proton-proton
interaction depend on the resolution scale which is determined by the squared
four-momentum transfer q2. In a high-q2 proton-proton collision, the fundamental
interaction takes place between two individual partons and not between the whole
protons. Such processes are called hard interactions.

At a proton-proton center-of-mass energy
√
s, the energy available for the hard

interaction is given by
√
sx1x2, where x1 and x2 are the fractions of the total

proton momenta carried by the two interacting partons. The momentum fractions
are described by the Parton Distribution Functions (PDFs) which represent the
probability to find a parton carrying a momentum fraction x at an energy scale
q2. These are probabilistic functions and cannot be calculated from first principles.
Instead, experimentally determined functions are used to model the collisions at
the LHC.

Most physics analyses are interested in the processes and particles resulting
from the hard interactions. The total proton-proton cross-section at the LHC is
however dominated by collisions with low momentum transfer, so-called soft pro-
cesses. Figure 3.2 shows the proton-proton cross-section for many SM processes as
a function of energy, demonstrating how processes involving high-mass objects lie
many orders of magnitude below the total cross-section.

When two proton bunches cross at the LHC, several interactions may take place.
A bunch crossing with all its associated processes that is captured and recorded
by an experiment at the LHC is called an event. In addition to the hard interac-
tion of interest, other constituents of the protons may also interact. These softer
processes contribute to the event and are collectively called the underlying event.
Furthermore, the instantaneous luminosity at the LHC is much larger than the
total proton-proton cross-section. It is therefore very likely that multiple protons
will collide in the same bunch crossing. The multiple interactions are referred to as
pile-up and must be separated from the hard interaction of interest for the physics
analysis. At the LHC design luminosity, around 30 interactions are expected in
each bunch crossing, which poses significant challenges for the reconstruction of
the data.

3.1.3 Operational history

The LHC began its planned research program in the spring of 2010. During its first
research period, Run-1, the accelerator was operated at center-of-mass energies of
7 TeV and 8 TeV and with a bunch spacing of 50 ns. A total of 5.08 fb−1 of 7 TeV
data and 21.7 fb−1 of 8 TeV data was collected by the ATLAS experiment in 2011
and 2012 respectively [22].

In the beginning of 2013, the LHC was shut down to prepare the collider to run
at higher energy and luminosity. The accelerator was reactivated in early 2015,
operating at a center-of-mass energy of 13 TeV and with a bunch spacing of 25 ns.
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Figure 3.2. Proton-proton cross-sections for SM processes as a function of the
center-of-mass energy [21]. The production of jets is described in Section 3.3.
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This marked the start of the LHC Run-2 which is expected to last until the end
of 2018, when a new long upgrade period is planned. During 2015 and 2016 the
ATLAS experiment recorded a total integrated luminosity of 3.9 fb−1 and 35.6 fb−1

respectively [23]. Figure 3.3 shows the average number of interactions per bunch
crossing in 2015 and 2016. The 2015 data is characterized by an average value of
14 interactions while the 2016 data is characterized by 24 interactions [23]. The
analysis presented in this thesis is carried out on the combined 2015 and 2016
proton-proton dataset recorded by ATLAS. A total of 36.1 fb−1 of the data is of
good quality and can be used for analysis.

The operation of the LHC continued in 2017 with increased instantaneous lumi-
nosity and an integrated luminosity amounting to 47.1 fb−1 [23]. Figure 3.4 shows
the integrated luminosity versus day delivered to ATLAS in proton-proton collisions
in Run-1 and Run-2 until the end of the 2017 data taking.
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Figure 3.3. Average number of interactions per bunch crossing weighted by the
integrated luminosity shown for 2015 and 2016 separately, as well as the sum of the
two years [23].

3.2 The ATLAS experiment

The ATLAS experiment is one of two general-purpose detectors at the LHC. It has
a broad physics program ranging from the study of the SM to the search for physics
beyond the SM. This section gives an overview of the ATLAS detector. A complete
description of the ATLAS experiment can be found in Reference [24].

The ATLAS detector is roughly cylindrical, 46 m long and 25 m in diameter,
with the LHC beam pipe as its longitudinal center axis. Figure 3.5 shows the
structure of the detector. It consists of the cylindrical barrel and two endcaps
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Figure 3.4. Integrated luminosity versus day delivered to ATLAS during stable
beams for proton-proton collisions [23].

Figure 3.5. Overview of the ATLAS detector, with labelled subsystems and mag-
nets [24].
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that together cover most of the solid angle around the interaction point. Several
subdetectors form layers at increasing values of the radius in the barrel and at
increasing distance from the center along the longitudinal axis in the endcaps.
Each layer serves a separate purpose in the detection and identification of particles.
Closest to the beam pipe is the Inner Detector (ID) which is designed to precisely
measure the momenta of charged particles and to locate the interaction point. The
ID is submerged in a magnetic field from a solenoid magnet that surrounds it.
Outside the solenoid are the electromagnetic and hadronic calorimeters that are
designed to measure the energy of photons, electrons and hadrons. The outermost
subdetector is the muon spectrometer which identifies muons and measures their
momenta. This system is installed inside and around a set of toroidal magnets.

In the following sections, the coordinate system used in ATLAS is described
and each subsystem is discussed in more detail. The trigger and data acquisition
system is also introduced.

3.2.1 Coordinate system

The coordinate system used in ATLAS is a right-handed system with its origin at
the nominal collision point. Its x-axis points towards the center of the LHC ring,
its y-axis points upwards and its z-axis points along the counter-clockwise beam
direction. In addition, the radius r is measured from the origin in the x-y plane,
the azimuthal angle φ is measured from the positive x-axis in the x-y plane and
the polar angle θ is measured from the positive z-axis.

Since the interacting partons typically carry different fractions of the proton
momenta, the center-of-mass frame of a collision does not necessarily coincide
with the laboratory frame. The momentum distribution of the partons in the
plane transverse to the beam direction is however negligible, which implies that the
center-of-mass frame is only boosted along the beam axis. Particle energies and
momenta measured in ATLAS are therefore quoted in the transverse plane. The
four-momentum of a particle is described in the coordinates (pT, y, φ,m). Here,
φ is the usual azimuthal angle, m the invariant particle mass, pT the transverse
momentum given by

pT = p sin θ, (3.3)

and y the rapidity defined as

y =
1

2
ln

(
E + pz
E − pz

)
, (3.4)

where p is the momentum of the particle. The transverse momentum, the az-
imuthal angle and the mass are invariant under boosts along the z-axis and the
rapidity changes only by an additive constant. The difference in rapidity between
two particles is therefore invariant under boosts along the z-axis.
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Another commonly used quantity is the pseudorapidity η defined as

η = −ln

(
tan

θ

2

)
. (3.5)

This is an approximation of the rapidity in the relativistic limit or for massless
particles. The pseudorapidity is often used to describe the polar angle in ATLAS,
with η = 0 corresponding to the transverse plane.

3.2.2 The magnet systems

ATLAS uses powerful magnetic fields to bend the trajectories of charged particles
in order to provide accurate momentum measurements and charge identification.
The path of a charged particle in a magnetic field is described by a helix with its
axis parallel to the direction of the field. The bending radius of the trajectory
depends on the momentum of the particle and the strength of the magnetic field.
For a uniform field B, the momentum of the particle transverse to the field is given
by

pT = qBr, (3.6)

where q is the charge and r is the bending radius. The ATLAS magnet system
consists of four superconducting magnets; an inner solenoid, a barrel toroid, and two
endcap toroids. These are cooled with liquid helium and are kept at an operating
temperature of about 4.5 K.

The solenoid encloses the ID and provides a uniform 2 T axial magnetic field
that causes the trajectories of charged particles to bend in the transverse plane.
It is important that the solenoid interferes minimally with particles in order to
allow for a high-resolution measurement of their energies in the calorimeters. The
magnet is made of superconducting wire and shares a vacuum chamber with the
electromagnetic calorimeter in order to avoid extra material.

The toroidal magnets consist of eight equally spaced superconducting coils.
These provide an azimuthal magnetic field which causes the trajectories of the
muons to bend in the r-z plane. The magnetic field has a complex structure and is
mapped by magnetic field sensors. In the barrel the field varies between 0.2− 2.5 T
and in the endcap toroids it varies between 0.2− 3.5 T .

3.2.3 The Inner Detector

The ID is composed of three subsystems; the Pixel detector closest to the beam pipe,
the Semiconductor Tracker (SCT), and the outermost Transition Radiation Tracker
(TRT). Figure 3.6 shows all three subsystems in the barrel. The ID measures 6.2 m
in length and 2.1 m in diameter and the coverage extends up to |η| = 2.5 for the
Pixel detector and the SCT and up to |η| = 2.0 for the TRT.

The modules in the various layers in the ID produce an electrical signal, called
a hit, when a charged particle travels through their active material. In the ATLAS
tracking software, which is described in Section 3.3.1, all these hits are considered
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Figure 3.6. Overview of the structure of the barrel of the ID [25].

in order to reconstruct the trajectory of the particle. Several crucial aspects of par-
ticle identification depend on information from the tracking and it is essential to
reconstruct the particle trajectories with very high momentum, angle and position
resolution. At the same time, the ID must be light-weight in order for passing par-
ticles not to lose their energy. It is therefore constructed to take accurate position
measurements so that tracks can be reconstructed using only a few hits. The design
resolution on the transverse momentum of a particle measured in the ID is given
by

σpT
pT

= 0.05 % · pT[GeV]⊕ 1 %. (3.7)

Here, the momentum-dependent term results from the intrinsic resolution on the
measurement points and the constant term results from multiple scattering in the
detector material.

The Pixel detector

The flux of particles is very high close to the interaction point. In order to recon-
struct the individual tracks, a high granularity is therefore needed in the closest
detectors. This is ensured by the silicon pixel sensors that form the inner layers of
the ID.

The pixel modules in the barrel are arranged in four coaxial layers placed at
increasing radius. These are complemented in each endcap by three disks placed
along the longitudinal axis. The design ensures the existence of four measurement
points for each track over the full covered η range. Figure 3.7 shows the exact
positions of the Pixel layers. The innermost layer, called the Insertable B-Layer
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(IBL), was inserted for the LHC Run-2 in order to improve tracking by reducing
the distance between the interaction point and the first layer.

The pixel detector is composed of 2024 silicon pixel modules with a total of
approximately 92 million readout channels. Each module contains several pixels
with a size of 50 µm × 250 µm in the IBL and 50 µm × 400 µm in the other layers,
with the larger side along the z-coordinate. The modules provide a two-dimensional
measurement of the hit position in terms of the r-φ and the z-coordinates.

The pixel sensors are n-type silicon wafers with a depletion voltage applied.
When a charged particle passes through a sensor it produces electron-hole pairs in-
side the material. The electrons then drift in the electric field towards the mounted
read-out system. A hit occurs when the resulting current becomes large enough
to pass a predefined threshold. The charge deposition is typically shared between
adjacent pixels and the relative pulse height allows for a position measurement with
a resolution better than the pixel size. This way, a resolution of about 8 µm×40 µm
is achieved in the IBL and 10 µm× 115 µm in the other three layers.

Figure 3.7. Overiew of one quadrant of the ID in the r-z plane [26]. The pixel
detector is enlarged and the positions of its individual layers are given in mm.

The Semiconductor Tracker

Further away from the interaction point, the density of tracks is lower and silicon
microstrip modules are used instead of pixel modules. The SCT consists of 4088
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modules for a total of approximately 6.3 million readout channels, arranged in four
barrel layers and nine wheels in each endcap.

The barrel modules have a rectangular shape with an area of 64.0 mm×63.6 mm
and a strip pitch of 80 µm, while the endcap modules have a trapezoidal shape with
a strip pitch varying between 56.9 µm and 94.2 µm. In the barrel, the strips run
parallel to the z-axis and in the endcap they run radially. Each module is composed
of two layers of sensors glued back to back with a relative stereo angle of 40 mrad.
This design allows for a position determination with a precision better than the
strip length in the z-coordinate in the barrel and the r-coordinate in the endcap.
The modules provide a two-dimensional measurement point with a resolution of
17 µm in the r-φ coordinate and 580 µm in the z-coordinate in the barrel and in
the radial coordinate in the endcap. Depending on where in η and φ a given track
goes though the SCT, between four and nine hits are provided.

The Transition Radiation Tracker

The TRT is the outermost of the ID subdetectors and uses a classical technique
for detecting charged particles. It is made of approximately 351,000 straws filled
with a Xe-based gas mixture and a gold plated tungsten wire as anode. When the
straws are traversed by a charged particle the gas is ionized and a voltage causes the
free electrons to move towards the anode. The acceleration of the electrons causes
further ionization close to the anode and an avalanche of electrons develops which
generates a signal on the wire. A position measurement is achieved by converting
the electron drift time to the wire to a distance.

The straw tubes are 4 mm in diameter and are organized in modules interleaved
with polypropylene fibers in the barrel and foils in the endcaps. The barrel consists
of 73 modules with tubes arranged along the z-axis and the endcaps consists of 160
layers with radially arranged tubes. On average, 36 one-dimensional measurement
points with a resolution of 130 µm in the r-φ coordinate are provided.

In addition to the tracking, the TRT can also provide particle identification.
Particles passing through the TRT produce transition radiation as they traverse
the dielectric material embedding the tubes. The amount of transition radiation
is proportional to the Lorentz boost factor γ = E/m of the particle and leads to
an increased signal. All signals are therefore discriminated against two adjustable
low- and high-thresholds and the amount of high-threshold hits along the track is
counted. This provides discrimination power for separating electrons from other
heavier charged particles.

3.2.4 The calorimeters

The calorimeter system consists of the electromagnetic calorimeter designed to ab-
sorb electrons and photons, the hadronic calorimeter designed to absorb hadrons,
and an additional forward calorimeter that extend the coverage at large pseudora-
pidity. When these particles pass through the calorimeter material they create a
shower of secondary particles which is used to measure their energy. The showers



3.2. The ATLAS experiment 27

created by electrons and photons are fully contained within the electromagnetic
calorimeter. Hadrons deposit some energy in the electromagnetic calorimeter but
are not fully stopped until they reach the hadronic calorimeter. Both systems are
sampling detectors in which absorbers, where the shower of secondary particles
is initiated, are interleaved with layers of an active detector material measuring
the energy. The calorimeters are separated in barrel, endcap and forward struc-
tures covering a pseudorapidity region up to |η| = 4.9. Figure 3.8 shows the full
calorimeter system.

Figure 3.8. Overview of the calorimeter system of the ATLAS detector [24].

The electromagnetic calorimeter

The electromagnetic calorimeter consists of one barrel part and two endcaps where
Liquid Argon (LAr) is used as the active material and lead as the absorber. A
basic unit consists of a LAr filled gap between two parallel lead plates. The lead
is structured symmetrically around the z-axis in an accordion shape. This design
allows for full azimuthal coverage and assures that particles pass through the same
amount of material in all φ-directions.

When a photon or an electron traverses the calorimeter it will interact with the
material leading to photon conversions into electron-positron pairs and bremsstrahlung
where electrons radiate off photons. This creates a shower of electrons and photons.
The size of the shower is determined by the radiation length X0 of the material.
Both bremsstrahlung and pair-production have a cross-section proportional to the
atomic number Z of the material and the shower therefore develops predominantly
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in the lead. The electrons in the shower ionize the argon and an electric signal is
created by the drift of ionization electrons towards an anode readout electrode.

The barrel covers up to |η| = 1.475 and consists of three layers with various
thickness. Its first layer is around 4 X0 deep at |η| = 0 and has a very fine seg-
mentation in η. This provides precise energy measurements that are used for the
identification of electrons and photons. The middle layer is 16 X0 deep and ab-
sorbs most of the electromagnetic shower while the third layer is 2 X0 deep and is
designed to collect the tail of the shower.

Each endcap module consists of two co-axial wheels. The outermost wheel covers
up to |η| = 2.5 and consists of three layers with similar thickness and design as the
barrel layers. This allows for precise energy measurements over the range covered
by the ID. The innermost wheel covers up to |η| = 3.2 and consists of two layers
with coarser granularity.

The design energy resolution of the electromagnetic calorimeter is given by

σE
E

=
10 %√
E[GeV]

⊕ 0.7 %. (3.8)

Here, the energy-dependent term results from statistical fluctuations in the electro-
magnetic showering and the constant term represents the intrinsic detector resolu-
tion.

The hadronic calorimeter

The hadronic calorimeter consists of the Tile sampling calorimeter in the barrel
and the LAr Hadronic Endcap Calorimeter (HEC). These use different technologies
motivated by the physics performance requirements as a function of the pseudora-
pidity. The development of the hadronic showers is considerably different from the
development of the electromagnetic showers. Several different processes contribute
to the production of secondary hadrons. The scale of the shower is determined by
the nuclear absorption length λ which is larger than the radiation length.

The Tile calorimeter consists of a central barrel structure and two extended
barrels that together cover up to |η| = 1.7. It is composed of a steel absorber
interleaved with scintillating plastic tiles as active material. Photomultiplier tubes
measure the light emitted from the scintillators and produce the readout signal.
The total depth corresponds to 7.4λ in both the central and extended barrels.

The HEC is made of two independent wheels covering the region 1.5 < |η| < 3.2.
These consist of absorbing copper plates interleaved with LAr as active material.
The design energy resolution of the Tile sampling calorimeter and the HEC is given
by

σE
E

=
50 %√
E[GeV]

⊕ 3 %. (3.9)
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The Forward Calorimeter

The Forward Calorimeter (FCal) serves as an extension of the electromagnetic and
hadronic calorimeters into the region 3.2 < |η| < 4.9. It is composed of two endcaps
made of three modules each. The first uses copper as absorber and is optimized
for precise electromagnetic energy deposit measurements, while the other two use
tungsten and are optimized for hadronic interactions. All three modules use LAr
as active material and the total depth of each endcap is about 10λ. The design
energy resolution of the FCal is given by

σE
E

=
100 %√
E[GeV]

⊕ 10 %. (3.10)

3.2.5 The muon spectrometer

The muon spectrometer is the outermost and largest subdetector in ATLAS, reach-
ing from 5 m to 11 m in radius. It is used to identify muons which are the only
charged particles that pass all other detector layers without being absorbed. The
muon system uses chambers with different types of detectors organized in three lay-
ers in the barrel and three layers in the endcaps. This provides three measurement
points that are used to reconstruct the trajectory of the muon. Figure 3.9 shows
a schematic view of the system. For a muon reconstructed only with information
from the muon system the design pT resolution is 10 % at 1 TeV.

Figure 3.9. Overview of the muon system of the ATLAS detector [24].
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The majority of the muon system consists of Monitored Drift Tube (MDT)
chambers that cover the range up to |η| = 2.7 and are responsible for the precision
tracking. These consist of aluminum tubes filled with an Ar-based gas mixture.
When a muon passes through the gas it ionizes the atoms, thus creating electron-
ion pairs. The electrons drift under the influence of an applied electric field and are
collected at a thin anode wire producing the read-out signal. A chamber consists
of between three to eight layers of tubes to improve the accuracy. The chambers
provide a two-dimensional measurement in the bending plane of the muons with
an average resolution of 35 µm. At large pseudorapidity, between 2.0 < |η| < 2.7
where the flux of particles is higher, the MDTs in the innermost layer are replaced
by Cathode Strip Chambers (CSCs). In these chambers, closely spaced anode wires
are stretched between two cathodes and the ionization electrons drift towards the
closest wire. The CSC chambers provide a three-dimensional measurement point
with a resolution of 40 µm in the bending plane and 5 mm in the azimuthal plane.

In order to get a fast signal for triggering, Resistive Plate Chambers (RPCs)
are installed in the barrel up to |η| = 1.05 and Thin Gap Chambers (TGCs) are
installed in the endcaps between 1.05 < |η| < 2.4. The RPCs are parallel-plate
gaseous detectors that combine an adequate position resolution with a very fast
response time. The TGCs are based on a multi-wire technology and have a small
cathode-anode distance in order to give a very fast timing information. Both sys-
tems also provide a three-dimensional measurement point used to complement the
information from the MDTs in the azimuthal plane.

3.2.6 Trigger and data acquisition

With a collision frequency of 40 MHz and around 30 interactions per bunch crossing,
huge amounts of data are produced every second at the LHC. It is impossible to
fully process and store all the information at the rate dictated by the collision
frequency. For every event, a fast decision must be taken, determining whether or
not it should be kept for analysis. One of the most important aspects of ATLAS
is therefore the trigger and data acquisition systems, which make the online event
selection and handle the readout of the data for the selected events.

In ATLAS, the trigger system is composed of two steps, the Level-1 Trigger (L1)
and the High-Level Trigger (HLT). The L1 holds all the data from each crossing
in buffers while using low-granularity information from dedicated subsystems in
the calorimeters and the muon system to search for high-pT physics objects and
events with large momentum imbalance in the transverse plane. This first step is
completed in about 2.5 µs, and reduces the event rate down to 100 kHz. The L1
calculations are done on custom built hardware placed underground next to the
detector cavern.

If an event is selected by the L1, so-called Regions of Interest (ROIs) in η and φ
that contain the interesting activity are passed on to the HLT. The reduced event
rate allows for a more detailed analysis and more complex calculations. A software-
based system performs a partial event reconstruction on the available data in the
ROI with full granularity and with information from the ID included. This step
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reduces the event rate further down to 3.5 kHz with a latency of 40 ms. The final
step in the HLT employs an event filter with simplified versions of the software
used for off-line event reconstruction and runs on ordinary computers. In this step
the event rate is further reduced to about 1 kHz. Events that are selected are sent
for full reconstruction at the CERN on-site computing center called Tier-0. The
reconstructed data is then distributed to computing centers around the world and
is available for analysis.

The decisions taken by the trigger chain are steered by a predefined trigger
menu that specifies all types of events to be kept for analysis. At different levels
in the trigger chain so-called prescales may be applied to the data. Event types
that occur very frequently, such that it would require too much of the total trigger
bandwidth to record all events passing a given threshold, are then only recorded a
fraction of the rate.

The ATLAS data-taking during an LHC fill is split into so-called Luminosity
Blocks (LBs) which are small sections of time, typically 60 s, where the instanta-
neous luminosity is approximated to be constant. Data events within a LB are
recorded with the same triggers and under the same detector conditions. The data
used for analysis is subject to off-line quality criteria which require all reconstructed
physics objects to be of good data quality. LBs where essential detector components
were malfunctioning during data taking might therefore not be used.

3.3 Event reconstruction

The particles that are produced in the proton-proton collisions at the LHC travel
through the ATLAS detector leaving different signatures in the various subsystems.
This raw information in the form of digitized detector signals, must be combined and
processed in order to identify the particles and to measure their physical properties.
The process of constructing physics objects, such as electrons and muons, from the
raw data is referred to as event reconstruction.

The SM particles that are long-lived enough to travel through the detector
are photons, electrons, muons, neutrinos and some hadrons. All other particles
decay in the detector and are inferred from measurements of their decay products.
Individual quarks and gluons cannot be observed as free particles. When high-
energy quarks and gluons are produced they undergo a process called fragmentation.
In this process they first radiate additional colored particles. This is called parton
showering and repeats until the energies of the particles reach the scale of hadronic
masses. The particles then hadronize, forming colorless composite particles that
can propagate without interacting strongly. As a result, a narrow cone of particles
is formed around the direction of the original object. This spray of hadrons is called
a jet and can be observed and measured in ATLAS.

The ATLAS detector is designed to produce a unique signature for each kind
of particle by combining information from the various subsystems, as shown in
Figure 3.10. All charged particles leave hits in the ID which are used to form
tracks that describe their trajectories. The tracks can then be used to form vertices



32 Chapter 3. Experimental facilities

that represent the points in space where the proton-proton interactions took place.
Electrons are identified from a track in the ID and a shower in the electromagnetic
calorimeter. Photons also leave showers in the electromagnetic calorimeter but can
be discriminated from electrons by combining calorimeter information with infor-
mation from the ID. Hadrons leave a track in the ID if they are charged and also
deposit some energy in the electromagnetic calorimeter but typically leave most of
their energy in the hadronic calorimeter. This allows for hadrons to be distinguished
from electrons and photons. Muons leave traces in the ID and the calorimeters,
but they are the only charged particles that penetrate all inner subsystems without
being completely absorbed. A signature in the muon spectrometer therefore indi-
cates the presence of a muon. Jets leave energy deposits in the calorimeters and
collimated tracks in the ID. Neutrinos cannot be detected, since they only interact
weakly, but their presence among the final state particles can be inferred from the
missing transverse momentum which quantifies the momentum imbalance in the
transverse plane.

Figure 3.10. A slice of the ATLAS detector with the signatures of different parti-
cles. Image credit: CERN.

The following sections describe the ATLAS tracking and vertexing procedures,
the identification and reconstruction of electrons, photons, muons and jets, and the
definition and computation of the missing transverse momentum.
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3.3.1 Tracking and vertexing

Track reconstruction

Track reconstruction refers to the process of using the hits in the ID layers to
obtain estimates for the momentum and position of the charged particles giving
rise to the hits. In general, five parameters are needed to describe the helical
trajectory of a charged particle in a magnetic field; two coordinates for the origin
of the trajectory, the angles of emission, and the radius of curvature in the magnetic
field. The representation used by ATLAS is given by

τ = (d0, z0, φ0, θ, q/p) . (3.11)

Here, d0 and z0 are the projections of the distance of closest approach to a chosen
reference point in the transverse plane and along the z-axis, respectively. The
angles φ0 and θ are the polar angles of the track at the point of closest approach
to the reference point. In the track reconstruction procedure, the reference point is
taken as the nominal interaction point. Finally, the curvature is described by q/p,
the ratio of the particle charge to the particle momentum.

The basic idea of the track reconstruction is to propagate the helix parameters
layer by layer and fitting them to the hits. When a particle travels through the
ID it ionizes the atoms in the material and thereby loses energy. This effect must
be taken into account in the track reconstruction as well as any inhomogeneities
in the magnetic field. The information needed at each layer therefore includes the
location and uncertainty of the detected hits, the amount of material crossed and
a map of the magnetic field in the tracker.

Track reconstruction in ATLAS starts in the silicon detectors with the identifi-
cation of so-called seeds corresponding to triplets of hits. The seeds are propagated
outwards and hits compatible with the extrapolation are associated to the track
using a Kalman filter technique [27, 28]. This is an efficient mathematical method
to estimate the state of a dynamic system from a series of measurements and their
corresponding uncertainties. In the track reconstruction, the state is characterized
by the helix parameters and is iteratively estimated from the set of hits. For ev-
ery ID layer, the state is updated with the best estimation compatible with the
detected hits. The parameters are updated using a weighted average, with more
weight given to estimates with high certainty. Eventually, the final helix param-
eters and the covariance matrix describing their correlations and their errors are
produced by a χ2 fit to all associated hits.

At the first stage very loose quality criteria are applied to the tracks and in-
dividual hits can be associated with several track candidates. This is solved by
a scoring algorithm that weighs the tracks according to their χ2, the number of
layers where the tracks lack hits and the amount of shared hits associated to them.
Tracks that are kept are extended into the TRT with a new Kalman fit.
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Primary vertex reconstruction

The reconstructed tracks are used to reconstruct the points in space where the
proton-proton interactions took place. These points are called primary vertices
and are effectively found by looking for points where at least two tracks intersect
close to the beam axis. The primary vertex for which the sum of the pT of the
associated tracks is the highest is often referred to as the hard interaction vertex.
Other vertices are associated to pile-up interactions. The reconstruction of primary
vertices is therefore essential for the separation of the hard interaction of interest
for analysis from additional pile-up interactions. When tracks are associated to
primary vertices their track parameters are recomputed and expressed using the
vertex position as the reference point. The reconstructed primary vertices are also
combined together to produce the so-called beam-spot. This is the region in the
detector where the proton-proton interactions between the two beams take place.

3.3.2 Object identification and reconstruction

Electrons and photons

The reconstruction of electrons and photons begins with the identification of energy
deposits in the electromagnetic calorimeter. Collections of adjacent calorimeter
cells with an energy deposit larger than a predefined threshold form so-called seed
clusters. These are then combined with information from the tracking system in
order to discriminate between the electrons and photons.

For electron reconstruction, the seed clusters are matched to ID tracks. This
is done by extrapolating each track to the middle layer of the calorimeter and
identifying nearby clusters. A cluster is required to match the track in both position
and momentum. The pT of central electrons is determined though a combination
of the calorimeter energy measurement and the track measurement, while the η
and φ are taken entirely from the track. In the forward region where the ID lacks
coverage, the electron energy is determined with reduced precision and the center
of the cluster is used to determine the angular coordinates of the electron.

The quality of the reconstructed electron candidate is assessed using an al-
gorithm that assigns a likelihood that the candidate is a true electron. This is
based on input from different variables including track quality and cluster shape.
The electrons are classified as Loose, Medium or Tight which correspond to dif-
ferent likelihood cuts. A tighter category corresponds to a higher purity, or lower
misidentification rate, but also to a lower identification efficiency.

Photons can either pass through the ID without interacting, or convert into an
electron-positron pair in the ID material. In the first case the signature will consist
only of the shower in the electromagnetic calorimeter. Any seed cluster without
an associated track is therefore identified as an unconverted photon. In the second
case the signature consists of two tracks in the ID in addition to the electromagnetic
showers. Seed clusters matched to two oppositely charged tracks that can be fit to
a conversion vertex are therefore associated to converted photons.
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Muons

Muons are reconstructed by combining information from the muon spectrometer
with information from the ID and in some cases also with information from the
calorimeters. The nominal reconstruction method forms so-called combined muons
by matching tracks in the muon detector with tracks in the ID. Tracks are first
reconstructed independently in the ID and in the muon spectrometer and matching
tracks are then combined with an overall track fit.

While the combined muons have the highest purity, three other types of muons
are also used in ATLAS; stand-alone, segment-tagged and calorimeter-tagged muons.
Stand-alone muons are formed by muon system tracks extrapolated to the beam
line with energy losses and multiple scattering in the calorimeters taken into ac-
count. This algorithm is mainly used in the 2.5 < |η| < 2.7 region where the ID
lacks coverage. Segment-tagged muons are reconstructed starting from tracks in the
ID and looking for matching track segments in the first muon system layer. These
muons recover inefficiencies for low-pT muons that might lose all their energy before
passing through all muon system layers. Calorimeter-tagged muons are built from
ID tracks matched to a calorimeter energy deposit compatible with a muon. This
algorithm is used at |η| ∼ 0 where the muon system lacks coverage.

The reconstructed muons are subject to different quality criteria and are cate-
gorized as Loose, Medium, Tight and High-pT. These selections are defined to cope
with various analysis requirements. One of the key variables for their discrimina-
tion is the q/p significance, which quantifies the consistency between the ID and
muon system measurements of the momentum. Another important discriminator is
the χ2 of the combined fit. The Medium selection is the default and uses combined
muons in the central part complemented by stand-alone muons above |η| = 2.5.

Jets

Jets are complicated objects to reconstruct since they consist of many hadronic
particles. Several algorithms can be used to collect calorimeter energy deposits
to form jets and the characteristics of the jets are heavily algorithm-dependent.
The standard jet reconstruction algorithm used in ATLAS is called anti-kt [29]. It
begins with clusters in the calorimeter defined by topologically connected cells with
energy deposits significantly higher than the noise background. The clusters are
merged into jets by considering their transverse momenta and their separation in
terms of the distance measure

dij = min
(
p−2T,i, p

−2
T,j

) ∆R2
ij

D2
. (3.12)

Here, pT,i and pT,j are the transverse momenta associated to two clusters, ∆Rij is
their angular separation, and D is an arbitrary distance parameter. The algorithm
starts by taking the cluster with the highest pT as seed cluster i and computes the
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distance dij to the closest cluster j. This is compared to a second distance measure
given by

diB = p−2T,i, (3.13)

which quantifies the distance from the seed to the beam axis. If the distance dij is
smaller than the distance diB , the two clusters are merged into a new cluster which
takes the role as seed. Otherwise the seed i is called a jet and its associated clusters
are removed from the collection. The clustering process continues until all clusters
are associated with a jet.

In the anti-kt algorithm, the inverse dependence on the pT produces jets which
are conical in shape and have energetic cores and softer edges. The distance pa-
rameter D defines the size of the cone and the minimum distance between two jets.
It is commonly set to 0.4. The anti-kt algorithm is infrared and collinear safe which
means that radiation of soft and collinear particles do not alter the reconstruction
of the jet.

The energies of the jets are measured from the associated calorimeter energy
deposits and are calibrated to account for energy losses in the calorimeter, for
leakage of energy from the jet out of the calorimeter and for additional energy
due to pile-up. This is done using correction functions measured in data and MC,
parametrized in the pseudorapidity and the transverse momentum of the jets.

The jet reconstruction algorithm cannot identify which type of parton initiated
the jet. In the case of jets containing b-hadrons these can be identified using tracking
information in a process referred to as b-tagging. Due to the long lifetime of the
b-quark, the b-hadrons typically have a decay length of a few millimeters. This is
long enough to reconstruct a secondary vertex that can be used to identify them.

3.3.3 Missing transverse momentum

The ATLAS experiment is designed to infer the presence of particles that do not
give a signature in the detector through the missing transverse momentum. This
quantity is defined as the negative vectorial sum of the transverse momenta of all
reconstructed particles and detector energy deposits in a given event,

Emiss
T = −

[∑
pjet
T +

∑
pelectron
T +

∑
pmuon
T +

∑
pphoton
T +

∑
psoft
T

]
. (3.14)

Here, the so-called soft term
∑

psoft
T includes all energy deposits that are not asso-

ciated to the reconstructed jets, electrons, muons and photons. Since the colliding
partons have negligible transverse momentum, the sum of all end product momenta
in the transverse plane must be zero. Any missing transverse momentum can there-
fore be attributed to invisible particles.

Object selections can vary between different analyses and so will the missing
transverse momentum accordingly. The soft term can be calculated based either on
calorimeter or track measurements. A track-based soft term is more robust against
pile-up since the tracking information can be used to separate the additional vertices
from the hard interaction vertex.
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3.4 Event simulation

Most analyses carried out on the data collected in ATLAS depend on simulations of
the proton-proton collisions. The simulations are used for background estimation,
for validation of analysis techniques, for optimization of event selections and for
interpretation of analysis results. Events at the LHC are simulated using Monte
Carlo (MC) event generators. These are computational algorithms that rely on
repeated random sampling to determine the probabilistic result of a particle inter-
action. The proton-proton collisions are complex interactions and the simulation is
broken down into several smaller steps.

In the first step, the energies of the interacting partons are determined. This
step relies on experimentally determined PDFs. Next is the modeling of the hard
interaction between the two partons. This is accomplished by assigning a final state
to each event based on the cross-sections for the selected processes. Technically, the
cross-section is determined from the matrix element which describes the probability
to go from an initial to a final state with particular kinematic properties. It is
computed as a perturbation series where each term represents a possible process
producing the given final state. The leading order terms correspond to Feynman
diagrams at tree level while the higher orders correspond to diagrams involving
loops. In general the terms become smaller and smaller with increasing order. To
save computation time, the matrix element is often computed including only the
leading order (LO) and next-to-leading order (NLO) terms. Finally, the output
from the hard interaction is passed to the next step, where parton showering and
hadronization are modeled.

There are many different generators which all have different strengths. Some
generators can perform all of the above steps and some must be interfaced with
other generators in order to provide the full functionality needed to simulate the
events. For each physics process of interest the generator which best describes the
experimental observation is typically selected for use in the analyses. Different
physics processes may therefore be simulated using different generators. The gen-
erators can also be tuned by varying parameters in the generation to create outputs
that most closely match the experimental data.

In order to simulate the multiple pile-up interactions in each bunch crossing,
events called minimum bias are overlaid on the hard interaction. These are gener-
ated to match the overall production of the LHC collisions. The underlying event
is also simulated separately.

The final collection of particles from the generator must eventually be converted
into signals in the ATLAS detector. Their interactions in the various detector
subsystems are simulated in a software called GEANT4 [30] which models the
detector material and the magnetic fields. Following the simulation of the signals
left in the ATLAS detector a dedicated simulation of the detector response to these
signals is carried out. This step is referred to as digitization and results in simulated
raw detector data that is suitable for reconstruction.
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Chapter 4

The search for
Supersymmetry

This chapter presents one of the searches for strongly produced SUSY conducted
with the ATLAS experiment in the beginning of Run-2. The analysis searches
for squarks and gluinos produced at the LHC in final states containing two same-
flavor opposite-sign (SFOS) leptons, jets and missing transverse momentum. It is
conducted on the 36.1 fb−1 proton-proton dataset collected by ATLAS in 2015 and
2016. In this chapter the full analysis is presented with a focus on the motivation,
the analysis strategy and the background estimation techniques. The estimate of
the so-called flavor-symmetric backgrounds is the author’s main contribution to the
analysis and is described separately in Chapter 5.

4.1 Analysis overview

Pairs of SFOS leptons can be produced in the cascade decay of squarks and gluinos
through several mechanisms. This analysis considers pair-produced squarks or
gluinos decaying into the second lightest neutralino which further decays into two
leptons and the lightest neutralino. The exact nature of the χ̃0

2 decay depends on
the mass difference ∆mχ ≡ mχ̃0

2
−mχ̃0

1
between the two neutralinos and will affect

the kinematics of the leptons in the final state. This analysis uses the invariant
mass spectrum of the two leptons to characterize the decay process. It is divided
into two searches; the on-Z search and the edge search.

The on-Z search targets signal scenarios where the mass splitting is larger than
the mass of the Z boson, ∆mχ > mZ . In this case, the SFOS lepton pair can be
produced from an on-shell Z boson in the decay

χ̃0
2 → Zχ̃0

1 → `+`−χ̃0
1. (4.1)

This process is characterized by a peak in the dilepton invariant mass distribution
close to the mass of the Z boson.
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Figure 4.1. Typical invariant mass spectra for three example signal models for the
on-shell Z boson, off-shell Z boson and the slepton decays considered in the analysis.
The signal models used in the analysis are further explained in Section 4.2. Events
are selected in the ee+ µµ channel using the preselection detailed in Section 4.7.2.

The edge search considers two signal scenarios. In the first case, the mass
splitting is smaller than the Z boson mass, ∆mχ < mZ . The SFOS leptons can
then be produced through an off-shell Z boson in the decay

χ̃0
2 → Z∗χ̃0

1 → `+`−χ̃0
1. (4.2)

This process leads to an invariant mass spectrum that is rising up to a kinematic
endpoint, given by mmax

`` = ∆mχ, below the Z boson mass peak. The second
scenario considers the production of sleptons through the decay

χ̃0
2 → ˜̀±`∓ → `+`−χ̃0

1. (4.3)

Such decays are allowed if the masses of the sleptons are lower than the χ̃0
2 mass

and lead to an invariant mass spectrum with a kinematic endpoint given by

mmax
`` =

√
(m2

χ̃0
2
−m2

˜̀)(m
2
˜̀−m2

χ̃0
1
)/m2

˜̀, (4.4)

that may occur at any position in the spectrum. The typical shapes of the invariant
mass spectra for the on-Z and the two edge signal scenarios are shown in Figure 4.1

The pair-produced gluinos or squarks have a high mass and decay into neutrali-
nos together with jets. All considered models are expected to contain at least two
jets. Furthermore, the models considered conserve R-parity which means that the
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LSP, taken as the χ̃0
1, is stable and escapes the ATLAS detector leaving missing

transverse momentum in the final state. Since the SUSY particles are expected to
be heavy, both the jet energies and the Emiss

T are expected to be large compared
to SM processes. Events selected in this analysis are therefore required to contain
an opposite-sign electron or muon pair, two or more highly energetic jets and large
Emiss

T in the final state. The on-Z search is performed as a counting analysis in
the mass window of the Z boson whereas the edge search is carried out across
the full invariant dilepton mass spectrum above 12 GeV. A complementary edge
search targeting compressed scenarios where ∆mχ is very small is also performed
in ATLAS but will not be described here.

Searches for SUSY in final states with a SFOS lepton pair have previously been
performed by ATLAS at 8 TeV and 13 TeV. The on-Z search at 8 TeV observed an
excess of events above the SM background with a significance of 3σ [31]. In order
to further assess the excess, the event selection criteria were kept almost identical
when the search was first repeated with early Run-2 data. A total of 14.7 fb−1 of
13 TeV data was analyzed and no excess was seen in the on-Z signal region [3]. The
analysis presented in this thesis is performed on a larger dataset and includes new
signal regions, where the on-Z part has been optimized for 13 TeV data for the first
time.

4.2 Signal models

The analysis uses simplified SUSY models to optimize the signal regions and to in-
terpret the results. Several models are considered which involve the pair-production
of either squarks or gluinos. Table 4.1 summarizes the models and the grids used
in the analysis.

Table 4.1. Summary of the signal model topologies used in the analysis. Here
x and y denote the x-y plane across which the signal model masses are varied to
construct the signal grid.

Model g̃g̃/q̃q̃ Quark flavors m(g̃/q̃) m(χ̃0
2) m(χ̃0

1)

g̃–χ̃0
2 on-Z g̃g̃ u, d, c, s x y 1 GeV

g̃–χ̃0
1 on-Z g̃g̃ u, d, c, s x m(χ̃0

1) + 100 GeV y

q̃–χ̃0
2 on-Z q̃q̃ u, d, c, s x y 1 GeV

Z(∗) g̃g̃ u, d, c, s, b x [m(g̃) +m(χ̃0
1)]/2 y

slepton g̃g̃ u, d, c, s, b x [m(g̃) +m(χ̃0
1)]/2 y

The on-Z search considers three different signal models which all result in two
on-shell Z bosons. Two of the models, one with gluino and one with squark pair-
production, have the χ̃0

1 mass set to 1 GeV in order to target SUSY scenarios with a
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Figure 4.2. Decay topologies for the signal models involving squark (a) and
gluino (b) pair-production considered for the on-Z search.
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Figure 4.3. Decay topologies for the Z(∗) (a) and slepton (b) signal models con-
sidered for the edge search.

low-mass LSP. For these models a grid is generated by varying the gluino or squark
mass and the χ̃0

2 mass. In the third model the χ̃0
2 mass is set to be 100 GeV above

the χ̃0
1 mass in order to target scenarios with higher-mass LSPs while still allowing

decays into on-shell Z bosons. For this model the grid is generated by varying the
gluino and the χ̃0

1 mass. The decay topologies of the on-Z signal models with gluino
and squark production are shown in Figure 4.2.

The edge search considers two signal models, referred to as the Z(∗) and the
slepton model, which both target gluino pair-production. Figure 4.3 shows the
decay topologies. The Z(∗) model can result in either on-shell or off-shell Z bosons
depending on the mass splitting between the neutralinos in the decay. In the slepton
model, the decays χ̃0

2 → ˜̀∓`± and χ̃0
2 → ν̃ν are equally probable. For both edge

models, a grid is generated by varying the gluino and the χ̃0
1 mass with the mass of

the χ̃0
2 set to the average of the gluino and χ̃0

1 masses. This mass splitting maximizes
the difference between the two-step decay in the models considered here to decays
that only involve one intermediate particle between the gluinos and the LSP [32].
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4.3 Standard Model backgrounds

There are several SM processes that can mimic the signals targeted by the analysis.
In order to design the analysis to have a high sensitivity for the considered signal
models it is essential to first understand the details and kinematic properties of
these backgrounds.

The largest background results from production of top-antitop quark pairs, tt̄.
An example process is shown in Figure 4.4. The decay results in two jets, two
opposite-sign leptons and a neutrino which naturally provides missing transverse
momentum. Other processes with lower cross-section that produce the same signa-
ture are Wt and WW production as well as Z bosons decaying as Z → ττ . In all
these processes the two leptons in the final state result from two independent de-
cays and their flavors are uncorrelated. The rate of produced ee, µµ and eµ events
should therefore follow a 1 : 1 : 2 ratio. These backgrounds are referred to as the
“flavor-symmetric” processes and constitute ∼ 50− 80 % of the total background
in the analysis signal regions described in Section 4.7.4.

b̄

t

t̄

b

W+

W−

g

g

ν̄`

`−

`+

ν`

Figure 4.4. Example Feynman diagram for tt̄ production and decay.

Direct production of WZ and ZZ can also give rise to final states similar to the
signals. These processes have lower cross-sections than tt̄ production and constitute
the second largest background. The processes are referred to as the diboson back-
ground and are exemplified in Figure 4.5. The diagram in Figure 4.5(a) shows the
production of two Z bosons where one decays into two SFOS leptons and the other
into two neutrinos that provide the Emiss

T . Figure 4.5(b) shows the production of a
Z and a W boson. The Z boson decays into two SFOS and the W boson decays into
another lepton and a neutrino that provides the Emiss

T . The diboson processes can
mimic the signal if they are produced together with jets from initial state radiation
(ISR) where one of the partons radiates off a gluon before interacting. Each initial
state jet however lowers the cross-section of the process. The diboson background
makes up ∼ 5− 50 % of the total background.
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Figure 4.5. Example Feynman diagrams for ZZ (a) and WZ (b) production and
decay.

Another important background is Drell-Yan processes in which a quark and an
antiquark annihilate to produce a virtual photon or Z boson. The process can
occur in association with jets due to ISR as shown in Figure 4.6. It is a common
process but the final state typically does not contain any Emiss

T . Events where the Z
boson or photon decays into two electrons or muons can however mimic the signal
if they contain Emiss

T resulting from instrumental effects or from neutrinos in jet
fragments. This background, referred to as Z/γ∗ + jets, constitutes less than 10 %
but is particularly important for the on-Z search as it peaks in the Z boson mass
window.

Z/γ∗

g

q

q̄

`+

`−

q̄

q

Figure 4.6. Example Feynman diagram for Z/γ∗ + jets production and decay.

Other processes can contribute to the SM background at lower rates. The
production of tt̄ + W , tt̄ + Z and tt̄ + WW give signatures that mimic the signal
and must be taken into account. These are referred to as “rare top” backgrounds.
Production of tt̄ where only one of the top quarks decays leptonically can enter the
dilepton channel through lepton “fakes”. These include hadrons that are wrongly
identified as leptons as well as leptons resulting from the decay of b-hadrons. The
production of W bosons decaying leptonically and the production of Wt can also
mimic the signal through fake leptons. All these processes are referred to as the
“fake background”.
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4.4 Data and MC samples

The analysis is performed on 36.1 fb−1 of 13 TeV proton-proton collision data
recorded during 2015 and 2016 by the ATLAS detector. Data events are collected
using a combination of unprescaled single and dilepton triggers which are further
discussed in Section 4.7.1. Simulated samples are used for the optimization of the
signal regions and for the estimation of some of the SM backgrounds. Table 4.2
lists all signal and background samples with details about the MC event generators
used. All samples are ovelaid with pile-up simulated with Pythia 8.186 [33] with
the A2 underlying event tune [34] and the MSTW 2008 PDF set [35].

Table 4.2. Simulated samples used in the analysis with the corresponding matrix
element and parton shower generators, cross-section order, set of tuned parameters
for the parton shower, hadronization and underlying event, and PDF set.

Process Generator Parton Cross-section Tune PDF set

Shower

Signal MG5 aMC@NLO [36] Pythia 8.186 [33] NLO+NLL[37–41] A14 [42] NNPDF2.3LO [43]

tt̄+W , tt̄+ Z MG5 aMC@NLO Pythia 8.186 NLO [44,45] A14 NNPDF2.3LO

tt̄+WW MG5 aMC@NLO Pythia 8.186 LO [36] A14 NNPDF2.3LO

tt̄ Powheg Box v2 [46–48] Pythia 6.428 [49] NNLO+NNLL [50,51] Perugia2012 [52] NLO CT10 [53]

Wt Powheg Box v2 Pythia 6.428 Approx. NNLO [54] Perugia2012 NLO CT10

WW , WZ, ZZ Sherpa 2.2.1 [55] Sherpa 2.2.1 NLO [56,57] Sherpa default NNPDF3.0nnlo [58]

Z/γ∗ + jets Sherpa 2.2.1 Sherpa 2.2.1 NNLO [59,60] Sherpa default NNPDF3.0nnlo

4.5 Analysis object identification and selection

The main physics objects that are used in the analysis are electrons, muons and
jets. The identification and reconstruction of these objects and the calculation
of the Emiss

T is described in Section 3.3. All analysis objects are first required to
pass a baseline selection which is used for the calculation of Emiss

T and for the
overlap removal procedure described below. The final objects used in the analysis
are subject to more stringent signal requirements. This section summarizes the
requirements that have the most impact on the analysis. The exact selection is
identical to the one applied in the previous iteration of the analysis using the
14.7 fb−1 dataset [3].

All baseline electrons are required to reside within |η| < 2.47, have pT > 10 GeV
and satisfy the Loose likelihood quality criteria. The requirement on pseudorapidity
ensures that all tracks are within the acceptance of the ID and that the associated
clusters are within the high-granularity portion of the calorimeter. Signal electrons
must have pT > 25 GeV and pass the Medium likelihood quality criteria in addition
to the baseline selection. All baseline muons are required to have pT > 10 GeV,
pass the Medium likelihood quality requirements and reside within |η| < 2.5 which
corresponds to the acceptance region of the ID. Signal muons must further have
pT > 25 GeV.

Both the signal electrons and muons are also subject to requirements that ensure
that they originate from the hard interaction vertex. In MC events, η- and pT-
dependent correction factors are applied to the selected leptons in order to account
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for differences in reconstruction, identification and trigger efficiency between data
and MC. The pT of the leptons is also smeared to match the resolution in data. All
MC correction factors are derived centrally in ATLAS from comparisons between
data and MC.

All baseline level jets are required to have pT > 20 GeV and reside within
|η| < 2.8. Signal jets are further required to reside within |η| < 2.5 and have
pT > 30 GeV. The tightened requirement on the pseudorapidity allows for the use
of tracking information to select jets associated to the hard interaction vertex.

The electron, muon and jet reconstruction methods are run independently and
it is common for calorimeter energy deposits and tracks to be reconstructed as more
than one of these objects. An analysis object can therefore fall into more than one
category. In order to prevent double counting in such situations, an overlap removal
procedure is applied to the baseline objects. The procedure quantifies the overlap
between two objects in terms of their angular distance

∆R =
√

∆η + ∆φ. (4.5)

In the first step, overlapping jets and electrons are removed. A jet is discarded
if it resides within ∆R = 0.2 of an electron. If the jet is b-tagged the electron is
removed instead. This ensures that electrons originating from heavy-flavor decays
are discarded. All remaining electrons residing within ∆R = 0.4 of a jet are then
removed from the event. The second step removes overlap between muons and
jets. Any muon residing within ∆R = 0.2 of a jet is discarded if the jet is b-
tagged. Otherwise the jet is removed. All remaining muons with ∆R satisfying
∆R < min(0.04 + (10 GeV)/pT, 0.4) of a jet are then removed from the event.
Here, the pT-dependent cone size is designed to keep muons near jets that mostly
contain calorimeter energy from final state radiation from muons while rejecting
low-pT muons from heavy-flavor decays. The final step in the overlap removal
procedure discards any electron within ∆R = 0.01 of any remaining muon. This
serves to remove electron candidates originating from muon bremsstrahlung.

4.6 Discriminating variables

Three variables are used in this search to discriminate between the SUSY signals
and the SM backgrounds. The first variable is the Emiss

T which is used as a measure
of the energy of the invisible particles in the final state. It is computed using all
baseline electrons, muons and jets and includes a track-based soft-term. Photons
are used explicitly in the analysis only to estimate the Z/γ∗ + jets background but
are also included in the calculation of the Emiss

T . The second variable is the quantity
HT which is defined as the scalar sum of the pT of all signal jets. It is therefore a
measure of the total jet energy in the event. The third variable is the stransverse
mass mT2 [61,62] which is used to discriminate between the tt̄ background and the
signal. It is an extension of the transverse mass

m2
T

(
pT,p

miss
T

)
= 2 ·

(
pT · Emiss

T − pT · pmiss
T

)
, (4.6)
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which is a proxy for the invariant mass in a two-body decay with one invisible
final state particle. Here, pT is the two-vector transverse momentum of the visible
particle and pmiss

T and Emiss
T are the missing transverse momentum vector and

magnitude associated to the invisible particle. The quantity has a maximum value
corresponding to the mass of the mother particle. In the stransverse mass

m2
T2 = min

xT,1+xT,2=pmiss
T

[
max{m2

T (pT,`1,xT,1) ,m2
T (pT,`2,xT,2)}

]
, (4.7)

this is generalized to the case where two invisible particles are possible in the final
state. Here, pT,`1 and pT,`2 are the two-vector momenta of the two leptons with
the highest pT and the minimization is performed over all possible configurations
of xT,1 and xT,2 which are the momentum vectors of the invisible particles in the
event. The quantity can be interpreted as the minimum mother mass compatible
with all pT and invariant mass constraints in the decay chain. Typical tt̄ events
have small values of mT2 while signal events have relatively high values.

4.7 Event selection

The analysis is carried out using signal regions (SRs) designed to maximize the
selection efficiency of signal events and minimize the SM backgrounds. In addition
several control regions (CRs) are defined for the estimation of the SM backgrounds.
These regions are designed to be enriched in the SM process of interest and to have
a low signal contamination. Dedicated validation regions (VRs) are used to validate
the background estimates. These are designed to be kinematically close to the SRs
and CRs. When developing the analysis, the data is blinded in the SRs and only
the CRs and VRs are used to construct and assess the background estimation tech-
niques. All defined regions use the same trigger strategy and preselection of events.
These are described in the following sections together with the SR optimization
procedure and the definitions of all SRs, VRs and CRs.

4.7.1 Trigger strategy

Data events are collected using a combination of triggers selecting events that con-
tain one lepton and triggers selecting events that contain two leptons. The dilepton
triggers select ee, µµ or eµ events and have lower lepton pT thresholds than the
single electron and muon triggers. All events used in the analysis are divided into
groups depending on the pT of the leptons and each group is required to pass a
designated trigger. The pT ranges are selected to make the selection fully efficient
with respect to the trigger pT thresholds. Single-lepton triggers are selected over
dilepton triggers when possible in order to increase the trigger efficiency for high-
pT leptons. For the selection of eµ events at high pT, the electron triggers are
used preferentially because they have higher efficiencies than the muon triggers. In
events selected with a dilepton trigger the two leptons with the highest pT must
both be matched to the trigger objects. In events selected with a single-lepton
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trigger, one of the two leptons with the highest pT must be matched to the trigger
object. Table 4.3 details the trigger strategy used in the analysis. The trigger
menu in ATLAS changed between 2015 and 2016 in order to cope with the in-
creased instantaneous luminosity and pile-up. Analysis events must therefore be
treated differently depending on the year they were recorded.

Table 4.3. Lepton trigger requirements used for the analysis in different regions
of lepton pT phase space. The trigger names encode the type of trigger, the pT
threshold and the object identification criteria. For example, e60 encodes a single-
electron trigger with a 60 GeV threshold, mu50 encodes a single-muon trigger with a
50 GeV threshold. Combinations encode dilepton triggers. All triggers refer to the
HLT trigger.

Analysis lepton pT requirement Trigger in 2015 Trigger in 2016

Di-electron channel

pT(e1) > 65 GeV e60 lhmedium e60 lhmedium nod0

pT(e1) ≤ 65 GeV 2e12 lhloose L12EM10VH 2e17 lhvloose nod0

Di-muon channel

pT(µ1) > 52.5 GeV mu50 mu50

pT(µ1) ≤ 52.5 GeV mu18 mu8noL1 mu22 mu8noL1

Electron-muon channel

pT(e) > 65 GeV e60 lhmedium e60 lhmedium nod0

pT(e) ≤ 65 GeV, pT(µ) > 52.5 GeV mu50 mu50

pT(e) ≤ 65 GeV, pT(µ) ≤ 52.5 GeV, pT(e) < pT(µ) e7 lhmedium mu24 e7 lhmedium nod0 mu24

pT(e) ≤ 65 GeV, pT(µ) ≤ 52.5 GeV, pT(µ) < pT(e) e17 lhloose mu14 e17 lhloose nod0 mu14

4.7.2 Preselection of events

Events are preselected for the analysis regions if they pass the trigger strategy and
contain at least two signal leptons and two signal jets. The two leptons with the
highest pT, referred to as the leading and subleading leptons, are required to be
oppositely charged. Furthermore, the leading lepton in the event is required to have
pT > 50 GeV and the subleading lepton to have pT > 25 GeV. These cuts are chosen
to reject fake leptons and to ensure that the analysis triggers are fully efficient for the
selected events. Events with a dilepton invariant mass below 12 GeV are vetoed in
order to reject low-mass Drell-Yan processes and low-mass resonances. Comparisons
between data and MC for preselected events are shown in Figures 4.7-4.10 for the
dilepton invariant mass (m``) and the three discriminating variables used in the
analysis. A 10 % normalization difference between data and MC can be noted in
the same-flavor selection. The discrepancy is seen only around the Z boson mass
in the m`` distribution which suggests that it stems from the Z/γ∗ + jets sample.
Furthermore, the Emiss

T and HT distributions suffer from shape mismodelings which
are present both in the same-flavor and opposite-flavor selection. This indicates
issues in the tt̄ modeling. The normalization and shape discrepancies motivate the
choice to use data-driven techniques to estimate the Z/γ∗+jets and tt̄ backgrounds.
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Figure 4.7. Distribution of the invariant mass of the two leading leptons in the
ee + µµ (a) and eµ (b) channels for events passing preselection. The error band
includes only the statistical uncertainty.
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Figure 4.8. Distribution of the Emiss
T in the ee + µµ (a) and eµ (b) channels for

events passing preselection. The error band includes only the statistical uncertainty.
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Figure 4.9. Distribution of the HT in the ee+µµ (a) and eµ (b) channels for events
passing preselection. The error band includes only the statistical uncertainty.
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Figure 4.10. Distribution of the stransverse mass mT2 in the ee+µµ (a) and eµ (b)
channels for events passing preselection. The error band includes only the statistical
uncertainty.
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4.7.3 Signal region optimization

The analysis signal regions are defined by imposing different requirements on the
preselected events in terms of the three discriminating variables. These cuts are
chosen to minimize the SM backgrounds while keeping a high efficiency for potential
signals. Several SRs are defined with varying cuts on the discriminating variables in
order to target different benchmark signal models. The Emiss

T variable controls for
the mass of the χ̃0

1 and the HT variable controls for the mass splitting between the
squark or gluino and the χ̃0

2. In addition, the mT2 variable is used to supress the tt̄
background. The definition of the signal regions is inspired by the previous analysis
in the same final state performed with the 14.7 fb−1 dataset [3]. Figure 4.11 shows
the exclusion limits reached for the g̃–χ̃0

2 on-Z and slepton models.
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Figure 4.11. Expected and observed exclusion contours for the search for SUSY
in final states with a SFOS lepton pair, jets and Emiss

T performed with 14.7 fb−1 of
2015 and 2016 data for the g̃–χ̃0

2 on-Z model (a) and the slepton model (b) [3].

The optimization is performed separately for the on-Z and the edge searches.
For the on-Z search, three signal points in the g̃–χ̃0

2 model just beyond the previous
exclusion limit are used for some first studies. The selected points have gluino and
χ̃0
2 masses of (1350, 250) GeV, (1390, 1110) GeV and (1395, 505) GeV. Figure 4.12

shows the Emiss
T , HT and mT2 distributions after preselection for these benchmark

models. The shapes can be compared to the SM backgrounds shown in Figures 4.8-
4.10. An Emiss

T cut at around 200 GeV and an HT cut at around 400 GeV will
remove most of the background while still keeping a high efficiency for all three
points. Furthermore, the signal point with small splitting between the gluino and
χ̃0
2 masses, (1390, 1110) GeV, shows a fast turn-on in HT and a late turn-on in
Emiss

T compared to the other models. This motivates the definition of two SRs, one
with a higher Emiss

T and a lower HT cut and one with a lower Emiss
T and a higher

HT cut. With this starting point the optimization is then performed by studying
the expected exclusion contours for all three on-Z signal models while varying the
Emiss

T and HT cuts in the SR definitions.
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Figure 4.12. The distributions in Emiss
T (a), HT (b) and mT2 (c) after preselection

in the ee+µµ channel for the three benchmark points in the g̃–χ̃0
2 signal model used

for the optimization of the on-Z SRs.
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Figure 4.13. The distributions in Emiss
T (a), HT (b) and mT2 (c) after preselection

in the ee + µµ channel for the three benchmark points in the slepton signal model
used for the optimization of the edge SRs.
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For the edge analysis the optimization is performed by first studying three
signal points in the slepton model outside the previous sensitivity reach. The se-
lected points have gluino and χ̃0

1 masses of (1100, 700) GeV, (1400, 1100) GeV and
(2000, 300) GeV. Figure 4.13 shows the Emiss

T , HT and mT2 distributions for these
grid points. The aim of the optimization is to achieve sensitivity to low, medium
and high mass splittings between the gluino and the χ̃0

1. This is achieved using
three SRs with increasing requirements on the HT in the events. Furthermore,
varying requirements on Emiss

T are imposed on the SRs, where a higher cut probes
models with higher LSP masses. In order to harmonize between the two searches,
two of the edge SRs are designed to have the same Emiss

T and HT requirements as
the optimized on-Z SRs. These two regions probe models with medium and high
mass splitting. A third region with a lower HT cut is then added in order to probe
low mass splittings. The final optimization is performed by studying the expected
exclusion limits varying the Emiss

T and HT requirements of the three edge SRs.
Once the Emiss

T and HT requirements are determined, the mT2 requirement
is added. The requirement is optimized to remove a significant fraction of the
tt̄ background while leaving enough statistics to perform a data-driven estimate
across the invariant mass spectrum. For the SR with the highest HT cut, no mT2

requirement is enforced as this would remove too much of the tt̄ background. The
signal grid sensitivity is checked after the introduction of the mT2 cut and no
significant loss is seen. Other kinematic variables, such as the lepton pT, are also
studied using the selected benchmark points in order to ensure that the cuts used
for preselection entail no major loss in acceptance.

4.7.4 Signal, validation and control regions

Three signal regions, SR-Low, SR-Medium and SR-High are defined for the edge
search. Each SR is associated with a VR with the same HT and mT2 requirements
but a lower Emiss

T range. All SRs use an ee + µµ selection. Several CRs for the
background estimation are also defined. All CRs except the ones used for the
estimate of the flavor-symmetric backgrounds use an ee + µµ selection. For all
events in the SRs, VRs and CRs the opening angle ∆φ(j1,2, E

miss
T ) between the two

leading jets and the Emiss
T is required to be above 0.4. This cut reduces the number

of events with instrumental Emiss
T from jet mismeasurements and also suppresses tt̄

events with a large Lorentz boost factor.
Table 4.4 details the selection criteria for the analysis SRs and main CRs and

VRs and Figure 4.14 shows a schematic view of the Emiss
T , HT andmT2 requirements

on the SRs and main VRs. The regions denoted CR-FS are used for the data-
driven estimate of the flavor-symmetric backgrounds, the regions denoted CRγ
and CRZ are used for the data-driven estimate of the Z/γ∗ + jets background
and the regions VR-WZ and VR-ZZ are used to validate the diboson background.
In order to enhance sensitivity to an edge-like feature the SRs are binned in the
dilepton invariant mass. The binning is chosen in order to have at least a few
expected background events per bin. For the on-Z search, the bin corresponding to
81 < m``/GeV < 101 is interpreted separately in terms of the on-Z models. Only
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the on-Z bins in SR-Medium and SR-High are used since the SR-Low on-Z bin is
not found to increase the sensitivity of the search.

Table 4.4. Overview of the main SRs, CRs and VRs used in the analysis. All
regions require at least two leptons, with the exception of the three CRγ regions,
which require zero leptons and one photon. The flavor combination of the dilepton
pair is denoted as either “SF” for same-flavor or “DF” for different-flavor.

Regions Emiss
T HT njets m`` mT2 SF/DF ∆φ(jet12,p

miss
T )

[GeV] [GeV] [GeV] [GeV]

Signal regions

SR-Low > 250 > 200 ≥ 2 > 12 > 70 SF > 0.4

SR-Medium > 400 > 400 ≥ 2 > 12 > 25 SF > 0.4

SR-High > 200 > 1200 ≥ 2 > 12 − SF > 0.4

Control regions

CR-FS-Low > 250 > 200 ≥ 2 > 12 > 70 DF > 0.4

CR-FS-Medium > 400 > 400 ≥ 2 > 12 > 25 DF > 0.4

CR-FS-High > 100 > 1100 ≥ 2 > 12 − DF > 0.4

CRγ-Low − > 200 ≥ 2 − − 0`, 1γ −
CRγ-Medium − > 400 ≥ 2 − − 0`, 1γ −
CRγ-High − > 1200 ≥ 2 − − 0`, 1γ −
CRZ-Low − > 200 ≥ 2 > 12 > 70 SF −
CRZ-Medium − > 400 ≥ 2 > 12 > 25 SF −
CRZ-High − > 1200 ≥ 2 > 12 − SF −

Validation regions

VR-Low 100− 200 > 200 ≥ 2 > 12 > 70 SF > 0.4

VR-Medium 100− 200 > 400 ≥ 2 > 12 > 25 SF > 0.4

VR-High 100− 200 > 1200 ≥ 2 > 12 − SF > 0.4

VR-WZ 100− 200 > 200 ≥ 2 > 12 − 3` > 0.4

VR-ZZ < 50 > 100 ≥ 1 > 12 − 4` > 0.4

For each analysis SR, the acceptance and efficiencies for the considered signal
models are checked. The acceptance is defined as the fraction of signal events that
kinematically match the SR and the efficiency is the fraction of these events that are
correctly reconstructed and identified in ATLAS. For the combined ee+µµ channels,
the typical signal acceptance times efficiency values are ∼ 1− 25 % inclusively in
m`` and ∼ 1− 4 % in the on-Z bins. All main CRs and VRs are also checked
for signal contamination. The checks are made for the g̃–χ̃0

2 on-Z and the slepton
signal models and use MC for all backgrounds. At gluino masses above ∼ 1200 GeV
and neutralino masses above ∼ 600 GeV the contamination is negligible. For lower
masses the contamination can be significant in some regions but such SUSY models
are already excluded by the previous analysis in the same final state as shown in
Figure 4.11
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Figure 4.14. Schematic diagram of the analysis SRs and main VRs. Regions where
hatched markings overlap indicate the overlap between various regions.

4.8 Background estimation

This section gives an overview of the methods used to estimate the SM back-
grounds in the analysis. Similar methods were applied in the analysis carried out
with 14.7 fb−1 of 2015 and 2016 data [3]. The estimate of the flavor-symmetric
background is omitted here and is instead described in detail in Chapter 5.

4.8.1 Z/γ∗ + jets background

The Z/γ∗ + jets background is challenging to model since the Emiss
T in the events

results mainly from jet mismeasurements which are difficult to simulate. A data-
driven method which takes γ + jets events to model the Emiss

T distribution in
Z/γ∗ + jets events is used instead to estimate the background. This is as suitable
control sample as the two processes have similar topologies with one well-measured
boson recoiling against jets. Both processes also have Emiss

T originating mostly from
instrumental effects. The γ + jets events are taken from three regions called CRγ-
Low, CRγ-Medium and CRγ-High, detailed in Table 4.4. These veto leptons and
have the same HT requirements as the SRs.

The photon events must be corrected for kinematic differences between the
Z/γ∗ + jets and γ + jets processes. In contrast to the Z boson the photon is mass-
less and must be produced in association with jets in order to conserve energy
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and momentum. The production of photons also requires less energy. As a conse-
quence, several kinematic variables including jet energies and jet multiplicities differ
between the two processes. The effect is corrected for by reweighting the boson pT
distribution in the γ + jets data sample to match the distribution in Z/γ∗ + jets
ee and µµ data events in CRZ-Low, CRZ-Medium and CRZ-High. These CRs,
detailed in Table 4.4, are identical to the SRs but have the Emiss

T requirement re-
moved. Here, the boson pT is used as a proxy for the energy scale of the event but
the reweighting can also be performed in other representative variables. A system-
atic uncertainty is assigned to the procedure by comparing the pT reweighting to a
reweighting in the HT distribution.

All γ + jets events must also be corrected for experimental differences between
photons and Z bosons. The photon is stable while the Z boson rapidly decays in
the detector and is measured from its decay products. Electrons and photons are
both measured in the electromagnetic calorimeter with the same energy resolution
but small differences can result from the overlap removal procedure. Muons are
measured using tracks for which the momentum resolution degrades at high pT
making it significantly different from the photon resolution. The differences in
momentum resolution are corrected for by smearing the momentum distribution in
the γ + jets events to match the Z boson pT resolution in the ee and µµ channels.
First, the smearing function is derived. This is done using MC in a one-jet CR by
studying the spectrum of the Emiss

T projection along the boson momentum direction,
Emiss
T,‖ . The Emiss

T,‖ distribution is the convolution of the detector response functions
of the boson and the jet system. Assuming that the jet response is the same for
γ + jets and Z/γ∗ + jets, the differences in boson resolution can be isolated from
the deconvolution of the two distributions. This is therefore taken as the smearing
function. Once the smearing function is derived it is used to smear each event
in the γ + jets data sample. This is done by sampling a ∆pT from the smearing
function and using it to shift the boson pT. A systematic uncertainty is assigned to
the smearing by comparing the result using the nominal smearing function to the
result using a smearing function derived from data.

After the smearing and reweighting procedures the Emiss
T in each γ + jets event

is recalculated. The resulting Emiss
T distribution is normalized to data in the

Emiss
T < 100 GeV regions of CRZ-Low, CRZ-Medium and CRZ-High.

The SRs are defined using a requirement on mT2 and are binned in m``. Both
quantities are constructed using the leptons in the event. The γ + jets sample has
no leptons and the final steps in the estimation of the Z/γ∗ + jets background
are dedicated to solving this issue. The dilepton mass distribution is modeled
using Z/γ∗ + jets MC. In order to take the correlation between the momentum
measurement and the invariant mass into account, the m`` distribution in MC is
parametrized in the Emiss

T,‖ . Each γ + jets event is then assigned an m`` value by
randomly sampling from the corresponding distribution. For the calculation of
the mT2 variable, each photon is split into two imaginary leptons. The system is
boosted to the rest frame of the boson where the two imaginary leptons are assigned
randomly selected θ and φ directions and half of the m`` in the event as momentum.
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After boosting back to the lab frame the final four-momenta of the two leptons is
computed and the mT2 variable is calculated.

In addition to the uncertainties from reweighting and smearing , the statistical
uncertainty on the γ + jets data also enters as a systematic uncertainty on the
final estimate. A validation of the estimation technique is performed by applying
the full method to MC. The estimated Emiss

T distribution is compared to the raw
Z/γ∗+jets distribution in MC and the difference is taken as an additional systematic
uncertainty.

4.8.2 Diboson background

The diboson background is taken directly from MC simulation and the accuracy
of the WZ and ZZ modeling is assessed in the two regions VR-WZ and VR-
ZZ detailed in Table 4.4. The WZ process expected to contribute to the SRs is
WZ → ```ν. VR-WZ uses a three-lepton requirement to create a region dominated
by this process. The ZZ process expected to contribute to the SRs is ZZ → ``νν.
This process is similar to the decay into four leptons, ZZ → ````, which is used
to validate the simulation. VR-ZZ applies a four-lepton requirement to isolate
the process. Both VRs use a b-jet veto to reduce the tt̄ background. Additional
kinematic requirements are applied to take the regions closer to the SRs while
still retaining sufficient statistics to assess the modeling. Both the yields and the
kinematic distributions are observed to be well-modeled by the simulation in the
VRs. Figure 4.15 shows the invariant mass distributions in VR-WZ and VR-ZZ in
data and simulation.
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Figure 4.15. The invariant mass distribution in VR-WZ (a) and VR-ZZ (b) in data
and simulation. Only statistical uncertainties are applied to the simulation.
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4.8.3 Other backgrounds

The rare top backgrounds, tt̄ +WW , tt̄ +W and tt̄ +Z, are estimated directly from
MC simulation. The fake background contribution to the SRs is also studied in MC
and is found to be negligible.

4.9 Systematic uncertainties

All backgrounds are assigned systematic uncertainties associated to the estimation
technique and the limited number of events used for the estimate. Each uncertainty
is then propagated to the estimate of the total background. The uncertainties on the
data-driven flavor-symmetric and Z/γ∗ + jets background estimates are described
together with the estimation methods in Sections 5.3 and 4.8.1. These are the
dominant uncertainties on the total background estimate. The backgrounds that
are estimated from MC are assigned experimental and theoretical uncertainties on
the simulation.

The experimental uncertainties correspond to detector effects or LHC conditions
that might not be modeled accurately in MC. All samples are normalized to cor-
respond to the integrated luminosity of data used for the analysis. The measured
luminosity includes an uncertainty of 2.1 % [63]. Other experimental uncertainties
include the jet energy scale and resolution [64], the Emiss

T soft-term resolution and
scale [65], lepton energy scales and resolutions, and uncertainties on lepton trig-
ger, reconstruction and identification efficiencies [66, 67]. All these uncertainties
are derived centrally in ATLAS by dedicated performance analyses that compare
observed data to MC simulation.

The theoretical uncertainties correspond to all assumptions made in the MC
simulation. They include uncertainties on the scales, cross-section and PDF set.
The scales represent quantities that do not correspond to physical values but are
necessary for calculating the matrix element. One example is the cut-off value for
the pT of particles that are part of the process but not present in the initial or
final states. Uncertainties on the scales are computed by varying the nominal scale
values up and down by a factor of two. For the diboson background, an additional
uncertainty on the generator is derived from a comparison between the nominal
Sherpa sample and a Pythia MC sample. A comparison is also done to sam-
ples generated with varying parton showering schemes. The generator comparison
dominates the total uncertainty.

4.10 Validation of background estimates

The background estimates are validated together in the analysis VRs. Figure 4.16
shows the estimated background compared to the observed data in all m`` bins in
VR-Low, VR-Medium and VR-High with all systematic uncertainties applied. The
estimates model the observed data well.
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Figure 4.16. Observed and expected yields in all m`` bins in VR-Low (a), VR-
Medium (b) and VR-High (c). The bottom panels show the ratio between the
data and the background prediction. The hatched band includes all statistical and
systematic uncertainties.
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Table 4.5. Breakdown of the expected background and observed data yields for the
analysis signal regions. The quoted uncertainties include statistical and systematic
contributions.

SR-Low SR-Medium SR-High SR-Medium SR-High

on-Z on-Z

Observed events 134 40 72 5 11

Expected background events 144± 22 40± 10 83.1± 8.9 10.4± 3.5 9.5± 2.8

Flavor-symmetric events 86± 12 28.9± 9.1 75.1± 8.4 2.0± 1.6 5.5± 1.7

Z/γ∗ + jets events 9+13
−9 0.19+0.80

−0.19 2.0± 1.2 0.26+0.94
−0.26 0.95+1.9

−1.0
WZ/ZZ events 43± 12 9.8± 3.2 4.1± 1.2 7.6± 2.9 2.7± 1.0

Rare top events 6.7± 1.8 1.20± 0.35 1.81± 0.49 0.54± 0.14 0.34± 0.09

4.11 Results

The observed yields in the SRs are shown and compared to the background pre-
diction in Table 4.5 integrated over all m`` bins and in Figure 4.17 for the full m``

distribution. No significant excess of data above the SM expectation is observed.

4.12 Interpretation

Given that the observed data is in agreement with the SM model expectation,
the signal models described in Section 4.2 are used to derive exclusions of SUSY
particles with particular mass ranges. These exclusions are based on all assumptions
of the considered models and should therefore not be interpreted to mean that no
other SUSY model can exist with the excluded masses. The limits however provide
help for the design of future analyses and for the comparison of results between
different searches.

The CLs technique [68, 69] is used to set limits on the production of SUSY
particles at 95 % confidence level. This method uses a maximum likelihood fit based
on the expected signal and background contributions to the SR and the observed
data. All statistical and systematic uncertainties are treated as nuisance parameters
in the fit. The resulting exclusion limits for the edge and on-Z models are shown in
Figures 4.18 and 4.19. The figures contain the expected and observed limits together
with their associated 1σ uncertainties. For the expected limits it is assumed that
the observed data is identical to the background prediction. The 1σ band includes
all uncertainties on the backgrounds and the experimental uncertainties on the
signal model. In the observed limit the actual observation of data is used and the
1σ band represents a variation in the cross-section of the signal models. The limits
from the different SRs are combined by selecting the best expected limit for each
grid point. In the simplified models considered in the search, gluinos with masses
up to 1.85 TeV and squarks with masses up to 1.3 TeV are excluded. This can
be compared to the previous analysis using the 14.7 fb−1 dataset which excluded
gluino and squark masses up to 1.7 TeV and 980 GeV respectively [3].
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Figure 4.17. Observed and expected yields in all m`` bins in SR-Low (a), SR-
Medium (b) and SR-High (c). The hatched band includes all statistical and system-
atic uncertainties.
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Figure 4.18. Expected and observed limits for the slepton model (a) and the Z(∗)

model (b) derived from the best expected combination of the results in SR-Low,
SR-Medium and SR-High.
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Figure 4.19. Expected and observed limits for the g̃–χ̃0
2 (a), q̃–χ̃0

2 (b) and g̃–χ̃0
1 (c)

on-Z models derived from the best expected combination of the results in the on-Z
bins of SR-Low, SR-Medium and SR-High.
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A model-independent interpretation of the results is also performed by deriving
upper limits at 95 % confidence level on the number of observed events that could
be attributed to non-SM processes based on the expected backgrounds. The edge
models may produce kinematic endpoints at any value of m`` and a potential excess
must be searched for across the full distribution. The m`` bins of the SRs are there-
fore used to form several larger and overlapping windows. Figure 4.20 shows the
observed data and expected background in all windows including the significance.
This is the probability for the background to produce a fluctuation greater than
or equal to that observed in the data, expressed in terms of standard deviations.
The largest excess with a local significance of 2σ is observed in SR-Medium in the
101 < m``/GeV < 201 window.
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Figure 4.20. Observed and expected yields in the overlapping m`` windows in
SR-Low, SR-Medium and SR-High. The hatched band includes all statistical and
systematic uncertainties. The bottom panel shows the significance of the data with
respect to the expected background.



Chapter 5

The estimate of
flavor-symmetric
backgrounds

The flavor-symmetric processes tt̄, Wt, WW and Z → ττ constitute the largest
background to the search for SUSY presented in Chapter 4. All these processes
result in pairs of leptons with uncorrelated flavor in the final state and the rates of
produced ee, µµ and eµ events therefore follow a 1 : 1 : 2 ratio. The background
is estimated with the so-called flavor-symmetry method which uses eµ events in
data to predict the flavor-symmetric contribution to the SRs. In the on-Z bin, the
flavor-symmetry estimate is cross-checked using a MC-based method referred to as
the sideband fit. This chapter details the flavor-symmetry method and presents the
results achieved for the 36.1 fb−1 used in the analysis. The sideband fit is briefly
discussed and the results from the two methods are compared.

5.1 Flavor-symmetry method

The flavor-symmetry method relies on a set of CRs, referred to as CR-FS-Low, CR-
FS-Medium and CR-FS-High. These have the same kinematic requirements and
m`` binning as the corresponding SRs detailed in Table 4.4, but use a different-flavor
selection rather than a same-flavor selection, making them completely orthogonal
to the SRs. The method estimates the ee and µµ contributions to each SR from the
number of eµ events in the respective CR-FS. Separate estimates are also derived
for the VRs used in the analysis.

The CRs have a purity in the flavor-symmetric processes tt̄, Wt, WW and
Z → ττ greater than 95 %. Other non-flavor-symmetric processes that contribute
to the regions are WZ, ZZ and rare top production. A small contribution also
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66 Chapter 5. The estimate of flavor-symmetric backgrounds

Table 5.1. Breakdown of processes contributing to the CRs used in the flavor-
symmetry method, computed in MC.

tt̄ WW Wt Z → ττ WZ/ZZ Rare top Z/γ∗ + jets

Region Fraction of events [%]

CR-FS-Low 76 10 11 0 1.3 1.9 0

CR-FS-Medium 58 16 22 0.04 2.0 1.4 0.08

CR-FS-High 80 6.4 8.7 1.8 0.91 1.9 0.11

CR-FS-Medium on-Z 71 18 8.4 0 1.4 1.2 0.80

CR-FS-High on-Z 88 6.0 3.5 0.39 0.78 1.3 0.05

comes from the Z/γ∗ + jets background where the events can enter the different-
flavor selection if one of the leptons is misidentified. The breakdown of processes
contributing to CR-FS-Low, CR-FS-Medium, CR-FS-High and the two considered
on-Z bins, computed in MC, is shown in Table 5.1.

The basic assumption of the flavor-symmetry method is that the combined
ee + µµ yield in a SR can be taken as equal to the eµ yield in the correspond-
ing CR-FS. This is motivated by the 1 : 1 : 2 ratio between the rates of produced
flavor-symmetric events in the ee, µµ and eµ channels. While the assumption holds
in theory, the actual rates of events detected in ATLAS may deviate due to dif-
fering trigger and identification efficiencies between electrons and muons. In the
flavor-symmetry method, each eµ event in CR-FS is therefore corrected with two
factors accounting for such efficiency differences. The contamination of non-flavor-
symmetric processes must also be removed from the CR-FS in order to leave only
backgrounds that give same-flavor events via the independent decays of two par-
ticles. This is done by estimating the contamination in MC and subtracting it
from the eµ data. Finally, the CR-FS selection may be loosened compared to the
corresponding SR in order to increase the statistics that the estimate is based on.
The final estimate must then be scaled back to the narrower SR selection using
an extrapolation factor. Taking all the above into account, the flavor-symmetry
prediction in a given SR in the combined ee+ µµ channel can be expressed as

N est
ee+µµ =

fSR
2
·
[Ndata

eµ∑
i

(
ke(p

i,µ
T , ηi,µ) + kµ(pi,eT , ηi,e)

)
· α(pi,l1T , ηi,l1)

−
NMC
eµ∑
i

(
ke(p

i,µ
T , ηi,µ) + kµ(pi,eT , ηi,e)

)
· α(pi,l1T , ηi,l1)

]
. (5.1)

Here, the first sum spans over all 2015 and 2016 data events and the second sum
spans over all non-flavor-symmetric MC events in the corresponding CR-FS, ke/µ
and α correct for trigger and identification efficiency differences between electrons
and muons, and fSR is the extrapolation factor from the looser CR-FS to the
nominal SR selection. In the following, each component in this equation will be
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described in more detail. The systematic uncertainties applied to the estimate are
discussed separately in Section 5.3.

5.1.1 Trigger and identification efficiency correction factors

The eµ events in CR-FS are corrected for trigger and identification efficiency dif-
ferences between electrons and muons using the ke/µ and α factors. These are
combinations of the actual trigger efficiencies εtrigee , εtrigµµ and εtrigeµ for ee, µµ and eµ

events and the identification efficiencies εide and εidµ for electrons and muons.

The trigger and identification efficiencies are measured specifically for the flavor-
symmetry estimate in data in a loose region similar to the analysis preselection.
Events are required to pass the analysis trigger requirements, contain two opposite-
sign leptons and two or more jets, have leading and subleading lepton pT above
25 GeV, and have a dilepton invariant mass inside the Z boson mass window
81 < m``/GeV < 101. The requirement on the invariant mass lowers the statistics
available to measure the efficiencies but also ensures that they are measured on a
pure sample with a minimal contribution from fake leptons. Since the identification
and trigger efficiencies vary depending on the lepton kinematics, the ke/µ and α fac-
tors are binned in lepton pT and η. The factors must also be calculated separately
for 2015 and 2016 because the trigger strategy changed between the years.

The main purpose of the ke and kµ factors is to correct for identification differ-
ences between electrons and muons. Equations 5.2 and 5.3 show the definitions of
the two factors.

ke(pT, η) =

√
N id+trig
ee

N id+trig
µµ

=

√√√√ εidee · ε
trig
ee

εidµµ · ε
trig
µµ

(5.2)

kµ(pT, η) =

√
N id+trig
µµ

N id+trig
ee

=

√√√√εidµµ · ε
trig
µµ

εidee · ε
trig
ee

(5.3)

The first part in these equations explain how ke and kµ are measured using the
ratios of observed dielectron (N id+trig

ee ) and dimuon events (N id+trig
µµ ) in the inclusive

on-Z selection and the second part explains what they correspond to in terms of
identification and trigger efficiencies.

The main purpose of the α factor is to correct for differences in trigger efficien-
cies between the different-flavor and same-flavor channels. Equation 5.4 shows the
definition of the correction factor.

α(pT, η) =

√
N id+trig
ee

N id
ee
· N

id+trig
µµ

N id
µµ

N id+trig
eµ

N id
eµ

=

√
εtrigee · εtrigµµ

εtrigeµ

(5.4)
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The first part in this equation shows how α is measured. Here, N id+trig
ee , N id+trig

µµ

and N id+trig
eµ are the numbers of observed ee, µµ and eµ events in the inclusive

on-Z region and N id
ee, N

id
µµ and N id

eµ are the numbers of ee, µµ and eµ events
observed in the same region but with all analysis trigger requirements removed.
The complicated form of the α factor reflects its two purposes; to account for the
difference in trigger efficiency between the same-flavor and different-flavor channels
and to cancel the trigger dependence of the ke/µ factor.

When ke/µ and α are combined, each event is correctly corrected for the trigger
and efficiency differences between ee, µµ and eµ events according to

α · ke =
εtrigee

εtrigeµ

·

√
εidee
εidµµ

, (5.5)

α · kµ =
εtrigµµ

εtrigeµ

·

√
εidµµ
εidee

. (5.6)

Here, the first combination is used to transform a flavor-symmetric eµ event into an
ee event and the second to transform an eµ event into a µµ event. Since dilepton
events are used, it is the identification efficiency of the detection of two leptons,
εidee or εidµµ, that are being measured. Assuming that the two leptons have similar

efficiencies the square root gives the efficiency εide or εidµ for the single lepton.
The ke and kµ factors are calculated separately for the leading and subleading

lepton and are binned in the η and pT of these leptons. When the factors are applied
to the eµ event in CR-FS the appropriate ke or kµ factor is selected depending on
the year, whether the lepton to be replaced is leading or subleading and based on
its pT and η. Figures 5.1 and 5.2 show the measured ke factor for the leading and
subleading lepton as a function of pT and η for data collected in 2015 and 2016
respectively. The kµ factor is directly related to ke as kµ = 1/ke and is not shown
separately. All trends observed in the ke factor can be explained based on lepton
acceptance arguments. The muon spectrometer lacks coverage in the |η| < 0.1
region which results in a lower efficiency for detecting muons and a large ke factor.
Furthermore, electrons are accepted up to |η| = 2.47 while muons are accepted up
to |η| = 2.5. This difference explains the low values in the region |η| > 2.4. The
increase with pT can be explained by the single muon trigger, used at high pT,
which only covers the region up to |η| = 2.4. In the other regions the correction
factor is flat and within 10 % from unity.

The calculation of the α factor is more complicated because the trigger used to
select the events differs depending on the pT of the leptons. Each of the efficiencies
εtrigee , εtrigµµ and εtrigeµ in the α factor are therefore computed separately for the different
triggers in the analysis trigger strategy detailed in Table 4.3 and are binned in the
pT and η of the leading lepton. When correcting each eµ event in CR-FS the
appropriate εtrigeµ is selected based on the year and the pT and η of the leading

lepton in the event. Similarly, the appropriate εtrigee and εtrigµµ are selected based on
the leading lepton properties and the trigger that would have been used to select a
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Figure 5.1. The ke correction factor as a function of η and pT derived from 2015
data for leading (a) and subleading (b) leptons. The uncertainties on the points
correspond to the statistical uncertainty.
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Figure 5.2. The ke correction factor as a function of η and pT derived from 2016
data for leading (a) and subleading (b) leptons. The uncertainties on the points
correspond to the statistical uncertainty.

corresponding ee or µµ event. The α factor is then computed using the appropriate
efficiencies and is applied to the eµ event. Figure 5.3 shows the α factor for data
collected in 2015 and 2016 as a function of pT and η. Here, the trigger efficiencies
εtrigee , εtrigµµ and εtrigeµ that enter α are averaged over the triggers in the analysis trigger
strategy. For 2015 there are no triggered eµ events above pT = 300 GeV and α can
therefore not be computed.
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Figure 5.3. The α correction factor as a function of η and pT derived from 2015 (a)
and 2016 (b) data. The uncertainties on the points correspond to the statistical
uncertainty.

5.1.2 Subtraction of non-flavor-symmetric events

The contamination in CR-FS from WZ, ZZ, rare top and Z/γ∗+ jets is estimated
using MC simulation. All MC events in these samples entering CR-FS are corrected
using the ke/µ and α factors and are then subtracted from the number of corrected
data events. The subtraction represents around 5 % of the total estimate in all
regions.

5.1.3 Extrapolation of the estimate

In order to lower the statistical uncertainty on the final estimate, the kinematic
requirements on CR-FS can be loosened with respect to the corresponding SR to
increase the event yield. The estimate in the wider region must then be scaled
back to the nominal SR and appropriate systematic uncertainties must be assigned
on the extrapolation. For the two regions with the lowest Emiss

T and HT require-
ments, SR-Low and SR-Medium, no attempt to widen the corresponding CR-FS is
made as these regions have sufficient statistics. For SR-High, which has the hardest
kinematic requirements, the corresponding CR-FS-High is expanded by loosening
the Emiss

T cut to 100 GeV and the HT cut to 1100 GeV. Figure 5.4 shows the in-
variant mass distribution of eµ events in the nominal selection compared to the
widened selection. In addition to the increase in statistics the widening also re-
moves the downward fluctuation seen in the distribution around the Z boson mass
for the nominal selection. This downward fluctuation would lead to an underesti-
mated flavor-symmetric contribution in the on-Z bin in SR-High which would be
problematic for the on-Z interpretation of the results.

The extrapolation factor fSR is taken from a MC sample including the flavor-
symmetric processes tt̄, Wt, WW and Z → ττ . It is computed as the fraction of
observed eµ events in CR-FS-High that fall into the nominal Emiss

T and HT selection
according to
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Figure 5.5. Extrapolation factor from the widened CR-FS-High selection to the
nominal SR-High selection computed in MC as a function of m``.

fSR =
NCR-FS-High
eµ (Emiss

T > 200 GeV, HT > 1200 GeV)

NCR-FS-High
eµ (Emiss

T > 100 GeV, HT > 1100 GeV)
. (5.7)

Figure 5.5 shows the extrapolation factor as a function of m``. Since the factor
is flat in m``, an overall factor computed inclusively in m`` is used in all bins in
CR-FS-High. The scale factor computed this way is measured to fSR = 0.40± 0.01
where the error is the statistical uncertainty. For the other regions no widening
of the CR-FS is performed and the extrapolation factor in equation 5.1 is simply
fSR = 1.

5.2 Validation of the flavor-symmetry method

The ke/µ and α factors are derived in a loose region and their ability to predict
efficiencies in the SRs must be assessed. A closure test is therefore performed where
the method is applied to MC in order to verify that the results are self-consistent.
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Figure 5.6. MC closure for SR-Low (a), SR-Medium (b) and SR-High (c). The
flavor-symmetry estimate is shown with its statistical uncertainty and the hatched
uncertainty band corresponds to the statistical uncertainty on the raw ee+µµ yield.

The MC sample used includes the flavor-symmetric processes tt̄, Wt, WW and
Z → ττ . In the test, the correction factors are derived from MC and the full
method is applied to the MC eµ events in each CR-FS. The estimated yields are
then compared to the raw ee+µµ yields in the corresponding SRs. Figure 5.6 shows
the MC closure in the three SRs. For SR-High the estimate is shown and compared
to the raw yield in the widened region without performing the extrapolation to the
nominal SR selection. Good closure is seen in all three regions.
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5.3 Systematic uncertainties

The systematic uncertainties assigned to the flavor-symmetric estimate are associ-
ated to the statistics in the CRs and the accuracy of the efficiency correction factors.
For SR-High an additional systematic uncertainty is assigned on the extrapolation
of the estimate. The following sections describe all the considered systematic un-
certainties. Section 5.4 then presents their contributions to the total uncertainty
together with the final estimates.

5.3.1 Statistical uncertainty

The statistical uncertainty from the limited number of data events in CR-FS is
taken as a systematic uncertainty on the flavor-symmetry method. This is the
dominant uncertainty on the final estimate. A smaller contribution comes from the
propagated statistical uncertainty on the numbers of non-flavor-symmetric events
subtracted from the data in each CR-FS. The two uncertainties are together referred
to as the statistical uncertainty on the final estimate.

5.3.2 Uncertainties on the efficiency correction factors

Three uncertainties related to the ke/µ and α factors are assigned to the final
estimate. The first considers the statistical uncertainty on the efficiency correction
factors. Here, the factors are varied by their statistical uncertainties to derive a
maximum and minimum flavor-symmetry prediction. The symmetrized difference
from the nominal prediction in each m`` bin is taken as a systematic uncertainty.

The second uncertainty is related to the ability of ke/µ and α to predict efficien-
cies in the SRs. This is taken from the MC closure test discussed in Section 5.2.
The non-closure is defined as the difference between the estimated and raw ee+µµ
yields and is compared to the sum in quadrature of the statistical uncertainties
on the two yields. For each m`` bin, the largest value is taken as the systematic
uncertainty.

The last uncertainty considers a potential bias in the way the α factor is calcu-
lated. The trigger efficiencies εtrigee , εtrigµµ and εtrigeµ that enter α in equation 5.4 are
taken as the ratio of events passing the analysis specific trigger requirements to the
total number of events in each channel. Since the factors are taken from data, the
events that enter the denominator in these efficiencies do not actually correspond to
all possible events but rather to all events passing the triggers used in the data col-
lection. As a consequence the measured trigger efficiency might be artificially high.
An additional trigger dependence in the α factor calculation can be created by the
data format used for analysis. The data files are designed with specific analyses in
mind and are filtered based on the triggers required by the analyses. This process
is called skimming and also affects the denominator in the trigger efficiencies.

The bias resulting from the data format is assessed in MC using the nominal
analysis tt̄ sample stored in a different format where no skimming is applied. Flavor-
symmetric estimates are then derived in tt̄ MC using both the skimmed and the
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Figure 5.7. The α correction factor as a function of Emiss
T derived from 2015 (a)

and 2016 (b) data and skimmed and unskimmed tt̄ MC. The factor is averaged over η
and pT and the uncertainties on the points correspond to the statistical uncertainty.
The data is blinded above Emiss

T = 200 GeV.

unskimmed sample. The relative difference between the two MC estimates is taken
as a systematic uncertainty on the estimate in data. Figure 5.7 shows the α factor as
a function of Emiss

T for data, the nominal analysis tt̄ MC sample and the unskimmed
tt̄ MC sample for 2015 and 2016. Here, the factor is averaged over all η and pT bins.
Comparing the factors derived from the skimmed and unskimmed samples shows a
relative difference below 1 % at any value of Emiss

T . More significant differences are
seen between the factors derived from data and the factors derived from MC.

The comparison between the skimmed and unskimmed MC samples isolate the
effect of the skimming on the α factor. An additional check to assess the bias
resulting from the data collection is also performed. Here, the trigger efficiencies
that enter α are computed with an additional trigger requirement applied to both
the numerator and denominator. The extra trigger is based on the Emiss

T in the
event and is completely orthogonal to the analysis specific triggers. This ensures
that the α factor is computed using efficiencies that isolate the analysis specific
triggers. Also in this test, a relative difference to the nominal α of < 1 % is seen.
This is neglected in the total systematic uncertainty.

5.3.3 Extrapolation uncertainty

For the estimate in SR-High an additional uncertainty related to the extrapolation
in Emiss

T and HT is considered. The uncertainty is taken from the difference between
the nominal extrapolation factor computed in MC and the extrapolation factor
computed in data. Also included is the statistical uncertainty on the nominal
extrapolation factor in MC. Since an overall scale factor is used for all m`` bins in
CR-FS-High the uncertainty is flat across the full m`` spectrum.
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5.4 Results from the flavor-symmetry method

The yields estimated with the flavor-symmetry method in the analysis SRs are
presented in Table 5.2 integrated over m`` and shown in Figure 5.8 in each bin. A
breakdown of the relative uncertainty in all m`` bins is shown in Figure 5.9.

5.5 Sideband fit method

The flavor-symmetry estimates in the on-Z bins in SR-Medium and SR-High are
cross-checked using the sideband fit method. In this MC-based method two CRs
are used which are identical to the SRs but with the on-Z bin excluded. The
regions are dominated by tt̄ production. All backgrounds in the CRs are estimated
using MC and are then normalized to the observed data in the CRs. Both tt̄ and
Wt have a free normalization parameter in the fit while all other backgrounds are
constrained by their uncertainties which are introduced as nuisance parameters.
The flavor-symmetric yield in the on-Z bin can then estimated from the tt̄ and Wt
yields, scaled by the normalization parameters from the fit, together with the WW
and Z → ττ MC. Separate estimates are derived for the on-Z bins in VR-Medium
and VR-High where they can be directly compared to data in order to validate the
method and to test it before unblinding the data.

The sideband fit method is effective as a cross-check of the flavor-symmetry
method because it uses an independent dataset and has very little overlap in the
dependence on MC. Table 5.3 shows the estimates for both methods in the on-Z bins
of SR-Medium, VR-Medium, SR-High and VR-High. The estimates are compatible
in all regions. The flavor-symmetry method is chosen as the nominal method as it
has less dependence on MC and results in smaller systematic uncertainties. It also
allows for a consistent treatment of the flavor-symmetric backgrounds in all bins in
the SRs. Furthermore, the sideband fit does not correct for shape midmodelings in
MC, while this is naturally handled by the flavor-symmetry method.
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Table 5.2. Estimated yields in all SRs for the flavor-symmetric background, inte-
grated over m``. The errors include statistical uncertainty, MC closure uncertainty,
uncertainty from the statistical error on the ke/µ and α factors, uncertainty from
the comparison of skimmed and unskimmed data samples, and, for SR-High, also
the uncertainty on the extrapolation.

Region Expected flavor-symmetric events

SR-Low 86± 12

SR-Medium 28.9± 9.1

SR-High 75.1± 8.4

SR-Medium on-Z 2.0± 1.6

SR-High on-Z 5.5± 1.7

100 200 300 400 500 600 700 800 900 1000
 [GeV]

ll
m

0

2

4

6

8

10

12

14

16

18

20

E
v
e
n
ts

 p
e
r 

2
0
 G

e
V

Flavor symmetry estimate
1 = 13 TeV, 36.1 fbs

µµSRLow, ee+

(a)

100 200 300 400 500 600 700 800 900 1000
 [GeV]

ll
m

0

2

4

6

8

10

E
v
e
n
ts

 p
e
r 

2
0
 G

e
V

Flavor symmetry estimate
1 = 13 TeV, 36.1 fbs

µµSRMedium, ee+

(b)

100 200 300 400 500 600 700 800 900 1000
 [GeV]

ll
m

0

2

4

6

8

10

E
v
e
n
ts

 p
e
r 

2
0
 G

e
V

Flavor symmetry estimate
1 = 13 TeV, 36.1 fbs

µµSRHigh, ee+

(c)

Figure 5.8. Estimated flavor-symmetric yields in SR-Low (a), SR-Medium (b) and
SR-High (c). The hatched error band includes statistical uncertainty, MC closure
uncertainty, uncertainty from the statistical error on the ke/µ and α factors, un-
certainty from the comparison of skimmed and unskimmed data samples, and, for
SR-High, also the uncertainty on the extrapolation.
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Figure 5.9. Relative uncertainties on the estimated flavor-symmetric yields in SR-
Low (a), SR-Medium (b) and SR-High (c). The total uncertainty is broken down
into statistical uncertainty, MC closure uncertainty, uncertainty from the statistical
error on the ke/µ and α factors, uncertainty from the comparison of skimmed and
unskimmed data samples, and the extrapolation uncertainty for SR-High

Table 5.3. Flavor-symmetric yields in the on-Z bins of SR-Medium, VR-Medium,
SR-High and VR-High predicted by the flavor-symmetry method and the sideband
fit.

Method SR-Medium VR-Medium SR-High VR-High

on-Z on-Z on-Z on-Z

Flavor-symmetry 2.0± 1.6 210± 16 5.5± 1.7 3.0± 1.9

Sideband Fit 4.0± 1.7 205± 39 7.0± 6.3 5.0± 5.8
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Chapter 6

Conclusions

After the discovery of the Higgs boson, the primary goal of the Large Hadron
Collider (LHC) is to search for physics beyond the Standard Model (SM). A popular
theory for new physics is Supersymmetry (SUSY) and the ATLAS experiment has
a wide program to search for supersymmetric particles produced in the proton-
proton collisions at the LHC. This thesis has presented one of the ATLAS searches
for strongly produced supersymmetric particles. The analysis selects final states
containing two same-flavor opposite-sign (SFOS) leptons, jets and large missing
transverse momentum, and makes use of 36.1 fb−1 of proton-proton collision data
collected at a center-of-mass energy of

√
s = 13 TeV in 2015 and 2016.

Several signal models are considered for the analysis. All models involve the
pair-production of squarks or gluinos decaying into jets and the second lightest
neutralino which further decays into the lightest neutralino through leptonic chan-
nels. In the scenarios considered, the lightest neutralino is stable and escapes the
detector without detection, leaving missing transverse momentum in the final state.
The analysis uses the invariant mass spectrum of the two leptons to target different
decay mechanisms and is divided into two searches. Decay chains involving on-
shell Z bosons are considered for the on-Z search and decays through intermediate
sleptons or off-shell Z bosons are considered for the edge search.

Several SM processes can mimic the signal and different methods are employed
to estimate these backgrounds. The largest background is the so-called flavor-
symmetric background which mainly consists of direct production of top-antitop
quark pairs. This background is estimated with a data-driven method that uses
different-flavor events to estimate the same-flavor yields in the analysis signal re-
gions. All different-flavor events are corrected for trigger and identification differ-
ences between electrons and muons in order to properly estimate the same-flavor
yields. Other important backgrounds are Z/γ∗ + jets which is estimated with a
data-driven method and diboson production which is estimated using Monte Carlo
simulations.

The observed data is found to be consistent with the SM expectation and the
results are interpreted in terms of limits on sparticle masses in simplified SUSY
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models for gluino and squark pair-production. Sensitivity is provided for gluino
and squark masses up to 1.85 TeV and 1.3 TeV respectively. Together with many
other searches for SUSY, this exclusion limits the phase space available for SUSY
models.

This analysis uses data collected by ATLAS during the first half of the LHC
Run-2. The LHC has continued its operation in 2017 and will run until the end of
2018 when a long upgrade period is planned. A total of about 120 fb−1 is expected
to be collected during Run-2, which more than doubles the luminosity used here.
The larger dataset will provide further increase in the sensitivity to the analysis
signal models. A reoptimization of the analysis can be performed and the signal
regions can be further subdivided based on the signal event features. A possibil-
ity is to use complementary b-tagged and b-vetoed regions, which independently
target models producing b-jets and models that do not. In the latter case the
flavor-symmetric background which dominates the current signal regions would be
dramatically reduced.

The increased luminosity also entails a higher sensitivity to electroweak SUSY
production which has a lower cross-section than the strong production channels.
Several signal models with pair-produced sleptons or electroweak gauginos can pro-
duce final states with two SFOS leptons and missing transverse momentum. The
experimental signature is thus very similar to the signature considered in the anal-
ysis presented in this thesis, except for the lack of jets in the final state. An
electroweak analysis in such final states can therefore take advantage of the back-
ground estimation methods developed for the search for pair-produced squarks and
gluinos. This is particularly true for the flavor-symmetry method which has no
dependence on the number of jets in the final state.
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