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ABSTRACT

The ATLAS experiment at the Large Hadron Collider (LHC) has collected significant
amounts of proton-proton (pp) collision data from 2010 until 2012. These data have
allowed the discovery of a new boson consistent with the one postulated by the Higgs’
theory, and also enabled to look for hints of new physics beyond the Standard Model
(SM).

Supersymmetry (SUSY) is an extension of the SM that introduces a symmetry
between fermions and bosons. Its signatures are expected to be detectable at the
LHC, should it be the true extension to the SM, and the ATLAS experiment offers a
dedicated programme to search for such signatures.

This thesis presents the analysis and results for the search for SUSY produced
from electroweak interactions resulting in two final-state leptons and some missing
energy. The full 2012 dataset is used for the analysis, corresponding to 20.3 fb™* of
pp collisions at the centre-of-mass energy of /s = 8 TeV. The overall methodology
to identify these SUSY signatures is given, with emphasis on the optimization of the
SUSY discovery signal region definitions and statistical interpretation of the results.

No significant excess of events above the SM prediction is observed in the signal

ii



regions. Therefore, the final result is interpreted by means of statistical tests designed
to exclude regions of parameter space of specific SUSY models. For this thesis, the
phenomenological Minimally Supersymmetric Standard Model (pMSSM) is tested,
and exclusion limits are set on gaugino mass parameters (M, and p). The exclusion
regions are expanded since the previously published results based on the LHC 7 TeV
collision data. By combining these results with those from searches with trilepton
final states, the exclusion regions are further expanded, giving the strongest limits on

the gaugino mass parameters to date.
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INTRODUCTION AND MOTIVATION

Particle physics is the study of the most basic particles, the building blocks of our
universe, and how they interact with each other via fundamental forces. Studies of
these particles therefore deepen our understanding of the inner workings of nature.

The recent discovery at the Large Hadron Collider (LHC) of a particle consistent
with that predicted by the Brout-Englert-Higgs mechanism (hereafter referred to as
the “Higgs”) [1, 2] has received much attention from the general public, and as a
consequence, an interest in particle physics research has spread. A broader range
of the public has an understanding of general particle physics theory, which helps
to motivate researchers to continue their quest to probe the unexplored domains of
particle physics.

In this chapter, a general overview of the current working theory, called the
Standard Model (SM) of particle physics, is given. A general overview of one of
the more attractive extensions of the SM, called Supersymmetry, is subsequently

provided. An outline of this thesis is presented at the end of the chapter.
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Quarks (spin = 1/2) Leptons (spin = 1/2)

Flavour Mass [GeV] | Charge [e] || Flavour Mass [GeV] | Charge [e]

u up 0.003 2/3 v, clectron Iy -8 0
neutrino

ii, down | 0.005 | 7-71/737 || e electron 0.000511 -1

¢ charm 1.27 2/3 Uy mon < 0.0002 0
neutrino

s strange 0.101 -1/3 {4 muon 0.106 -1

t top 175 2/3 v, A < 0.002 0
neutrino

b bottom 4.3 -1/3 T tau 1.777 -1

Table 1.1: List of fermions as defined by the Standard Model. Fermions are the
constituents of all matter, and have spin=1/2. They are further categorized as either
quarks (left) or leptons (right). From Reference [3].

1.1 The Standard Model

1.1.1 Brief Overview of the Standard Model

The interplay of theoretical developments and experimental results since the 1930’s
has resulted in a theory that attempts to organize and categorize fundamental par-
ticles into groups based on their physical properties. This theory, known as the
Standard Model (SM), encompasses twelve elementary particles (and their charge-
conjugate states) that are the constituents of all matter, and four additional particles
that act as the force mediators. The SM encompasses three of the four fundamental
forces of nature: electromagnetic force (responsible for electricity and magnetism),
weak force (responsible for weak nuclear decay), and strong force (responsible for
binding quarks in nuclei). The categorization of these particles is shown in Tables 1.1

and 1.2.
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Gauge Bosons (spin = 1) Scalar Bosons (spin = 0)
Name Mass [GeV] | Charge [e] || Name Mass [GeV] | Charge [e]
~ photon 0 0 H Higgs boson 125.3 0
WE WEboson | 804 | 1|
Z 7 boson 91.2 0
g ghon | 0 | o

Table 1.2: List of bosons as defined by the Standard Model. The gauge bosons
(left) have spin=1, and they are the force-carriers, while the scalar bosons (right)
have spin=0. From Reference [3].

The matter particles, known as fermions since they have an intrinsic spin of 1/2 1,
are further categorized into two groups: quarks and leptons. Quarks carry a charge
called colour, which allow them to participate in inter-nuclear interactions via the
strong interaction, while leptons are colourless. Quarks carry electric charge, in units
of electron charge e, of either 2/3 (up-type) or -1/3 (down-type). Leptons carry
electric charge, in units of e, of either -1 or no charge, where the latter are called
neutrinos. Both quarks and leptons have charge conjugate states with inverse electric
charge, or inverse of other quantum numbers such as weak isospin, lepton numbers
or colour charge, and they are denoted by a prefix “anti-".

The force mediator particles of the electromagnetic, weak and strong forces are
called gauge bosons, and have intrinsic spin of 1. They describe the nature of the
interactions between the fermions. The electromagnetic interaction is described by a
theory called Quantum Electrodynamics (QED) [4, 5, 6], and is mediated by an ex-
change of photons. The strong interaction is described by Quantum Chromodynamics

(QCD) [7, 8, 9], and is mediated by the exchange of gluons. The strong interaction

IThis thesis uses natural units where the Planck constant i and the speed of light ¢ are by
definition equal to unity
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affects only the coloured particles, i.e. quarks. Lastly, the weak interaction follows
the electroweak (EW) theory [10, 11, 12], and is mediated by the W* and Z bosons.

The EW theory alone predicts that the weak force mediators are massless, but
this contradicts the existing measurements of the masses of the W= and Z bosons [3].
The Higgs’ mechanism [13] was introduced in order to address this mass issue. This
mechanism gives masses to the W+ and the Z bosons while keeping the photons
and the gluons massless. The same mechanism also gives fermions their appropriate
masses. A consequence of the Higgs’ mechanism is the existence of a massive particle
called the Higgs’ boson, H (See Table 1.2). In 2012, it became the most recent SM
particle to be experimentally observed when the ATLAS and the CMS experiments
at the LHC (further explained in Chapter 2) made this significant observation [1, 2],

consistent with the predictions of the theory.

1.1.2 The Limitations of the Standard Model

The SM has so far been very successful in describing the observations of nearly all
particle physics experiments. However, the theory does not address some elements at
all (for example the notion of gravity), and hence leaves some inconsistencies in the
fine theoretical details as well as some of the cosmological observations. An example

of each is described below.

Hierarchy Problem

The SM does not encompass gravitational interactions, so it is said to be an effective
theory at the EW scale, defined by the W boson mass my = 80 GeV. Gravity is
described at the Planck scale mp = (87 GNewton)” /2 = 10'® GeV, which is 16 orders

of magnitude larger [14, 15].
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(a) (b)

Figure 1.1: Higgs' quadratic mass renormalization of a top loop (a) and its
superpartner, the stop (b). The renormalization of the stop loop can solve the
hierarchy problem described in the text.

It is now experimentally known that the mass of the Higgs’ boson is my ~
125 GeV [16]. However, the Higgs’ mass is corrected by loop diagrams for each
of the particles it couples to, with the biggest correction from the top quark (due to
its large mass as given in Table 1.1). Figure 1.1a shows the loop correction of the
Higgs’ boson to the top quark. The evaluation of this Feynman diagram gives a mass

term:

Ay + o (1.1)

where A; is the coupling strength of the top quark to the Higgs (~1), and Ayy is
known as the ultra-violet cutoff, and represents the scale up to which the SM is valid,
i.e. the Planck scale. The negative sign in Equation 1.1 is due to the fact that the top
quark is a fermion, whose loop diagrams must have an overall negative sign arising
from Fermi statistics [17]. It is clear that the correction Amy to the Higgs’ mass is
much larger than the experimental result.

One simple solution is to cancel this mass term with an opposite contribution.
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This is possible if there exist two complex scalar particles with coupling strength to
the Higgs, A\s = |A\;|*>. Figure 1.1b shows such a case, which has a correction to the
Higgs’ mass of:

As
Am3, =2 x @A%N + ... (1.2)

This cancellation comes naturally in supersymmetry (to be introduced in the next
section), and it is one of the most attractive solutions to the hierarchy problem. The

scalar in Figure 1.1b is the superpartner of the top quark, the stop.

Dark Matter

Measurements of the orbital velocities of spiral galaxies [18] give another hint that
the SM may be incomplete. If galaxies are made up of all visible matter (and nearly
massless neutrinos), and if the energy given off by the light is proportional to the
mass of the galaxy, then it is predicted that the velocities of the stars decrease as
a function of the distance away from the core of the galaxy. However, the observed
data show a constant velocity in the disk of the galaxy. Figure 1.2 illustrates this
discrepancy.

The most accepted solution to this problem is to postulate the existence of massive
matter that is invisible, such that the overall mass of the galaxy is constant in the
disk. This invisible matter is often referred to as the dark matter, and, as will be
shown in the next section, supersymmetry offers excellent candidate particles for the

dark matter.
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200 T 1 T T l T T T T I T T T T 400 LB I 7717 I TT T 7 [ L l Triri
i NGC 2403 B NGC 2841 ]
i 300 |- PR
Tw N Tfn NSNS T B
g 100 - §, 200 .
4 . 5 ]
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| ~—__ ]
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Radius (kpc) Radius (kpc)

Figure 1.2: Rotation curves of example galazies, NGC 2403 (left) and NGC 2841
(right), where the rotational velocity (y-axis) is plotted against the distance away from
the centre of the galaxy (z-axis). In each case, the observed rotational velocity is the
sum of the expected velocities of visible stars (dashed line), gaseous matter (dotted
line), and the dark matter halo (dash-dotted line). Figures from Reference [18].

1.2 Supersymmetry

1.2.1 General Introduction

Two examples of the limitations of the SM were given in the previous section. These
can be addressed by extending or modifying the theory in what is called Beyond
the Standard Model (BSM). There have been numerous attempts to formulate BSM
theories in the past few decades, including the notion of the existence of extra dimen-
sions [15]. Supersymmetry (SUSY) is one of these SM extensions which introduces
a symmetry between fermions (half-integer spin particles) and bosons (integer spin

particles) [14]. That is:

Q|fermion >= |boson >, Q|boson >= |fermion > (1.3)
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Names spin 0 spin 1/2 Names spin 1/2 spin 1
squarks, quarks | Q (@g,dr) (ur,dr) gluino, gluon g g
(x 3 families) U g u];% Winos, W boson | W, W | w*, wo
d s, d;r% Bino, B boson BO BY
sleptons, leptons | L (v,er) (v,er)
(x 3 families) e ér el
Higgs, higgsinos | H, | (H;},HY) | (Hf, HY)
Hy | (Hy Hy) | (Hg, Hy)

Table 1.3: Chiral (left) and gauge (right) supermultiplets in MSSM. The super-
partners of the SM particles differ in spin by a half-integer, and they are denoted
with a tilde. The notation * and T denotes complex conjugate and complex conjugate
transpose, respectively.

where () represents the supersymmetry transformation operator. In SUSY, the par-
ticle states are called supermultiplets and contain both fermions and bosons which
are superpartners of each other. This implies that for each of the SM particles listed

in Tables 1.1 and 1.2, there exist superpartners with spin that differs by a half unit.

1.2.2 Particle Content in the MSSM

The simplest, phenomenologically viable SUSY model is called the Minimally Super-
symmetric SM (MSSM) [19, 20]. As the name suggests, it is an extension of the SM
with a bare minimum addition of superpartners (only the superpartners of the existing
SM particles are included). Table 1.3 shows the particle content in the MSSM. Note
that the table is organized in terms of symmetry groups instead of physical states, as
was the case in Table 1.1 and 1.2.

The SM fermions (Table 1.1) are either left- or right-handed and they transform

differently under gauge transformation, therefore they reside in chiral supermultiplets
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and must have their own scalar superpartner. These scalar superpartners are called
sfermions (the “s” denotes the fact that they are scalar), and denoted with a tilde. In
particular, the scalar quarks are called squarks, and the scalar leptons are called
sleptons. The SM Higgs’ boson also resides in a chiral supermultiplet. In the
MSSM, there are two Higgs’ doublets: one for up-type quarks, and another for
down-type quarks and charged leptons. Without the second doublet, the theory
suffers from theoretical difficulties. The mixing of these doublets results in five Higgs’
bosons: three neutral (h°, H°, A%), and two charged (H*) (more detail is given in
Section 3.1.3).

The SM gauge bosons (Table 1.2) reside in gauge supermultiplets. Their su-
perpartners are called gauginos (with the “ino” suffix), and they are also denoted
with a tilde. The EW symmetry breaking (detailed in Section 3.1.3) allows the
EW gauginos (the winos and the bino) to mix, resulting in mass eigenstates called
neutralinos (denoted as {°) and charginos (denoted as ¥*). As it will be discussed
later, the lightest neutralino is a stable SUSY particle (called the LSP) that is weakly

interacting, and it is a prime candidate for the dark matter introduced in Section 1.1.2.

1.2.3 Previous Searches for SUSY Signatures

The SUSY production rates, compared to that of the SM particle production rates, are
expected to be significantly lower (with production cross sections, o, of ogy ~ 10% nb
and ogysy ~ O(1 — 10 pb), compared to opiges ~ few 10 pb)?. In addition, most
SUSY particles decay at the interaction point, therefore it is impossible to directly

observe them in an experiment. Instead, these SUSY particles decay to SM particles

2lbarn=1b = 10728 m?
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which often leave traces in a detector that could be identified.

Previous searches for SUSY [21, 22| were carried out at the Large Electron-
Positron collider (LEP) located at CERN [23], and at the Tevatron accelerator located
at Fermilab [24]. LEP collected electron-positron collision data at the centre-of-mass
energy near the Z-boson resonance (91 GeV) between 1989 and 1995, corresponding
to an integrated luminosity of 208 pb™!, and over the W= pair threshold energies
up to 208 GeV between 1996 and 2000, corresponding to an integrated luminosity of
800 pb~* [25]. Tevatron collected proton-antiproton collision data with centre-of-mass
energy of 1.80 TeV between 1992 and 1996 (Run-I), and 1.96 TeV between 2001 and
2011 (Run-II). The corresponding integrated luminosity at the Tevatron is 12 fb™*.

Neither LEP nor Tevatron observed evidence for SUSY.

1.3 Objective of the Thesis

The main objective of this thesis work is to extend the efforts contributed by LEP
and the Tevatron, and continue the search for possible SUSY signatures.

In order to experimentally observe the SUSY signatures, it is essential to have an
excellent particle accelerator system capable of colliding high-energy particles at a
high rate in order to produce these SUSY particles. The LHC [26] located at CERN
is the current-generation particle accelerator that provides proton-proton collisions.
It has already exceeded both the collision energies and the collision rates of the
previous facilities, and therefore is capable of producing SUSY particles, if they exist.
A particle detector with an accurate particle identification capability is also essential.
The ATLAS detector [27] has excellent particle identification capability, and already

collected sufficient collision data at high energy (integrated luminosity of 20.3 fb™*
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at the centre-of-mass energy of /s = 8 TeV and 5 fb™! at /s = 7 TeV) for new,
unprecedented results. Finally, a good scientific methodology is necessary to look
for these signatures, and this is emphasized throughout the works presented in this
thesis.

Since the idea of SUSY is so broad, the search criteria needs to be more focused. In
this thesis, a specific production mode that directly produces sleptons and gauginos,
called the EW production, is selected. Typical signatures for this production mode
include multiple SM leptons and missing energy resulting from weakly interacting
particles such as neutrinos and the LSP. This thesis mainly focuses on the signatures
with exclusively two leptons and missing energy, and this is made possible by specific
methodology taken throughout the analysis.

The work presented in this thesis was published as a part of an analysis by the
ATLAS collaboration [28]. In particular, my unique contributions were: signal region
optimization study for SR-WW (Chapter 5), plotting of the kinematic distributions in
the signal regions (Section 6.2), statistical interpretation of results of pMSSM models

(Section 6.5), and combination of results with the trilepton analysis (Section 6.6).

1.4 Outline of the Thesis

The rest of this thesis is organized into individual chapters. Chapter 2 introduces
the LHC and the ATLAS detector, the facilities that hosted the analysis detailed
throughout this thesis work. Chapter 3 details the relevant theoretical considerations
of the particular SUSY signatures for this search. Chapter 4 outlines the methodology
and the definitions of the terminologies used throughout the analysis. Chapter 5

describes the process of defining a SUSY signal region and the signal optimization
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procedure, a part of the published analysis that I was responsible for. Chapter 6
presents the selected final results from the analysis and the exclusions of particular
SUSY models, another part of my involvement in the publication. Finally, Chapter 7
summarizes this thesis work.

A summary of my personal contribution to the ATLAS Collaboration, a list of
presentations given during my Ph.D. degree, and a list of acronyms are given at the

end as appendices.




THE ATLAS DETECTOR AT THE
LHC

In Chapter 1, a list of SM particles and the theorized SUSY particles are introduced.
Some of them are unstable or exotic particles with large mass, and must be created in
a laboratory setting. High energy particle collisions will allow these exotic particles to
be produced by converting energy into mass (i.e. £ = mc?). The production rates of
these particles are also very low, so in turn these collisions must occur frequently. The
LHC is the facility best suited for this purpose, and it is described in Section 2.1. The
unstable particles produced by the collisions decay immediately to stable ones, and
they travel away from the interaction point. A particle detector is situated where
the collisions take place, and it is designed to identify and record the passage of
these stable particles. The stable particles interact with the detector materials and
this allows the detector to identify them. The ATLAS detector is optimized for this
purpose, and it is introduced in Section 2.2. A summary of the data collected and

used for this thesis work is given at the end of the chapter.

13
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2.1 The LHC

The LHC (Large Hadron Collider) [26] is a high energy particle accelerator and
collider, located at CERN (Conseil Européenne pour la Recherche Nucléaire), near
Geneva, Switzerland. It is situated 100 m underground and consists of two 27 km
rings of superconducting magnets. It is designed primarily as a proton-proton (pp)
collider, with the capability to accelerate two proton beams (each of the proton
beams consists of 2,808 “bunches” with approximately 10! protons) to centre-of-
mass energy up to 14 TeV, and collide the beams at the centre of the detectors.
The LHC uses electric fields created by radio-frequency cavities for acceleration, and
superconducting magnets to bend the beams around the ring and also to direct the
beams toward the centre of the detectors (the interaction points). Each of the bunches
meet at the interaction point (called “bunch crossing”) at 25 ns interval at the design
luminosity of 10** cm™2s™!, and some of the protons within the bunch collide and
interact with each other. Note that in 2010-2011 and 2012 the centre-of-mass energies
were 7 TeV and 8 TeV, respectively, with 50 ns bunch interval for both years. These
high energy proton collisions allow precision measurements of SM parameters, of
the newly discovered Higgs boson, and searches for new physics beyond the SM.
In addition, the LHC can be used to accelerate lead ions (*Pb®") at the design
energy of 2.76 TeV /nucleon to create high-temperature states via either lead-lead or
proton-lead collisions.

In order to produce beams with such energy at the LHC, CERN uses four stages
of acceleration chains before reaching the LHC ring, as depicted in Figure 2.1. A

linear accelerator (LINAC2) initiates the acceleration of protons, which are obtained




2.1 The LHC 15

LINAC2

Figure 2.1: Injection chain at the LHC for proton beams. It is designed to accelerate
each proton beam up to 7 TeV. The relative locations of the four main erperiments
are also shown. Figure based on Reference [26].

by stripping electrons from hydrogen atoms, up to an energy of 50 MeV. The Proton
Synchrotron Booster (PSB) increases the beam energy to 1.4 GeV, which the Proton
Synchrotron (PS) further accelerates to 25 GeV. The final stage of the acceleration
before reaching the LHC is done by the Super Proton Synchrotron (SPS), which
boosts the beam energy to 450 GeV, and finally into the main LHC ring.

The LHC houses four main experiments: ATLAS [27], ALICE [29], CMS [30], and
LHCb [31]. ATLAS and CMS are general-purpose detectors designed to study SM
and also physics beyond the SM. ALICE is optimized for heavy ion collisions (i.e.
the lead ions as described earlier) to study quark-gluon plasma. LHCD is dedicated
to the study of a charge-conjugation/parity (CP) violation and rare decay events of
heavy-flavour particles (i.e. the “bottom” quark). The work presented here involves

only the ATLAS experiment with the pp collisions.
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Figure 2.2: Schematic of an example pp
collision process. A hard-scattering of a
quark and a gluon leads to a final state in-
volving a Z boson and hadronic jet. Figure
proton  from Reference [32].

underlying
event

proton

2.1.1 pp Collision Terminology

Hard-Scattering Events
Protons that are accelerated and collided at the LHC are hadrons, and as such,
each proton consists of three valence quarks (up, up, and down) and a sea of quark-
antiquark pairs all bounded by the exchange of gluons. At high energy conditions,
such as the case at the LHC where the protons travel at near-luminal speed, these
constituent particles (collectively called partons) can be thought as being free.

A process of interest with high momentum transfer, known as a hard-scatter, is
a result of the interaction of two partons, and the rest of the proton constituents
may also interact in what is called an underlying event (UE). A free quark quickly
transforms into a bounded state by a process known as hadronization, which then
produces jets of particles, commonly referred to as hadronic jets. Figure 2.2 illustrates

an example pp collision.

Luminosity
Luminosity L (with units of m™2s™! or b~'s7!) is a quantity that relates the cross

section o (with units of m? or b) of a physical process (in this case, pp collisions) to




2.1 The LHC 17

the corresponding event rate R (with units of s™! or Hz):
R=1Lxo, (2.1)

and L is a process-independent quantity determined by the properties of the colliding

beams [33]: o
f 22 NINg

L=Fx
dro,oy

(2.2)

where F' = 0.9 is a factor arising from the non-zero crossing angle of the colliding
beams, f = 11 kHz is the beam-revolution frequency, N and Ni are number of
protons in ¢-th bunch crossing, and o, and o, are the beam widths in = and y,
respectively.

From Equation 2.1, one can determine the number of expected events for a process,

N, by integrating over time:
JV:/Rﬁ:a/Lﬁ, (2.3)

where [ Ldt is referred to as integrated luminosity (with units of m™=2 or b1).

Pile Up

It is evident from Equation 2.3 that a higher luminosity results in higher event yield.
Equation 2.2 states that a higher luminosity can be achieved by increasing the beam
intensity, by increasing the frequency f or reducing the beam widths o0,,0,. This
results in an increased chance of multiple proton collisions in the same bunch crossing,
so-called pile-up events. Figure 2.3 shows a visualization of such an event, where it

can be seen to become challenging to disentangle a hard-scattering process from the
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Figure 2.3: An example visualization of a pile-up event from 2011 ATLAS data
run. Two proton bunches come from the left and right and individual protons interact
in regions encircled. Particles then emerge from the collision, which are depicted
by individual lines. In this example, A hard-scattered Z boson decays to two muons
(yellow tracks), while 10 other pile-up interactions are also reconstructed. Figure from

Reference [34].

remaining pile-up events.

2.2 The ATLAS Detector

At the LHC, pp collisions produce SM particles listed in Tables 1.1 and 1.2, as
well as possible SUSY particles as described in Section 1.2.2. All of these particles
interact differently with matter, and leave unique signatures depending on the type
of materials they traverse. For this reason, typical particle detectors consist of
several layers, as illustrated in Figure 2.4. By recognizing the signatures the particles
leave in each layer, along with the position, energy and momentum measurements
taken by each layer, the detector can identify the type of originating particle, and
separate hard-scattering events from the pile-up events. Note that showers produced
by particles in the calorimeter can “leak” into the next layer, thereby skewing the
energy measurements. Thus, an MC simulation and calibration are always required

to estimate the energy loss due to such possible effects.
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Figure 2.4: Schematic of particle paths in a particle detector with typical compo-
nents. The interaction point is to the left, and the particles traverse from inner layer

to the outer layer. Fach type of particle leaves a signature in different layers of the
detector. Dashed tracks are invisible to the detector.

25m
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Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
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Figure 2.5: A cut-away view of the ATLAS detector showing the major components.
Figure from Reference [27].
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The ATLAS (A Toroidal LHC ApparatuS) detector, shown in Figure 2.5, pos-
sesses the above features of a typical particle detector. It has a forward-backward
symmetric cylindrical geometry to take advantage of the conservation of momentum
along the transverse plane, and has dimensions of 25 m in height and 44 m in length,
and consists of approximately 7,000 tonnes of material. Due to the high energy of
the beams and the luminosity of the LHC, the ATLAS detector features designs that
accommodate the interaction rate and radiation dose from the pp collisions provided
by the LHC.

The coordinate system is defined such that the z-axis is aligned with the beam
line, and the x, y plane defines the transverse plane. The azimuthal angle ¢ is
measured around the beam axis, and the polar angle # is measured from the beam
axis. It is, however, more common in collider physics to use a unit-less quantity
called pseudorapidity 7, in which the particle production is approximately constant

and invariant under longitudinal boost. It is defined as:

-l »

A value of = 0 corresponds to § = w/2 (perpendicular to the beam axis), and higher
n corresponds to a “forward” region (most of the detector has coverage of |n| < 5,
corresponding to ¢ ~ 0.013 radians). A value of n = oo is along the beam axis,
corresponding to 6 = 0.

The ATLAS detector is comprised of four main components that work together to
achieve sophisticated particle detection: the inner detector system, the calorimeter
system, the muon system, and the trigger system. Aside from the main detector

components, the offline software also plays an important role. Descriptions of these
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Figure 2.6: The overall layout of the ATLAS inner detector system. Figures from
Reference [27].

components are summarized in the next section.

2.2.1 Description of ATLAS Subdetectors

The Inner Detector System

The inner detector system (ID) is the detector closest to the interaction point. Its
primary role is to determine the momentum of charged particles by measuring their
properties as they bend in a 2 T magnetic field produced by a central solenoid. It also
provides vertexing for decaying particles and identification of pile-up and UE events.
The ID covers the region |n| < 2.5, and is comprised of three subcomponents: pixel
detector, semiconductor tracker (SCT), and transition radiation tracker (TRT), as

can be seen in Figure 2.6.

The Calorimeter System

The calorimeter system surrounds the ID, and it is responsible for the measurement
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of energy of particles and identification of activities originating from electromagnetic
(EM) and hadronic particles. It also plays a crucial part in determining the escaped
energy from a collision event (see Section 4.2.4). The layout of the calorimeter system
is shown in Figure 2.7. The calorimeter system consists of three parts. The EM
calorimeter is optimized for the detection of EM particles (i.e. electrons and photons)
and consists of alternating layers of lead absorber and liquid argon (LAr) ionizing
material, with coverage up to |n| < 3.2 (barrel region covers |n| < 1.475, and end-cap
region covers 1.375 < |n| < 3.2). The hadronic calorimeter detects hadronic showers
(known as jets) and is a tile calorimeter consisting of steel absorbers and scintillating
tiles (sampling calorimeter with alternating layers of copper and LAr) in the barrel
(end-cap) region. The barrel region of the hadronic calorimeter covers |n| < 1.7, while
the end-cap region covers 1.5 < |n| < 3.2. Finally, the forward calorimeter covers the
region 3.1 < |n| < 4.9, and utilizes alternating layer of copper (tungsten) absorbers

and LAr for detection of EM particles (hadronic showers).

The Muon System

The ATLAS muon system is designed to detect muons and measure their momenta.
It is located outside the calorimeter system, and its layout is shown in Figure 2.8.
The toroid magnet system bends muon trajectories for precise track and momentum
measurements in the range |n| < 2.7. The Monitored Drift Tubes (MDT) are used for
precision track reconstruction, and Cathode Strip Chambers (CSC) are used in the
inner layer of the region 2.0 < |n| < 2.7 in order to withstand the higher radiation
flux in this region. The Resistive Plate Chamber (RPC) and Thin Gap Chamber
(TGC) are used to trigger the muons in the barrel and end-cap region, defined by

In| < 1.05 and 1.05 < |n| < 2.4, respectively.
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Figure 2.7: The overall layout of the ATLAS calorimeter system. Figure from
Reference [27].
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Figure 2.8: The overall layout of the ATLAS muon system. Figure from
Reference [27].

The Trigger System

The LHC’s pp interaction rate at the design luminosity is approximately 1 GHz (bunch
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crossing rate is 40 MHz, equivalent to the designed 25 ns bunch spacing), while the
event data processing is limited to 400 Hz. Most of the pp collisions contain no
interesting physics, so a trigger system needs to make a quick decision whether to
keep or discard the collision event. ATLAS trigger system consists of three stages
and together they are designed to achieve this quick decision-making: a hardware-
based level-1 (L1) system reduces the rate to 75 kHz using calorimeter and muon
spectrometer information, and makes the first decision within 2.5 us; a software-based
level-2 (L2) system reduces to 3.5 kHz using full detector information (including the
ID which is not used for L1) within a region of interest (ROI) defined by the L1 system,
with the average processing time of 40 ms; and the event filter (EF) system reduces
the rate down to 400 Hz and classifies physics objects with the average processing

time of a few seconds.

The ATLAS Offline Software

Once the events from the collisions pass all of the trigger criteria, data are stored for
the offline analysis. The ATLAS offline software framework is called Athena, and its
main purpose is calibration, event reconstruction, physics analysis, and production of
Monte Carlo (MC) simulated events in conjunction with MC generators.

The Athena framework is also used to produce a user-analysis data format, called
D3PD, which is a format readable by the CERN ROOT framework [35]. Athena takes
the detector information for a given event to reconstruct the particle interactions and
their kinematic properties into a D3PD. This D3PD format is used for this thesis

work, and all of the plots are made using the ROOT framework.
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Figure 2.9: Integrated luminosity (left) and mean number of pp interactions per
bunch crossing, equivalently the number of pile-ups (right) in 2011 and 2012 data-
taking periods. Figures from Reference [36]

2.2.2 Collection of Data for Physics Analyses

After a commissioning phase of the LHC, the initial pp beam collisions took place in
the fall of 2009, with the centre-of-mass energies /s < 3 TeV (900 GeV, 1.18 TeV,
2.36 TeV). In 2010, the centre-of-mass energy was increased to /s = 7 TeV, and
roughly 35 pb™! of data were collected and used for first physics analyses.

In 2011, the luminosity of the LHC beam increased, allowing the accelerator
to deliver 5.46 fb™' of integrated luminosity. However, due to inefficiencies and
instabilities of the detector hardware, as well as data quality issues, only a subset
of the data, corresponding to 4.57 b, was deemed suitable for physics analyses.

In 2012, the energy of the proton beam was increased to /s = 8 TeV, and the
LHC delivered 22.8 fb™! of data, of which 20.3 fb~! was suitable for physics analyses.

Figure 2.9 shows the integrated luminosity over time as well as the distribution of
the average number of pp interactions per bunch crossing () for the 2011 and 2012

data-taking periods. The values of (1) approximately correspond to the number of
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Year | /s (TeV) | [ Ldt (physics) | (u)
2009 | 0.9, 1.18, 2.36 12 bt ~1
2010 7 35 pb* 2

2011 7 4.57 th™! 9.1
2012 8 20.3 fb~* 20.7

Table 2.1: Summary of collision energy, integrated luminosity, and the mean number
of pp interactions per bunch crossing for ATLAS data runs since 2009.

primary vertices, or number of pile-ups, in an event (an example given in Figure 2.3
has 11 primary vertices). As it can be seen from Figure 2.9, the higher luminosity and
centre-of-mass energy results in a busier collision environment, which in turn makes
it more challenging to disentangle. Table 2.1 summarizes the relevant pp collision
information for ATLAS collision data since the data-taking started in 2009.

In this thesis work, only the 20.3 fb~" of physics data collected in the 2012 data-
taking period are used.

Currently, the LHC and the corresponding experiments (including ATLAS) are
undergoing an upgrade phase with a goal to increase the centre-of-mass energy to

Vs = 13 TeV, and the data taking is projected to resume in early 2015.




INTRODUCTION TO ELECTROWEAK
SUSY PRODUCTION

In Section 1.2, a general overview of supersymmetry (SUSY) was presented. This
chapter provides further details on the formalism of the theory, the general production
of supersymmetric particles (called sparticles), the notion of final states and the
typical observables at the LHC. In addition, two SUSY models that are relevant to
this thesis work are introduced, and finally some Standard Model (SM) processes that
mimic the SUSY signatures are detailed. This thesis focuses on electroweak (EW)

SUSY processes.

3.1 MSSM Theory

3.1.1 General SUSY Lagrangian

As with the formulation of the SM, particle content and their interactions are governed

by a series of Lagrangian densities £ (also called the Lagrangian for simplicity) which

27
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are used to describe a quantity called the action:
S = /Ed“x. (3.1)

According to Hamilton’s principle [37, 38], the action should be invariant under a
transformation by 4.5 (in this case, a SUSY transformation) that leads to the Euler-

Lagrange equation of motion (where W represents a physical field) [17]:

oL ) oL

Oy <8[5)M\I/i] ~ v, =0. (3.2)

In general, the SUSY Lagrangian is made up of several parts [14]. The simplest
and minimal SUSY Lagrangian consists of the two-component Weyl fermion and the
complex scalar fields, called chiral Lagrangian. The next simplest includes spin-
1 vector bosons, falling under gauge Lagrangian. Finally, there is the Lagrangian
describing the gravity. This last part is outside the scope of this thesis work, therefore

not discussed any further.

Chiral SUSY Lagrangian

Chiral supermultiplets (irreducible representation of sparticle states) were first intro-
duced in Table 1.3 in terms of the MSSM, and they represent (s)quarks, (s)leptons,
and Higgs(inos). In general, the free-interaction part of the chiral Lagrangian is

written as [14]:

[ehiral _ —8“¢*i8“¢¢ 4 z’z/)ﬁ(?“@u?/% + F*F, (3.3)

where the first term defines the boson content with the scalar boson field ¢;, the

second term defines the fermion content with the fermion field ¢; (and o* is the Pauli
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matrix), and the last term is known as the auxiliary term. Without this last term, the
action is invariant only for the on-shell case (only when the classical Euler-Lagrange
equation of motion is imposed, resulting in the relation 6#9,1 = 0), therefore does
not hold quantum mechanically.

The interaction Lagrangian for chiral supermultiplets is written as (where c.c.

means complex conjugate) [14]:
) 1. .. .
Efgzral — <_2W2Jwi¢j _ sz:) + c.c., (34)

where W% and W' are defined as:

) 02w - OW
'/‘/ v g |/[/ g ey
0¢i0¢;’ Opi (3:5)

W is called a superpotential, and it has the form:
1 1
W= §Mz‘j¢i¢j + 6%‘%@@@; (3.6)

where M;; is a symmetric mass matrix for the fermion fields, and y;;;, is a Yukawa

coupling of a scalar ¢, and two fermions v; and ;.

Gauge SUSY Lagrangian
The gauge supermultiplet consists of a massless gauge boson field A}, Weyl fermion
gaugino field A%, and bosonic auxiliary field D* that is needed for the same reason as

for the chiral auxiliary field F; introduced earlier. Its Lagrangian is written as [14]:

1 1
[Loauge _styFa;w + Z')\Taa_#vu/\a + §DaDa, (3.7)
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where V, is the covariant derivative,

FS, = 0,AL — 9,A% + gf ™ AL A, (3.8)
and g and £ are the gauge coupling constant and gauge structure constant, respec-
tively.

The gauge interaction Lagrangian consists of both chiral and gauge fields:
Lous® = —V2g (5T )\ = V2gAI* (01T°0) + g (¢"T*¢) D*,  (3.9)

where T represents an SU (n) group generator, which is a hermitian matrix satisfying

[Ta’ Tb] — Z'fabcTc.

Full SUSY Lagrangian
For completeness, the full general SUSY Lagrangian is obtained by putting Equa-
tions 3.3, 3.4, 3.7, and 3.9 together:

‘CSUSY — Echiral+£chiral+£gauge+£gau95

int int

. , 1
= =V Vi + iV 1 — 2 Fa P + INGHV A
1 . . i
—V2g (0T ) N+ X (WIT0)] — o (W9 + W)

+V (¢, 8%), (3.10)

where the first line represents the free-interaction terms (with the 0,¢;, 0,1; in
Equation 3.3 replaced with the covariant derivatives V,¢;, V,1; to be also gauge

invariant), the second line represents the interaction terms, and the third line is the
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scalar potential:

. 1 o1
V(p, ") = F*F, + FD D" = WiW* + §g2(¢*T“¢)2. (3.11)

where the auxiliary fields F; and D® have the form:

F=—W;, D= —g(¢"T"). (3.12)

3.1.2 Soft Supersymmetry Breaking

Supersymmetry in theory is an exact symmetry, but postulates sparticles that are
degenerate in mass from the SM partners [39]. The non-observation of particles other
than SM particles so far indicates that SUSY, if it exists, is broken at energy scale
beyond the current experimental limits.

SUSY could be broken either explicitly or spontaneously. Spontaneous symmetry
breaking occurs when a Lagrangian describing a system is invariant under a symmetry
transformation but not at ground state. An example of this is breaking of a gauge
symmetry known as the Higgs’ mechanism [13]. On the other hand, explicit symmetry
breaking occurs when a Lagrangian contains terms that is not invariant under a
symmetry transformation. There is no consensus on how SUSY is broken, but
there exist many models of spontaneous SUSY breaking scenarios. These always
involve extensions of MSSM to include new particles or interactions (for example,
introduction of gravity in minimal Supergravity, or mSUGRA, model), and they are
reviewed in Reference [14]. In MSSM, SUSY breaking is explicitly defined by a soft

SUSY breaking term.
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Figure 3.1: Soft SUSY-breaking terms: (a) gaugino mass M,; (b) scalar squared
mass b (top) and (m?)} (bottom); and (c) scalar cubic coupling a*. Figures based
on Reference [1}].

In general, the soft SUSY breaking terms can be included in the Lagrangian:

Eeffective = ESUSY + £soft7 (313)

where the term “soft” refers to the fact that the sparticle masses are in the phe-
nomenologically acceptable range, between on the order of the Z boson mass and the

TeV scale. The soft Lagrangian term is written as:
1 aya 1 ijk 1 i 2\1 1 j*
Lot = — (2Ma)\ A"+ 5% Pipjor + 517 ¢i¢j) + c.c — (m*)50"" ¢y, (3.14)

where M, is the gaugino mass term, b and (m2)§» are the scalar squared mass terms,
and a”* is the scalar cubic coupling, as diagrammatically illustrated in Figure 3.1. The
above equation is said to break SUSY, because it involves only scalars and gauginos,

but not their superpartners.
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3.1.3 MSSM At Electroweak Scale

The electroweak symmetry breaking (SU(2), x U(1)y — U(1)gm) implies that the
higgsinos and electroweak gauginos mix to form mass eigenstates: the neutral hig-
gsinos (H? and HY) and the neutral gauginos (B and W°) combine to form four
neutralinos (Y9 ,); and the charged higgsinos (H;" and H; ) and charged winos (%)
combine to form two charginos ()ng). By convention, the smaller index indicates
smaller mass, and the lightest neutralino y{ is assumed to be the lightest SUSY
particle (LSP).

In the gauge-eigenstate basis /° = (B,W° HY, H?), the neutralino mass La-

grangian comes from the soft SUSY breaking term (i.e. from Equation 3.14):
1
L0mass = —§(¢0)TM>~<O¢° + c.c, (3.15)

where

M, 0 —gva/V2 v /V2
Mo = ’ M 9ua/ V2 —guu/V2 . (3.16)
—gva/V2  gva/V2 0 —

glvu/\/§ _gvu/\/§ - 0

My, Mj, and p are bino, wino, and higgsino mass terms, g and ¢’ are the gauge
coupling constants for the SU(2) and U(1) groups, respectively, and v, and v, are
vacuum expectation values (VEV) of H? and HY, respectively.

The above mass matrix is diagonalized using a 4 x 4 unitary matrix N to obtain
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the mass eigenstates (myo):

(N'M@N) = 6fmg. (3.17)

In a similar fashion, the chargino mass Lagrangian in the gauge-eigenstate basis

V= (W* Hf W=, Hy) is:

1
Lt mass = _§(¢i)TM>~<i¢i + c.c, (3.18)
where
0 XT M2 guy
M= = , X = . (3.19)
X 0 qug [

Using two 2 x 2 unitary matrices, U for positively charged states (W+, H*) and V
for negatively charged states (W‘, H ~), the mixing matrix is diagonalized to obtain
the mass eigenstates (m>2¢):

(U*Xv—l)ij = lms. (3.20)

The Higgs scalar potential in the MSSM can be obtained by rewriting the scalar
potential (Equation 3.11) and the scalar squared mass terms in the soft SUSY break-
ing Lagrangian (Equation 3.14) in terms of MSSM Higgs doublets, H, = (H,, H?)

and Hy = (HY, H; ):

VHiggS = Vr_term + VD—term + sronjt + V;boft, (321)
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with
Viterm = |l (\H3|2 + [HF?+ [Hg|* + \HJIQ)
1 1
VD_term = g(g2 + g (H? + [HF|? = [Hgl* + |Hy |*)” + 592|HJH3* + HJH; "

2

o = mi, ([HOP + [HE1?) +mi,, (IHS? + |Hy %)
Vsboft = b<HJHJ—H2Hg)+C.c.

Then, imposing electroweak symmetry breaking, (H.") can be set to 0 by choosing

an appropriate gauge transformation. This implies (H;) = 0 due to the requirement
of OViiggs/OH, = 0 [14, 40]. The remaining two neutral Higgs VEV are related to

the Z boson mass as:
V2402 =2m%/(g* +¢?) ~ (174 /GeV)? (3.22)

and the ratio of the VEV is commonly denoted as tanf = v, /v,.

SUSY requires two Higgs doublets in SU(2),, group, and therefore has eight real
degrees of freedom, three of which become longitudinal modes of W* and Z bosons
via the Higgs’ mechanism [41]. The remaining five mass eigenstates are three neutral

states (h°, H°, A°) and two charged states (H™, H™) [14].

3.1.4 R-Parity

R-parity is an arbitrary quantum number assigned to all elementary particles, relating

baryon number, B, lepton number, L, and spin, S. It is defined as [14]:

R = (—1)3B-1)+25 (3.23)
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All of the SM particles have R = +1 while sparticles have R = —1. In the MSSM,
R-parity is conserved, meaning that the product of final R-parities matches with the
initial (Rinitiar = IR fina). Without the requirement of this parity conservation, the
theory violates B, L, as well as lepton flavour conservation which leads to inconsis-
tencies with previous experimental data, notably the non-observation of proton decay
[14]. The consequence of R-parity conservation is threefold: SUSY particles must be
pair-produced at collider experiments since the initial beam has R;,;;;c = +1; the
produced sparticle will always decay to an odd number of LSP; and the LSP with
R = —1 is absolutely stable and, if it is electrically neutral, this is a natural candidate

for the dark matter.

3.2 Production Process

If MSSM with R-parity conservation is assumed, SUSY particles are produced in pairs
from the hard-scattered parton collisions within the accelerated proton beams at the
LHC. For EW processes, the direct pair-production of gauginos (Y*,%°) and sleptons
(/*) is possible, where the s-channel production dominates (see Figure 3.2a). For
strong processes, the gluons and quarks from the incoming proton beams participate
to pair-produce squarks and gluinos, as depicted in Figure 3.2b.

Figure 3.3 shows the cross section of sparticle pair-production at the LHC with
a centre-of-mass energy of /s = 8 TeV as a function of their average mass. It
can be seen that the QCD production (¢¢ and gg pair-production) has a much
higher production cross section than the EW process, meaning that they are more
abundantly produced. However, with the early running of the LHC, there has been

no observation of SUSY-like events, leading to a strong limit on squark and gluino
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Figure 3.2: FEzxample production processes of sparticles at the LHC at (a) the EW
scale and (b) the QCD scale. For a complete list of SUSY production modes, see
Reference [14].

masses of order 1 TeV [43]. In this scenario, EW sparticle production (i.e. direct
gaugino or slepton pair-production) is more likely at the LHC, and hence it is the

main focus of this thesis.

3.3 Final States

All SUSY particles except for the LSP are expected to be unstable, and so undergo
decay chains at the interaction point (even before reaching the ATLAS detector).
A final state refers to a state where all of the unstable particles have decayed to a

stable state. These decays involve SM particles that the ATLAS detector is capable of
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Figure 3.3: Production cross sections of sparticles as a function of the average
mass of produced sparticles. Figure based on Reference [42].

identifying. The pair-produced sparticles as depicted in Figure 3.2 can form distinct
final states depending on the decay processes involved.

Charginos and neutralinos decay via EW processes, usually involving leptons or
gauge bosons. Following the Lagrangians for gauge multiplets in Equation 3.7 and
Equation 3.9, Feynman diagrams can be drawn for EW interactions, as presented in
Figure 3.4. If sleptons are light (which is required by so-called natural SUSY theories
that predict the sparticles to be detectable at the LHC scale, i.e. below O(1 TeV)) [44],
the sleptons almost always decay to a lepton and a LSP (i.e. £ — £X9).

Combining diagrams from Figures 3.2 and 3.4 will form the complete picture of
the physical processes for expected EW SUSY interaction at the LHC. In particular,
Figure 3.5 shows the processes with two final state leptons (so-called dilepton final
states), where the hashed circle represents the combination of possible EW processes

from Figure 3.2a. In all cases, due to R-parity conservation, the final state involves




3.3 Final States 39

v, l lv X1 lv X! b, T
Xi Av‘v‘v/:---éeév O X A**LAL vl i J—--L t, v,
i ! W H*
(a)
tv N7 X1 ¢ X1 b, T
0 Aeeve/__-éeeq O Y JAL Y Y AJ—--L b, T
X /N 5 X1 Xi 7 Xi ]]0’ []0’ 4[) )

Figure 3.4: Decay chains of (a) charginos and (b) neutralinos. Figures based on
Reference [14].

LSP that are stable and non-interacting. As such, they leave the detector unnoticed,
and create an imbalance in momentum sum in the transverse plane (also known as
missing energy - further discussion can be found in Section 4.2.4). Neutrinos are
weakly interacting SM particles, and so they also produce extra missing energy.
In some cases, quarks are involved in the final state (for example Figure 3.5d).
The quarks hadronize and then interact with detector material, producing hadronic
activity in the detector and leaving a signature known as a jet.

Depending on the topology of the events, the strategy to identify the possible
signal SUSY events or SM events that mimic the SUSY signal may also be different.
For example in Figure 3.5d, the fact that both leptons originate from a Z boson
can be exploited to select appropriate candidate signal events. For this thesis work,
the leptons refer to either electrons e or muons p. The identifications of tau leptons
require special treatment, and therefore are not considered. Its analysis can be found

in Reference [45].
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(c) (d)

Figure 3.5: Signal topology for EW SUSY production mode resulting in a final state
with two leptons and a missing energy.

3.4 SUSY Signal Models

For this thesis work, two different SUSY models are considered: phenomenological
MSSM (pMSSM) for the interpretation of the results (detailed in Chapter 6); and

Simplified Model for the optimization study of the signal regions (detailed in Chap-
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ter 5). The details of these two models are given in the following subsections.

3.4.1 pMSSM

The MSSM introduces over 100 new parameters to the SM, most of which arise from
soft SUSY breaking terms from Section 3.1.2. However, the number of parameters
that are relevant to the phenomenology at the LHC is much smaller. These free
parameters could be reduced by assuming charge-parity (CP) conservation. This
will eliminate all the complex phases resulting in CP violation analogous to the
SM. Another possible simplification is to eliminate trilinear couplings and Yukawa
couplings for 1st and 2nd generation sfermions, and assume these sfermions have
degenerate masses. These simplifications lead to the pMSSM [46].

The remaining 19 parameters are manageable enough to be systematically searched
for at the LHC. They are:

e 6 squark mass parameters: M, ;;, where x = @), u,d and the index 7 represents

the ith squark generation, with the first two generations being mass-degenerate

e 4 slepton mass parameters: M, ;;, where x = L, e and the index 7 represents the

1th slepton generation, with the first two generations being mass-degenerate
e 3 gaugino mass parameters: M;, My, and M3
e 3 trilinear couplings: A;, Ay, and A,
e 3 Higgs(-ino) parameters: u, my, and tan/s

Within the pMSSM, two separate types are considered, and for each type, addi-

tional assumptions are enforced.

Direct gaugino production with decays involving sleptons

This corresponds to Figure 3.5a, where only the right-handed sleptons are included.
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The masses of the sleptons are assumed to be %(mﬁ —i—mﬁ) and the masses of squarks
are set to 2 TeV to suppress their contributions. The value of tanfs is set to 6. This
low value ensures a good mix of selectrons, smuons, and staus. The value of m4 is
set to 500 GeV, and only the stop trilinear coupling is non-zero. These assumptions
are put in place by the SUSY working group within the ATLAS collaboration, and
they ensure that the lightest higgs mass h° to be in the range of newly discovered

boson [1].

Direct gaugino production with decays with no sleptons
This corresponds to Figures 3.5¢/d. For this type, the parameter choices are the same
as above, except that the masses of the sleptons are also set to 2 TeV to suppress

their contributions. The value of tanf is also different, and is set to 10.

3.4.2 Simplified Model

The Simplified Model has minimal particle content to produce SUSY-like events,
and parameterized by sparticle masses and their branching ratios. For each of the
diagrams considered in Figure 3.5, the masses of all sparticles other than those
appearing in the diagram are set to O(100 TeV) to suppress any contribution. Both
" and YT are assumed to be purely wino-like except for direct slepton production
case (remember that gauginos are mixtures of gauge superfields).

For each of the topologies in Figure 3.5, additional assumptions are enforced.

Yixi Production with intermediate ¢ (Figure 3.5a)
This assumes that each YT decays via sleptons or sneutrinos with a branching ratio of

50%. The slepton/sneutrino masses are degenerate and have values of %(m)at +mgo).
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The lowest mass splitting between Y7 and {9 is 35 GeV.

(¢ Production (Figure 3.5b)

The masses of all sparticles except for sleptons (excluding staus) and LSP are set to
2.5 TeV to suppress any other contributions than the diagram of interest. The LSP is
assumed to be purely bino-like. The sleptons can be left- or right-handed, and they

are assumed to be mass-degenerate.

Xixi Production with no intermediate ¢ (Figure 3.5¢)
This assumes that ¥i decay to W boson has a 100% branching ratio, and consider
only the leptonic decays of the W bosons. The mass splitting between i and {9

larger than the W boson mass is assumed.

Xi Xy Production with intermediate 1 and Z bosons (Figure 3.5d)

This assumes that YF decay to W boson and %9 decay to Z boson have 100%
branching ratios by setting the slepton/sneutrino mass to be high. It considers only
the leptonic decays of the Z bosons, and only the cases with hadronic decays of the
W bosons are examined. The mass splitting between the ¥i and ¥¥ and between the

X3 and XY are assumed to be larger than 50 GeV and 12.5 GeV, respectively.

3.5 Standard Model Backgrounds

The ATLAS detector can identify visible final states, but not the intermediate states
or non-interacting particles, such as the LSP. For each of the signal topologies in
Figure 3.5, there exist SM processes with identical or similar final states, but with

different intermediate states (without SUSY processes). These SM events will mimic
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Figure 3.6: Examples of SM top production. Left is the top pair production via
gluon fusion. Right is the associated single-top production with the W boson. The
particles that characterize this SM background are highlighted in red.

SUSY events and they could be misidentified as SUSY events (which would imply new

physics), although in reality they have no new physical implications. These events are

called backgrounds, and the ability to identify and reject these events is important.
Of the SM backgrounds presented below, the top, the WW, and ZV backgrounds

are the dominant ones for the dilepton EW SUSY signatures.

3.5.1 Top

Top backgrounds refer to either top pair-production (tt) or associated single-top
production with the W boson (Wt). The dominant production mode and the final
states involving two leptons can be seen in Figure 3.6. The similarity in final states
between the SM top and SUSY events can be seen by comparing with Figure 3.5.
The top quark decays to a W boson and a b quark with 91% probability [3]. The
unique behaviour of the b quark, in particular the fact that the B hadrons are stable
enough to produce a displaced vertex that is measurable with a detector, could be

used to identify the top backgrounds.
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Figure 3.7: Fxamples of SM WW production. Left is the s-channel process. Right
is the t-channel process. The W bosons that characterize this SM background are
highlighted in red.

3.5.2 WW

SM WW production is another form of SM events that has a very similar final state
to the expected signal, as it can be seen from Figure 3.7. The only difference in
the final state between Figure 3.7 and Figure 3.5¢, for example, is the LSP, which
is invisible to the ATLAS detector, and depending on the direction of the LSP, the
missing energy contribution could either add or cancel. Because of this, the WW

background is more difficult to separate from the signal SUSY events.

3.5.3 ZV (ZZ/ZW)

SM ZV (where V is a vector boson, i.e. either the W or Z boson) events are similar
to the WW process, but involve Z bosons. They could also mimic signal SUSY events
as it can be seen in Figure 3.8. As an example, one of the Z bosons produces two
hard leptons with enough momentum to be triggered (see Section 4.1.2 for the pr
threshold), while the other Z or W boson could produce soft jets or soft leptons with
pr < 10 GeV and therefore unidentified by the detector.

If both leptons come from the Z boson, their invariant mass should be the Z
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Figure 3.8: FExamples of SM ZV production. Left is ZZ production, while right
is ZW production. The Z and W bosons that characterize this SM background are
highlighted in red.

Figure 3.9: FExamples of SM Z+jets production. Left diagram shows Z with
hard-scattered gluon, middle is the Z bremsstrahlung, and right shows the wvector-
boson fusion (VBF) process. The particles that characterize this SM background are
highlighted in red, where the quarks and gluons produce jet signatures.

boson mass, myz. This fact could be used to identify these ZV events.

3.5.4 ZX (Z+jets)

SM ZX events are similar to ZV', but with the absence of the extra vector boson,
and instead have hadronic activity resulting from either another QCD object as a
result of the hard-scatter, or processes such as vector boson fusion (VBF) or Z-boson

bremsstrahlung. Examples of such cases are depicted in Figure 3.9.
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Figure 3.10: Examples of SM Higgs production. Left diagram shows the Higgs
production via gluon fusion, then decay via WW , middle is the higgsstrahlung, and
right is the VBF process. The Higgs boson that characterizes this SM background is
highlighted in red.

3.5.5 Higgs

Some SM Higgs have decay processes very similar to the SUSY events of interest.
This mainly comes from H — WW channel from gluon fusion, but could also come
from VBF or higgsstrahlung, as depicted in Figure 3.10. In the first case, the final
state is very similar to W W background in Section 3.5.2, and thus difficult to separate
from the SUSY signal. However, due to the relatively low cross section, these Higgs

events are not a significant source of background for the analysis.

3.5.6 Fake Leptons

Fake leptons are other SM processes that mimic leptonic behaviour that could be
misclassified as leptons by the detector. This could come from misidentified jets,
leptons from heavy-flavour decay (non-prompt leptons) or photon-conversions. This
could lead to the possibility of misidentifying a seemingly innocuous process without

two final state leptons as a signal event.




METHODOLOGY

The hunt for EW SUSY signatures with the ATLAS detector at the LHC is a complex,
multi-step process. This is due to the fact that the proton collisions at the LHC
involve many particle interactions, not all of which are relevant to the SUSY signal
of interest. Due to the weakly-interacting nature of the postulated stable SUSY
particle, the LSP, the ATLAS detector is not capable of identifying it. As well, it
cannot easily distinguish SUSY signal final states from SM processes that mimic these
SUSY interactions as outlined in Section 3.5.

The goal of the search is to observe an excess of events above the SM expectation,
and it was performed by a small team within the SUSY working group of the ATLAS
collaboration. I was involved as one of the members of the team that focused on
the EW SUSY signature with two final-state leptons and missing energy. I took on
responsibilities of some key components of the analysis which will be presented in
later chapters.

The methodology used for the analysis is outlined in this chapter. First, collision

data and simulated data used for this analysis are introduced. Then, the definitions

48
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of objects, and their selection criteria are detailed. The strategy of the analysis is
subsequently outlined. Finally, a discussion of systematic uncertainties concludes this

methodology chapter.

4.1 Data and Monte Carlo Samples

Signatures for SUSY processes could be observable at LHC energies by taking real
collision data, and comparing their event properties to the expected signatures from
simulated SM and SUSY data. The details of these two types of data are outlined in

the following subsections.

4.1.1 Data Collection

For this thesis work, pp collision data taken with the ATLAS detector between March
2012 and December 2012 are used. These data correspond to a total integrated
luminosity of 20.3 fb™! at the centre-of-mass energy of /s = 8 TeV (see Table 2.1).
The collision data are processed into an end-user analysis format called D3PD as
described in Section 2.2.1. The D3PD version used for collision data is p1542. The
data D3PD then go through a series of quality checks to ensure they do not contain

poor-quality events. These checks are described below.

Good Runs List (GRL)

A GRL is a list of a subset of the collision data collection (called lumiblocks) when all
detector components were operational without any abnormalities. It is produced
centrally by the data preparation group within the ATLAS collaboration and is

tailored for specific categories of physics analyses since some analysis may use different
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detector components. Any lumiblocks that are not included in the GRL will likely
have unreliable detector information, and therefore may bias the analysis. This

requirement rejects approximately 4% of the total data.

Detector-based quality criteria

These criteria are checked after the GRL, and further reject events that may lead
to unreliable event information due to detector effects. They include: Tile calorime-
ter cleaning, which rejects events with jets pointing to a space where misbehaving
read-out channels were improperly masked; checks for possible incomplete events
corresponding to a lumiblock right after a trigger-timing control (TTC) was reset in
middle of a data run; and checks for noise bursts within LAr calorimeter. Together

with the GRL check, approximately 5% of the total data are rejected after this stage.

Event-based quality criteria

After the detector-based quality checks, each event is further scrutinized for its
quality: checks for events with jets that are labeled as VeryLooseBad by the jet
identification algorithm, or jets pointing to a problematic calorimeter segment; checks
to ensure that the event has a primary vertex with at least five tracks associated with
it; and checks for muons that are potentially mis-measured or those identified as
muons from cosmic rays. Together with the GRL and the detector-based quality

checks, approximately 7% of the total data are rejected after this stage.

4.1.2 Triggers

This thesis focuses only on the final states with two leptons. Only a subset of all pp

collisions are triggered as events of interest in order to reduce the number of input
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Figure 4.1: A summary of trigger regions in the dilepton transverse momentum
(pr) 2D parameter space for ee (a), pu (b) and ey (c) channels. For (a) and (b),
the x-axis (y-axis) is the pr of the leading (subleading) lepton, therefore the trigger
regions are only defined within the lower half of the diagonal dashed line.

events (to 400 Hz as described in Section 2.2.1) since many pp collisions include other
events that do not involve leptons.

The trigger system selects events based on a transverse momentum pr (or energy
Er) of an object. Event Filter (EF) triggers are used, where an offline reconstruction
algorithm identifies an object, and matches it with an object identified by the level-
1 (L1) trigger. In this analysis, dilepton triggers are used, where two leptons are
simultaneously triggered. Since the final-state leptons are either electrons or muons,
there are three different combinations: electron-electron (ee), electron-muon (ep) or
muon-muon (uu). Depending on these combinations, and depending on the pr of the
leptons, different triggers are used. The lowest possible pr threshold of the triggers
were selected in order to collect the maximal amount of input events. An additional
“offline” pr threshold is applied a few GeV above the trigger pr to ensure good trigger

efficiency. Figure 4.1 and Table 4.1 summarizes the triggers used.
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pr(€1) | pr(2)
[GeV] | [GeV]
ee channel | Region A | EF_2e12Tvh_ loosel 14 14
Region B | EF__e24vh_mediuml_ e7__mediuml 25 8
e channel | Region A | EF__mul8_ tight _mu8_EEFS 18 8
Region B | EF_mul8 tight mu8 EEFS or EF_2mul3 | 18 (14) | 8 (14)
Region C | EF_mul8 tight mu8_ EEFS 18 8
Region D | EF_2mul3 14 14
ep channel | Region A | EF_el12Tvh_mediuml_ mu8 14 8
Region B | EF_mul8 tight_e7 mediuml 18 8

Table 4.1: Summary of triggers used for the analysis. The trigger follows the
following nomenclature (separated by an underscore “_7): The first “EF” denotes the
trigger used is EF trigger; triggering lepton (e or ) followed by an online pr threshold.
Additional flags may be appended (“T” indicates the small difference in L1 and EF
threshold, “v” indicates n-dependent threshold at L1, and “h” indicates an upper
threshold of energy in hadronic calorimeter at L1); and lepton identification criteria.
pr values in the last two columns (where €1 and €2 are leading and subleading leptons,
respectively) represent transverse momentum threshold values for offline objects.

4.1.3 Monte Carlo Samples

Monte Carlo (MC) samples are used to estimate the expected number of events for
a particular type of initiating particle or its interaction. These simulated samples
are important since collision data do not easily distinguish one type of interaction
from another. MC simulation in general consists of three steps: event generation
that simulates the initial production of particles of interest through pp collisions;
hadronization that simulates the particle interaction before entering the detector
material; and detector simulation that simulates the particle interaction with the
detector material and decay process. Depending on the underlying process, different
types of event generation and hadronization models are used (see Table 4.2 and
Table 4.3). The detector simulation is done either by the full detector simulation

using GEANT4 [47], or through a fast, parameterized simulation called ATLFAST-
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IT [48].

As with the collision data samples, the MC samples are processed into a D3PD
format using version p1512. Event-based quality criteria as described in Section 4.1.1
are applied and triggered as described in Section 4.1.2. In addition, a pile-up distri-
bution reweighting and a MC-specific event weight are necessary to properly simulate

the pp collisions at the LHC.

SM Background MC Samples
The SM background categories were introduced in Section 3.5. For each category,

dedicated MC samples are used for specific processes, and they are summarized in

Table 4.2.

Signal MC Samples

As described in Section 3.4, there are two types of signal models considered for
this analysis. Simplified Models are diagram-based, therefore for each diagram in
Figure 3.5, a dedicated MC sample is generated. For pMSSM models, separate MC
samples are used for direct gaugino production with decays involving sleptons and
without sleptons. As these models have free parameters as explained in Section 3.4,
numerous samples are produced for each model, each with different combinations
of masses to form a “grid” in this mass parameter space. This enables the scan-
ning of the model through the grid. The signal MC samples are generated with
HERWIG++ [59] and the hadronization is modeled with UEEE3 [60]. Detector

simulation is done with ATLFAST-II. Table 4.3 summarizes the signal MC samples.
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Category Process MCID Generator / Hadronization
Top tt 105200 MC@NLO [49] / Jimmy [50]
Wt 108346 MC@NLO / Jimmy
wWw Ww 126928-36 POWHEG [51] / Pythia8 [52]
g9 > WW 169471-9 gg2WW [53] / Jimmy
WW + 35 126988-9 SHERPA [54]
VV = lvgq 157817-9 SHERPA
A% wWZ 129477-94 POWHEG / Pythia8
Z7 — 40 126937-42 POWHEG / Pythia8
27 — 20+ 2v 126949-51 POWHEG / Pythia8
99 — Z7Z 116600-3 gg277 [55] / Jimmy
VV —llqq 157814-6 SHERPA
IWW, ZZZ 167007-8 MADGRAPH [56] / Pythia6 [57]
ZX my < 40 GeV (DY) 173041-6 SHERPA
my < 60 GeV (DY) 147770-2 SHERPA
my > 60 GeV(Zee) 117650-55 ALPGEN [58] / Pythia6
my > 60 GeV(Zpupu) 117660-65 ALPGEN / Pythia6
my > 60 GeV(Z7T) 117670-75 ALPGEN / Pythia6
my > 60 GeV(Zce) 110805-16 ALPGEN / Pythia6
my > 60 GeV(Zbb) 110817-28 ALPGEN / Pythia6
Higgs WH 160255,160755 Pythia8
161105
ZH 160305,160805 Pythia8
161155
VBF 160205,160705 POWHEG / Pythia8
161055
gg — H 160155,160655 POWHEG / Pythia8
161005

Table 4.2: List of SM background MC samples generated at /s = 8 TeV. The first
column is the gemeral SM process category, with the second column indicating the
specific process within it. The third column lists the ID number for the MC samples

corresponding to the process.
generation and hadronization.

The fourth column lists the model used for the event

4.2 Object Definitions and Event Selection

The ATLAS detector employs sophisticated algorithms to identify and distinguish

different types of particle interactions using various components of the detector. The
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Category Process MCID
Simplified | Y7 X7 via sleptons (Figure 3.5a) 144902-27,157969-86,176558-73
Model 0 production (Figure 3.5b) | 166501-658,175420-583,177423-496
XXy via W (Figure 3.5¢) 176322-479,164374-423
yﬁ;zg via WZ (Figure 3.5d) 164324-164373
pMSSM with sleptons 164949-165740
without sleptons 186000-186099

Table 4.3: List of SUSY signal MC samples generated at /s = 8 TeV. The first
column is the general signal SUSY model category, with the second column indicating
the specific process within it. The third column lists the ID number for the MC samples
corresponding to the process.

detector then reconstructs an “object” from a collection of these detector signals. The
definitions of objects that are relevant to this analysis, their properties, and how they
are identified by the ATLAS detector are described further in detail in this section.
These definitions are implemented in an offline analysis software package and
selected on an event-by-event basis. The software package, called SUSYTools, is
commonly used among all SUSY searches within the ATLAS collaboration. The

version used for this thesis work is SUSYTools-00-03-04.

4.2.1 Leptons

In this analysis, leptons refer to either electrons or muons, although tau leptons are
also identified to be vetoed in order to be consistent with the trilepton analysis [61] and
ditau analysis [45]. These leptons are visible and can be identified using the ATLAS
detector. The identification of leptons consists of two steps: first, baseline selection
criteria are applied to choose candidate leptons; then a more stringent selection is
made to select so-called signal leptons. Table 4.4 summarizes the definitions for

leptons.
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Electron \ Muon \ Tau
Baseline
Identification | medium++ | STACO loose Loose
pr > 10 GeV > 10 GeV > 20 GeV
n] <247 < 2.40 <247
Signal

Identification | tight++ | STACO loose | Medium
’dOPV’ < 5(7dg>v < 30dé’v —
|28V x sind)| < 0.4 mm <1 mm -
e [pp < 16% < 12% —
Eme30 [y < 18% — —

Table 4.4: Definitions of lepton objects.

Electrons

Electrons are identified using the ID and the calorimeter system. They are charac-
terized by shower shapes in the EM calorimeter, energy leakage into the hadronic
calorimeter, and tracking information in the ID [62]. Since electrons are charged
particles, they leave a trail of hits (a “track”) in the tracking detector. By the direction
with which they bend, the charge can be identified (anti-electrons are normally called
positrons).

A baseline electron requires that it is identified using medium++ criteria ' using
the official identification tool provided by the egamma performance group. The
identification efficiency? of medium++ is 80% to 95% depending on the Er of the
elctrons [63]. It must also require its transverse momentum pt to be above 10 GeV,
and within the 7 region dedicated to precision measurements, |n| < 2.47.

A signal electron requires the identification using tight++ criteria (where the

Er-dependent identification efficiency is 65% to 90% [63]), and also on the impact

Lthe object identification criteria in ATLAS are labelled as loose, medium, tight, in increasing
order of background rejection at expense of efficiency loss.
2background rejection factors are process dependent, therefore are not quoted.
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Figure 4.2: lllustration of impact parameter in the transverse plane. A particle
originating from a secondary vertex (SV) will have a track displaced from a primary
vertex (PV) where the colliding beams cross perpendicular to the page, and the distance
of closest approach in the transverse plane (denoted di’V') is the impact parameter.

parameter designed to test the origin of the identified particle (see Figure 4.2 for
an illustration) as well as isolation criteria. The impact parameters d5" and 2LV
describe the point of closest approach of the reconstructed track to the Primary
Vertex (PV) in the transverse plane and along the beam-line, respectively. If the
track belongs to particles created from the secondary vertex (SV), then the impact
parameter is expected to be large (on the order of mm). The requirements on the
impact parameters are |d)V| < Sogev (within 5 standard deviations of the impact
parameter d2V) and |20V x sinf| <0.4 mm, respectively. Isolation criteria include:

a cut on ps"®Y a scalar sum of transverse momentum pr above 400 MeV within a

cone around the candidate with a size of AR < 0.3 (where AR = \/A¢? + An?), to
be less than 16% of the pr of the identified electron; and a cut on E$™3° a sum
of transverse energy deposit Et in the surrounding calorimeter cluster within a cone
around the candidate with a size of AR < 0.3, to be less than 18% of the pr of the

identified electron.
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Muons

Muons are identified using the ID and the muon spectrometer. As with electrons,
the tracking is done with the ID, but also combined with the spectrometer using
the STACO algorithm [62, 64]. Due to the larger mass of the muons compared to the
electrons, they do not deposit significant energy in the calorimeter system. Instead,
their momentum is measured with the spectrometer.

For the baseline selection, STACO loose identification criteria are required as pro-
vided by the muon combined performance (MCP) group, where the identification
efficiency is ~99% [65]. The transverse momentum must be greater than 10 GeV,
and within pseudorapidity region |n| < 2.40.

A signal muon must also pass impact parameter requirements similar to electrons,
with |dEV] < 3o4pv and |28V x sinf| <1 mm. The isolation quantity similar to the

electrons, p5e"3 is required to be less than 12% of the py of the identified muon.

Taus

Tau leptons are identified using a multivariate technique called Boosted Decision Tree
(BDT) to distinguish between a tau and a jet (jetBDT) and between a tau and an
electron (electronBDT) [66].

A baseline tau requires that the selection criteria from BDT to be loose for both
jet and electron. It also requires pr greater than 20 GeV, |n| range within 2.47, and
the number of associated tracks either 1 or 3 (so-called one-pronged or three-pronged
decays). For signal taus, medium selection is required for jetBDT. The identification

efficiencies for loose and medium selections are ~70% and ~60% respectively [66].
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Jets
Baseline
Identification anti-k7 with AR=0.4, LC calibrated
pr > 20 GeV
n| < 4.5
Light Jets b-Jets Forward Jets
pr > 20 GeV > 20 GeV > 30 GeV
n| <24 <24 |24<|n <45
b-tag (MV1) < 0.3511 > (0.3511 —
JVF > 0 if pr < 50 GeV — —

Table 4.5: Definitions of jet objects.

4.2.2 Jets

Jets refer to hadronic activity within the detector. These are identified using the 1D
and the calorimeter system, using the anti-k; algorithm with distance parameter of
AR = 0.4 [67]. As with the leptons, baseline criteria are enforced before selecting
signal jets. Baseline jets are the subset of identified jets with the transverse mo-
mentum greater than 20 GeV where the local-cluster (LC) weighting calibration is
employed [68], and fall within pseudorapidity region |n| < 4.5. The identification
efficiency of jets is 80% for pr ~ 20 GeV and 99% for pr > 30 GeV [68].

For the signal jets, three sub-categories are identified depending on the behaviour

and flavour of the jets. They are summarized in Table 4.5.

Light Jets

These refer to jets that are likely initiated by light flavoured quarks or gluons (i.e.
not b-quarks - see the b-jets description below for the discriminating variable). Due
to the limitation of b-jet identification, light jets are identified only within the central

detector component (|| < 2.4). In addition, the requirement of jet vertex fraction
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Figure 4.3: Distribution of JVF.

(JVF) is enforced. JVF is a quantity that is designed to distinguish between jets
from hard-scattered events and pile-up jets, and it is defined as a fraction of track
momenta from the PV compared to all of the momenta associated to the jet. An
example JVF distribution is illustrated in Figure 4.3. The JVF requirement is found

to be effective only if the jets are relatively low-energy (pr < 50 GeV).

b-Jets

These refer to jets that are likely initiated by b-quarks. Since a B-hadron has a
long decay time, it creates a displaced vertex before it decays. A neural-network of
several b-tagging techniques is used to identify these processes, called MV1 [69]. This
MV1 technique requires the jets to be within the range |n| < 2.4 because it relies on
tracking information. Jets within this n range, and with MV1 score of greater than
0.35, corresponding to identification efficiency of 80%, are categorized as b-jets, while
light jets are categorized by scores of < 0.35. At this working point, the mis-tag rate
(the probability that a light jet is mistakingly tagged as a b-jet) is between 1% and

5% depending on the jet pp [70].
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Forward Jets

These refer to jets that are created in the forward region of the detector (2.4 < |n| <
4.5). Since tracking is not possible in this region, neither b-jet identification nor JVF
requirement is enforced. Instead, the threshold pr is increased to 30 GeV to ensure

the jet comes from a hard-scattered event.

4.2.3 Overlap Removal of Leptons and Jets

The baseline selection of leptons and jets provides a reasonable description of real
objects associated to a physical process of interest. However, these objects could
still be mislabeled or ambiguous if they are close to other identified objects. These
overlapped objects could bias the signal selection. For this reason, these overlapped
objects are removed before applying signal object selection criteria as this will ensure

that these objects are well isolated. They are done in sequential order as follows

(where AR = \/(A¢)2 + (An)?):

1. If AR between two electrons is within 0.05, remove the electron with lower

transverse momentum,
2. If AR between a jet and an electron is within 0.2, remove the jet,
3. If AR between a tau and either electron or muon is within 0.2, remove the tau,

4. If AR between a jet and electron or muon is within 0.4, remove the electron or

the muon,

5. If AR between an electron and muon is within 0.01, remove both the electron

and the muon,
6. If AR between two muons is within 0.05, remove both muons,

7. If AR between a jet and signal tau is within 0.2, remove the jet.
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The above AR values are motivated by the respective identification algorithms.
For example, the jet identification uses AR = 0.4 (see Table 4.5), and the different
detector components used for lepton identifications lead to the differences in the AR
values for the lepton overlaps.

In order to suppress low-mass backgrounds such as the Drell-Yan process and
resonant production of T and J/v, a remaining baseline of oppositely-charged ee or
e pairs with invariant mass my, less than 12 GeV is removed before application of

signal lepton selection.

4.2.4 Missing Energy

Even within the realm of SM particles, there are weakly-interacting particles that
escape the detector without being detected (namely the neutrinos). As mentioned in
Chapter 3, the LSP is also weakly-interacting, and therefore escapes the detector.
They are however essential component of a final-state, and therefore need to be
identified.

Since there is no direct way to measure these particles, they are deduced by finding
the imbalance in the sum of momenta in transverse plane, as depicted in Figure 4.4.
The refined calibration method, or RefFinal, is used for missing energy computation.
It consists of several components: leptons (e,u,7) and photons with pr >10 GeV,
jets with pr >20 GeV, and other clusters of energy within || < 4.9, called the
“soft-term” [71]. This imbalance is calculated in the x- and the y-components inde-
pendently, then combined together to form so-called missing transverse momentum,

or equivalently called missing transverse energy when omitting directionality. It is
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Figure 4.4: An event with balanced energy deposit in transverse plane of the detector
(left). Event with unbalanced energy deposit (right). A red dash indicates the direction
of the missing energy.

denoted as Es% as follows:

miss __ miss,e MLsS, miss,T miss,y miss,jets miss,soft
Edw = Bowy)” T B T By + By Ery” H By (D)
Evj@iss — \/(E;m'ss)Q + (E;m‘ss)Q. (42)

This missing transverse energy is a sum of all invisible particles. For example, if a
final-state consisted of both x{ and v, then it will correspond to a sum of the two pr
of the invisible particles, and it is not possible to separate the individual contributions
from the two invisible particles. In addition, the imbalance of energy could include

energy loss due to the resolution of the detector, possibly skewing the measurement.
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4.3 Analysis Strategy

In this section, the major steps of the search strategies for EW SUSY signatures
are outlined, where the responsibilities for each of these steps were divided among
group members. Of the steps listed below, I have made personal contributions to
signal region definition (Section 4.3.2) for SR-WW, and statistical interpretation
(Section 4.3.5) for the pMSSM models.

4.3.1 Blinding of the Data

A signature for a SUSY interaction can be found in the ATLAS detector by looking
for an excess of events in collision data compared to the expected SM yield from the
MC simulation in a region called a signal region (SR - see next subsection). This SR
definition can be biased if it is designed with a priori knowledge of the behaviour of
the collision data in these regions. In order to avoid this potential bias, the collision
data are ignored (or blinded), and the SR regions are designed by analyzing the

simulated data only.

4.3.2 Signal Region Definition

The signal region (SR) is a region where the expected SUSY events are most likely
to be enhanced and visible. That is, the SUSY signal is maximized while the SM
background is minimized. Since some sparticle interactions are very similar to SM
background events, the series of kinematic selections are not trivial and must be
optimized in order to separate the two types of processes. Depending on the types of

SUSY interactions, three separate SR are independently designed (SR-mryq, SR-WW
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and SR-Zjets). I have made personal contributions in designing of SR-WW regions.

Details of the SR optimization are discussed further in Chapter 5.

4.3.3 Estimation of the Backgrounds

As mentioned earlier, SM background events can mimic SUSY signatures, and there-
fore understanding these backgrounds is a very important part of the analysis. Many
types of interactions take place in real collision data, but there is no a priori knowledge
of which processes will occur in any given event. By using theoretical models and
simulated data, the compositions of different interactions can be disentangled. This
is done by defining what is called a control region (CR) for each of the dominant
backgrounds (as outlined in Section 3.5) found in a SR. As depicted in Figure 4.5, a
CR is complimentary to a SR so that blinded data are excluded (remember that real
collision data in the SR are blinded). By comparing the collision data and simulated
data in a CR, the behaviour and agreement of the modelling of these backgrounds
can be checked. Then the yield in the CR is interpolated to the SR to obtain the

expected yield for each background process in the SR.

4.3.4 Unblinding of the Data

Once the SR definitions are completed and SM background composition for these
regions are determined, the collision data can then be unblinded and analyzed in
the SR. At this point, various particle behaviours in the SR are checked, by plotting
particle kinematics and comparing collision data with simulated data. Chapter 6
shows some of these kinematic distributions demonstrating the agreement between

the data and the MC.
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Figure 4.5: lllustration of control region (CR) definition. A CR is defined such
that it is close to the SR, but without an overlap into the blinded region. CR enhances
a particular background yield. For example, decreasing the mrs requirement, WW
contribution is enhanced (labelled CR-WW), while increasing the number of b-jets
enhances the top contribution (labelled CR-TOP). Finally, higher my, requirement
enhances ZV contribution (labelled CR-ZV).

4.3.5 Statistical Interpretation

Once the data are unblinded in the SR, statistical methods can be employed to
interpret the results to either validate or refute a SUSY model. This is achieved
by means of hypothesis testing, and it is divided into three steps: background-
only testing to check the background composition in the SR as determined before
unblinding of the data, a discovery test that will try to reject a hypothesis that no
new physics beyond the SM exists, and exclusion test that will set upper limits to the
parameters of a particular SUSY model (such as sparticle mass) should no excess be

observed. See Chapter 6 for further details.
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4.4 Systematic Uncertainties

Systematic uncertainties on the measurement of particle properties affect the estima-
tion of background and signal events in the SR. For some cases, there are also scale
factors (SF) applied to the MC to correct for the differences in the simulation to the
data, or rescaling factors that account for the calibration of physical objects in data.
These factors are also accompanied by their own systematic uncertainties and must
be taken into account. These uncertainties also affect the statistical interpretation
by altering the likelihood function (see Section 6.1.2) and therefore are important to
be understood. These are independent of statistical uncertainties in the SR and arise
from several sources, as outlined below. See Section 6.3.3 for the summary of values

for the systematic uncertainties.

4.4.1 Jet Uncertainties

Energies of jets are calibrated using the ATLAS detector. The energy calibration (Jet
Energy Scale or JES) is used to rescale the jet energies in the data, and its uncertain-
ties, provided by the Jet/Etmiss performance group within the ATLAS collaboration,
are applied to the MC and dependent on the momentum and direction of the jets [68].
The calibration also determines the energy resolution of the jets to be applied only
to the MC (Jet Energy Resolution or JER). The uncertainties associated to it are
applied by smearing the nominal jet energy according to a Gaussian distribution with

a width given by momentum-dependent resolution function [72].
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4.4.2 Lepton Uncertainties

Electron energy scale and resolution (EES and EER respectively) are analogous to
the jet calibration (JES and JER), where the EES is used to rescale the electron
energies in the data and EER is applied only to the MC. These factors and the
uncertainties associated to them are provided by the egamma performance group
within the ATLAS collaboration [73, 74]. Muon momentum calibration is derived
from the muon spectrometer (MS) and ID components of momentum measurements
(MMS and MID respectively), and they are used to rescale the muon momentum in
the data. These factors and the uncertainties associated to them are provided by the
muon combined performance (MCP) group within the ATLAS collaboration [75].

In addition, electron and muon identification efficiencies and trigger efficiencies are
included as SF. These scale factors correct for the differences in efficiencies observed
between the data and MC simulation and uncertainties on these SF are evaluated.
The electron and muon identification SF and their uncertainties are provided by the
respective performance groups, while the trigger efficiency uncertainty is obtained by
varying the trigger requirements such as trigger matching radius and dependence on
number of primary vertices [76].

Uncertainties due to tau reconstruction are found to be negligible by the other

researchers contributing to the same analysis.

4.4.3 Missing Energy Uncertainties

Since the missing energy is derived from the imbalance of energies measured from

leptons and jets, the uncertainties on the individual components are propagated as
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the uncertainty for the missing energy. In addition, the uncertainty on the energy

scale of “soft jets” with transverse momentum 7 GeV < pr < 20 GeV is evaluated [71].

4.4.4 b-tagging Uncertainties

The identification of b-quark initiated jets uses complex multivariate techniques (as
introduced in Section 4.2.2), therefore the uncertainty associated to b-tagging is
provided by the b-tagging performance group within the ATLAS collaboration. The
uncertainties include b-jet identification efficiency and rejection efficiency of the light-

flavoured jets [69].

4.4.5 Fake Lepton Uncertainties

The description of the fake leptons was given in Section 3.5.6. The uncertainties come
from data-driven methods used for estimating the contribution of these fake leptons
as described in Reference [76]. These include an 1 dependence on these fake leptons

and statistical error.

4.4.6 Modelling Uncertainty

Modelling uncertainties come from the methods used to model particle interactions
and theoretical predictions of particle properties. These include: generator uncertain-
ties for MC samples, which are obtained by comparing with alternate generators (for
example for top and WW samples, POWHEG and MC@QNTLO samples are compared);
cross section uncertainties calculated for both background and signal processes; and
uncertainties on parton distribution function (PDF) of the initial proton beams by

using different PDF models.
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4.4.7 Luminosity Uncertainty

The uncertainty on the integrated luminosity depends on factors such as beam posi-
tion and behaviour, beam-beam interaction modelling, and pile-up conditions. It is

calculated by the ATLAS luminosity group [77], and it is estimated to be £2.8%.




SIGNAL REGION OPTIMIZATION

As described in Section 4.3.2; the optimization of signal regions (SR) is an important
stage of the overall search strategy for SUSY signatures. In this analysis, three
types of SR are designed to target the specific Simplified Model topologies that were
introduced in Section 3.4.2: SR-mry targets chargino pair production with subsequent
decays involving intermediate sleptons and slepton pair production (Figure 3.5a/b);
SR-WW targets chargino pair production with subsequent decays into W bosons
(Figure 3.5¢); and SR-Zjets targets chargino-neutralino production with Z and W
decays (Figure 3.5d).

Of the three SR categories, the optimization of SR-mrs and SR-Zjets were inde-
pendently conducted by the UCI group! and the Stockholm group?, respectively, and
therefore the optimization procedure for these SR will not be discussed here. The
optimization of SR-WW was conducted jointly by the Harvard group®, the CPPM

group? and the Carleton group, and involves several components that are presented

!University of California Irvine, USA

2Stockholms Universitet, Sweden

3Harvard University, USA

4Centre de Physique des Particule de Marseille, France

71
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in detail in the next subsections.

5.1 Optimization of SR-WIWW

The optimization of SR-WW was performed using a grid of separate Simplified Model
signal samples with the specific topology of Figure 3.5¢, with different gaugino mass
configurations as listed in Table 4.3. All of the SM backgrounds listed in Section 3.5
are used for the background estimation, with the dominant backgrounds being the
WW and the top processes. As explained in Section 4.3, the ATLAS collision data
are blinded, and therefore only MC events are used for both SM background and
SUSY signal expectations. An integrated luminosity of £ = 21 fb™" at \/s = 8 TeV
is assumed for the optimization.

The definition of SR-WW is designed and optimized based on a preselection of
events. The preselection is designed to remove events that do not follow the general
topology and final states of the signals as shown in Figure 3.5c, and its selection

criteria are (refer to Section 4.2 for definitions of objects):

e Exactly two oppositely charged leptons with the transverse momentum pp >
35 GeV and pr > 20 GeV for leading and subleading leptons, respectively. This

ensures that the leptons are from a good hard-scattered event.

e Ignore events with at least one central light jet, forward jet, or b-tagged jet.
Presence of any jet objects indicate the underlying process does not follow the

topology of interest.

e Ignore events with a dilepton invariant mass my, within 10 GeV of the Z boson

mass (only for ee and pp channels)
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5.1.1 Kinematic Variable Choices

Kinematic variables used for the SR-WW optimization were chosen in two steps: the
main cut variables that were motivated by the underlying physics and the additional
cut variables that may assist in separating signal events from the background. Some

kinematic distributions for these variables are presented in Section 6.2.

Choice of Main Cut Variables

The physical motivation for the SR-WW is twofold:

1. H — WW-like category: This category is inspired by the selection used in the
ATLAS SM H — WW analysis [78] due to the similiarity of the signal topology
as well as background composition between the two analyses (see Figure 5.1
for the comparison of the topology). This category targets the physics phase-
space where the mass splitting of the chargino and neutralino is near the W-
boson mass such that the W bosons are likely produced on-shell. The principal
kinematic variables used are pr g and E%ﬂss’rel, where pr g is the transverse

miss,rel

momentum of the two-lepton system, and Er. is defined as:

. Emiss if Ay > m/2
E’III‘nss,rel _ T ¢Z,] — / ’ (51)

Emiss i sin Ay ;i Ay < /2
where A¢y ; is the azimuthal angle between the direction of p:* and that of
the nearest reconstructed object. EY}' issrel s effective in suppressing events with
mis-measured missing energy due to a nearby object, in which case the ¢ angle

miss

of pi'™ is correlated to that of the mismeasured object.

2. mro-region category: This category is inspired by the other SR (SR-mr2),
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Figure 5.1: Signal topology for (a) EW SUSY production and (b) SM Higgs
production, resulting in the same dilepton final state involving W -mediated decays.

which uses a kinematic variable called “stransverse mass” (mrq) [79] that is
shown to have strong discriminating power for a signal topology involving a
pair of particles that decay to an observable object (such as a lepton) and an

unobservable object (such as an LSP). The variable mrs is defined as:

miss, /1 /2 __miss,f2

mre = min [max (mr(pf, pr™"), me(pf, pE™))] (5:2)
T

miss,total miss,¢1 miss, {2 . P
where pp =P + pr is the observed missing transverse momen-

tum, p{ and p# are the transverse momenta of the two leptons, and pr%liss’ﬂ

iss, (2 : :
and pp " are the transverse momenta of the unobservable object associated

with the respective leptons. The transverse mass variable mr [80] is defined as:

mr(pr, PE™) = /2(Br R — pr - pii®). (5:3)
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Figure 5.2: Example distribution of mro variable for simulated top, WW and two
Simplified Model signals. The top and WW have a cut off at around W-boson mass,
while the signals have wider distribution extending this cut off.
For SM backgrounds such as WW and tt events, the mp, distribution has an
upper edge at the mass of W-boson, while the SUSY signal distribution extends
this upper edge due to the missing energy contribution from undetected LSP

(see Figure 5.2).

Choice of Additional Cut Variables
Additional kinematic variables are considered that exploit possible differences in the
leptons’ behaviour in signal and background events, as well as the correlation between
the dilepton system and the missing energy E2. These are:

e Invariant mass of the dilepton system my,

e Azimuthal angle between the two leptons A¢y .

e Transverse momentum of the missing energy and the dilepton system p¥ ET.¢

e Azimuthal angle between the missing transverse momentum and the dilepton

system A(bMET,M
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5.1.2 Zn as a Figure of Merit

In high energy physics, an approximation of the significance of signal over background
in the form of N,/v/N, is widely used, where N, and N, represent the number of
signal and background events, respectively (they are obtained from the respective
MC samples as listed in Section 4.1.3). This is valid in the case where the expected
signal count is much smaller than the expected background (i.e. N, < N;) [81].
However, this approximation no longer holds in the case where both N, and N, suffer
from limited statistics. In addition, this ignores uncertainties on the background d,
which may have drastic effects on the significance.

Due to the above argument, an alternate figure of merit 7, is used to measure
the signal significance for this analysis, where Z,, = 1.64 corresponds approximately
to 95% confidence level (CL) for exclusion and a higher Z, value means stronger
exclusion power (see Section 6.1.3 for discussion on confidence levels). Z,, is expressed

as:

Zn=® (1 - p), (5.4)

where ®~! is the quantile of the standard Gaussian, and p is the cumulative distri-

bution function (CDF) of the binomial distribution, given as:

N5+Nb+5%
p(Ny, Ny, 6) ZijN+N+1 ! ) (5.5)
S b? b = 7 S b RN TZNEY N * *
J=Nek Ny 05" 1+ 1/(Nodp)

The interpretation of Equation 5.5 is the probability of obtaining at least N, + N,
‘successful’” events in Ny + N, + 1/62 random trials, with the probability of success

of each trial being 1/(1+ 1/(Nyd?)). This interpretation holds for a background-only
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hypothesis where the observed data match the signal-plus-background expectation,
and the uncertainty on the background comes from statistical fluctuation in the
control region (CR) estimation [82].

For this optimization study, a constant uncertainty on the background &, = 15%
is used. This value is an approximate total uncertainty on the background from a
study done in Reference [76]. The impact of this uncertainty on the significance is

explored in Section 5.2.

5.1.3 Cut Value Scan

For each of the kinematic variables selected in Section 5.1.1 (pr g, B T
Ay, pr¥ ET’M, and A¢mprr), @ systematic scan of cut values was performed in order
to find the values that give the best significance using Z,, as defined by Equation 5.4.
This is accomplished by estimating N, and N, for each cut requirement for the grid
of signal models, and identifing the cut that improves the significance in the majority

of the signal points.

Main Variable Cut Scan

For the SM H — WW-like category, identical lower cuts on pr g and EF™™ were
scanned from 50 GeV to 150 GeV in increments of 10 GeV. Figure 5.3 shows the
optimal cut value (top) for each signal point. The corresponding Z,, value is given for

ey channel only (middle) and combined ee/epu /iy channel (bottom). The combined

+ 22

n,ep

2
+ 25

Z, is calculated as Z%™m = \/ Z2 e
For the mrso-region category, the lower cut on mry was scanned from 60 GeV to
110 GeV in increments of 5 GeV. Figure 5.4 shows the optimal cut value (top) for

each signal point. The corresponding Z,, value is given for eu channel only (middle)
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and combined ee/ep/pp channel (bottom).

By comparing the significance map for the H — WW-like and mro-region cat-
egories (bottom plots of Figures 5.3 and 5.4, where the red regions indicate higher
sensitivity), one can see that H — WW-like category has overall better sensitivity at
lower i mass region, while mrq-region category has better sensitivity elsewhere. In
order to have good sensitivity across the whole mass plane, three sub-SR are defined:
SR-WWa to target the low YT mass region (m(x7) < 130 GeV), with a lower identical
cut of prge and EX™™ placed at 70 GeV; SR-WWh to target the middle ¥i mass
region (130 GeV < m(xi) < 180 GeV), with a lower mry cut of 90 GeV; and SR-
WWe to target the high i mass region (m(¥F) > 180 GeV), with a lower mrps
cut of 100 GeV. The proposed cut values correspond to the values that give the best

sensitivity in the region of interest (see Figures 5.3 (top) and 5.4 (top)).

Additional Variables Cut Scan

Additional kinematic variables (mg, Ay, pl\fd ETﬂ, and A¢ypre) are scanned for
possible improvements. For each variable, a separate scan was performed for each
sub-SR (SR-WWa,b,c), in the three different lepton flavour combinations (ee,ep, i)
in order to identify the optimal cut values.

Figures 5.5 to 5.8 show the results of the scans (only the ex channel is shown for
illustrative purpose). For all plots, each bin along the z-axis shows the distributions
of the ratio of significance Z,, compared to the nominal value (without the cut
requirement) for each signal points considered. Therefore the first bin is always equal
to unity with no width.

Figure 5.5 shows the result of the scan of the my, variable. The scan reveals that

the upper cut of 120 GeV and 170 GeV improves the overall significance by ~10%
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to 20% for SR-WWa and SR-WWh, respectively. The same cut requirements were
chosen for all lepton flavour combinations for simplicity, since the distributions of Z,,
are in general similar across the three channels. In SR-W W ¢ region, no improvement
on the significance was found.

Figures 5.6, 5.7, and 5.8 show the results of the scans of Ag¢y,, pl}mT’M, and
ApmpT e, respectively. In all cases, the improvements due to these variables are

minimal or non-existent, so no cut requirements are imposed for these variables.
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5.2 Impact of Systematic Uncertainties on the Ex-
pected Sensitivity

The optimization study described in Section 5.1 was completed under the assumption
that the total uncertainty on the background is constant at 15% (descriptions of
individual systematic uncertainties were given in Section 4.4). It was also assumed
that the MC perfectly predicts each of the background components (i.e. no scale
factors correcting for the observed discrepancies between data and MC were applied).
However, from the study performed in Reference [76], the total background uncer-
tainties for SR-WWa/b/c were found to be 12%, 17%, and 20% respectively. In the
same study, the background due to the SM WW process had a data-to-MC scale
factor of 1.2 while other SM backgrounds had scale factors of 1.0. For the purpose
of the baseline comparison, these factors were taken into account, and the sensitivity
was recalculated.

The results can be seen in Figure 5.9. An overall slight decrease in significance is
seen in most regions, due to the higher background uncertainties for SR-W Wb and
SR-WWe regions. As well, the WW scale factor slightly increases the background
estimate N,. However, a slight improvement in significance is observed for low i
mass region, where SR-WWa is expected to have the best performance. Figure 5.9¢
depicts the impact on the result of these shifts in the significance.

Figure 5.10 shows the approximation of 95% CL on the cross section for the SR~
WW regions for the case m(y?)=0 GeV. The approximation was done by calculating
2/Z,, which is a conservative evaluation on the upper limit (Z, = 1.64 corresponds

to 95% CL). The potential to exclude m(¥i)<180 GeV can be seen, with the most
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sensitive point being m(¥i)=100 GeV.
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Signal region SR-WW SR-mro SR-Zjets
a b c a/b/c
lepton flavour ee,fujL,efl ee,fufL
lepton pr [GeV]? > (35,20) > (35,20)
|mgg — m2’6 > 10 < 10
central light jets = > 2
signal b-jets =0 =
signal forward jets = =
ErsrlGeV] | >80 — — — > 80
pru [GGV] > 80 — — — > 80
mrsy [GeV] — >90 > 100 | > 90/120/150 —
mgg[GeV <120 < 170 — — —
ARy" | - - - — [0.3,1.5]
mjj[GeV] — — — — [50, 100]

Table 5.1: Summary of SR-mre, SR-WW and SR-Z jets signal region definitions.

5.3 Summary of the Signal Regions

Independent optimization studies were done on the three SR (SR-W W, SR-mr2, and

SR-Zjets) for this analysis. The final SR definitions are summarized in Table 5.1.

Note that SR-Zjets focuses on topology involving final-state quarks (see Fig-

ure 3.5d), and therefore require the selection of at least 2 central light jets, as well as

a cut on jet kinematic variables such as dijet invariant mass m;.

5(p pF)

6 Applied for ee,jup only

7ARZZ = AU?@ + A(ﬁe




RESULTS AND INTERPRETATION

In Chapter 4, general methodology to search for EW SUSY signatures with 2 final-
state leptons was outlined. This included definitions of relevant objects, criteria
for event selection in order to identify such processes, introduction of data and
Monte-Carlo (MC) samples used to model the SM and SUSY processes, as well as a
description of systematic uncertainties. In Chapter 5, the optimization process of SR
was detailed and it defined seven SR for this analysis that will maximize the chance
to observe signal events, if they exist.

In this chapter, results from the analysis [28] for which I was personally respon-
sible are presented. Firstly, some key probability and statistical tools are reviewed.
Secondly, selected kinematic distributions in various regions, as well as some visual-
izations of candidate signal events are shown. Results from the three different fitting
procedures (background-only, model-independent and model-dependent) are subse-
quently presented. The combination of results with the trilepton analysis concludes

this chapter.

87
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6.1 Probability and Statistics

In particle physics (in fact in most natural sciences), statistical analysis plays a very
important role in either proving or disproving a theory or a hypothesis. Utilizing
statistical techniques, one can test whether observed data are in agreement with the
predicted probabilities from an underlying theory, or result from random chance. A
statistical test, called hypothesis testing, is widely used to search for new physics

beyond the SM at the ATLAS experiment.

6.1.1 Hypothesis Testing

A hypothesis refers to a predicted probability distribution of a vector of data x. A null
hypothesis, Hy, is traditionally referred to as a hypothesis under consideration, while
an alternate hypothesis, Hy, is tested against the null hypothesis. These hypotheses
will define the probability density functions (pdf), g(x|Ho) and g(x|H;), respectively.

A test is performed by defining a region of x-space called the critical region, w,
within a significance level a. If the observed data are within this critical region,
that is P(x € w|Hp) < a, then the null hypothesis Hy is rejected in favour for the
alternate hypothesis H; (see Figure 6.1 for an example illustration). Often in high-
energy physics, x represents the measured properties of the candidate events with
mean j, and w is defined by the signal region definitions (see Chapter 5). Instead of
using the full measurement of x, a test-statistic, £(x), is often used.

Neyman-Pearson lemma states that the ratio of pdf of Hy and Hy:

-t
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Figure 6.1: An example illustration of a critical region in a simple Gaussian
distribution with mean . The hypothesis is rejected if observed data are within
a significance level a corresponding to the critical region represented in the yellow
shaded region.

gives the most powerful test for rejection of the null hypothesis Hy [3, 83]. Equiva-
lently, Equation 6.1 is the optimal test statistic where the critical region w is defined
by a single cut on A. The likelihood ratio is often used as the ratio of the pdf in

Equation 6.1:

L(n|s +b)
== 7 6.2
where L(n|z) is the likelihood function (= %e_(””) for Poisson distributed n), which is

the likelihood of observing n events given the hypothetical mean value of . Therefore,
Equation 6.2 is the likelihood ratio of hypothesis with existence of SUSY signal, s, to
the hypothesis with only the SM backgrounds, b.

The distribution of a likelihood ratio is often difficult to determine, so it is often

modified to a log-likelihood ratio:

t(x) = —2In(Q) (6.3)
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since the minimum of this function is easier to obtain for the case with multiple

parameters.

6.1.2 Profile Likelihood Ratio

The likelihood ratio (Equation 6.2) disregards any uncertainties associated with the
data. However, systematic uncertainties affect the estimation of both background
and signal yields, and therefore affect the test statistic introduced above. These
systematic uncertainties are incorporated to the test statistic as nuisance parameters

v. The full likelihood function is written as:

Npkyg

L(ps, v) = Pnlpss + D ub) x N(7|v), (6.4)

where p;, is the background normalization factors for each background category to
account for the difference in data to MC, and p, is the signal strength parameter, with
1s = 0 corresponding to the background-only hypothesis and p; = 1 corresponding to
the signal+background hypothesis. N(7|v) is the systematic uncertainty pdf which
is modelled by Normal distributions as a function of nuisance parameters. These
nuisance parameters interfere with the construction of a test statistic, but they can

be effectively removed by defining a profile likelihood ratio:

Ap) = =22 (6.5)

where the numerator is called the profile likelthood, with D corresponding to the value
of v that maximizes the likelihood for a given pu, and i and # in the denominator are

the true maximum likelihood estimators [3]. This is used in place of Equation 6.2 as
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the test statistic. HistFitter [84] is used for the computation, and the version used
was HistFitter-00-00-29.
Within the HistFitter environment, the goodness of fit is given by an “estimated

distance to minimum” (EDM). A successful fit would have EDM value of O(107%).

6.1.3 Confidence Levels and the CL, Method

Confidence levels for excluding the alternate hypothesis (hypothesis that SUSY par-
ticle production, s, is present along with the SM production, b) can be determined

by finding the p-value, p,:
p“ = CLs+b = P(t S tobs|8 + b), (66)

where the subscript o denotes the hypothesis with the existence of SUSY signal, and
the right hand side indicates the probability that the test statistic ¢(x) is less than
the observed data assuming the presence of both SUSY and the SM (the yellow area
in Figure 6.2). Correspondingly, the confidence level (CL) for exclusion is equal to
(1 = CLgyp). In typical SUSY searches, a model is excluded when p, < 5%. This is
equivalent to the model being excluded at 95% CL.

If a simple Poisson statistic is assumed as a test statistic, and in the absence of any
systematic uncertainties, this probability is simply the sum of Poisson probabilities

(with the subscript obs indicating the observed quantity):

Nobs b n
P(n < ngpsls+b) =Y ue‘(s”’).

n=0

(6.7)

n!

The calculation of the confidence level using C'L, ., may be erroneous in the case
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Figure 6.2: Illustration of probability densities. The two distributions represent
the pdf of null (red) and alternate (blue) hypothesis, and the black line represent the
observed value of the test-statistic. The green (yellow) area corresponds to the p-value
of the null (alternate) hypothesis, denoted as py (pu)-

of low sensitivity (i.e. s << b and the data fluctuate below b). An example of low
sensitivity is if the expected background and signal count are b = 10 and s = 1,
respectively, and the observed count is n = 8. This often occurs in SUSY searches,
where a broad range of a model’s parameter space is to be covered by a small number
of SR.

The above can be remedied by penalizing p,, by an amount that counters the trend
of C'Lsyy:

1-— Po = OLb = P(t S tobs|b)a (68)

where py is the p-value of the null hypothesis (green area in Figure 6.2). In the simple

case of Poisson statistic without any systematic uncertainties, this becomes:

Nobs bn
P(n < npslb) = > ﬁe_b. (6.9)

n=0 """




6.2 Kinematic Distributions in Signal Regions 93

The effective p-value of the exclusion is the ratio of Equation 6.6 and Equation 6.8:

_ CL5+b . p‘u

CL, = )
CLy 1 —po

(6.10)

This C'L, technique is used widely for searches in particle physics, and is used
for the exclusion limits in this analysis (see Section 6.5). The computation of C'Ly is

done by HistFitter-00-00-29.

6.2 Kinematic Distributions in Signal Regions

As discussed in Chapter 4, one of the major analysis steps is to verify the kinematic
distributions of the candidate events in the SR for agreement of data to the MC
expectations as well as background compositions.

At the preselection stage, as well as for each SR defined in Chapter 5 (SR-mro,
SR-WW and SR-Zjets), some relevant kinematic distributions are shown to depict
the agreement of data to the total SM background. Visualization of some candidate

events in the SR are also presented in the last subsection.

6.2.1 Kinematic Distributions in the Preselection Region

Before inspecting the kinematic distributions in the SR, it is important to verify the
properties of the candidate events in the preselection region. The preselection region
selects general, two-lepton signal-like signatures and is better suited to evaluate the
data to MC agreement due to the larger sample size than in the SR. The definition
of a preselection was given in Section 5.1.

Figure 6.3 shows the kinematic distribution of Em**"™ (defined in Equation 5.1)
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and the dilepton invariant mass my, for ee and pup channels. It can be seen that
the data (black points) agree within the total uncertainties of the SM background
estimated by the MC (filled histograms). In the my, distributions, the effect of the
Z boson mass veto is clearly visible. In addition, the similarity in the distribution
shapes between the ee and pu channels is evident. This is because the branching ratio
for a SUSY or a SM particle to electron and muon are nearly identical (for example,
BR(W — ev)/BR(W — pv) = 10.75%/10.57% and BR(Z — ee)/BR(Z — up)
= 3.363%/3.366% [3]). For this reason, these two channels will be combined and
hereafter referred to as the same-flavour (SF) channel.

Figure 6.4 shows the same kinematic distribution for the ey channel (hereafter
referred to as the different-flavour, or DF, channel). As shown, the shape and the
background compositions of the distribution differ from the SF channel, but good

data to MC agreement is observed.
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data points are statistical uncertainty, while the hashed region includes all systematic
uncertainties described in Section 4.4.
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Figure 6.5: Kinematic distributions of mro in the SR-mrea region for the SF
channel (left) and the DF chann~e~l (right). An example signal point corresponding
to the Simplified Model XXT — 00 with (mxli, mxg) = (100,0) GeV is overlaid.

6.2.2 Kinematic Distributions in SR-mrs

Figures 6.5 through 6.7 show the distribution of the mry variable (defined in Equa-
tion 5.2) in the three SR-mr9 a/b/c regions (summarized in Table 5.1) for the SF and
the DF channels. In all of the plots, an example signal distribution corresponding to
the Simplified Model Yiyi — 00 with (mﬁ,mﬁ) = (100,0) GeV is overlaid.

It can be seen in all of the plots that the data (in black points) agree with the
MC expectations (filled histograms) within the systematic uncertainties, with the
exception of the two events at high mry region in the DF channel (the three events in
the SF' channel are within the systematic uncertainties). Initially, these events seem
to agree with the signal distribution, however they are likely statistical fluctuations,
the reason being that the signal prediction (dotted histogram) indicates an expected

excess of events uniformly for the entire high mrs region over the SM, and the observed
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Figure 6.6: Kinematic distributions of mre in the SR-mrob region for the SF
channel (left) and the DF channel (right). An example signal point corresponding
to the Simplified Model XXT — 00 with (mﬁ:, mfc?) = (100,0) GeV is overlaid.
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Figure 6.7: Kinematic distributions of mre in the SR-mryoc region for the SF
channel (left) and the DF channel (right). An example signal point corresponding
to the Simplified Model XEXT — 00 with (mﬁ:, m;((l)) = (100,0) GeV is overlaid.

data seem to contradict this expectation in this SR.

Due to the more stringent selection criteria of SR-mrsc, the statistics in this SR
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Figure 6.8: Kinematic distributions of EX*" in the SR-WW a region for the SF
channel (left) and the DF channel (right). An example signal point corresponding to
the Simplified Model XTxy — WW with (mﬁ, mygo) = (100,0) GeV is overlaid.

is poor (observed total 3 events and 2 events in the SF and DF channel, respectively).

Hence the distribution for this region is depicted with a logarithmic scale.

6.2.3 Kinematic Distributions in SR-WW

Figures 6.8 through 6.10 show the distributions of the EX*™ variable in the three
SR-WW a/b/c regions (summarized in Table 5.1) for the SF and the DF channels.
For this SR, an example signal point of the Simplified Model Yfx: — WW with
(Mg, mgo) = (100,0) GeV is overlaid.

Similar to the SR-mrs regions, the data (in black points) agree with the MC
predictions (filled histograms) within the systematic uncertainties. The example
signal distribution (dotted histogram) shows similar behaviour to the SM for the

E} isstel Gariable in this SR. Hence, to first order, the data appear to agree with the
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Figure 6.9: Kinematic distributions of E™" in the SR-WW b region for the SF
channel (left) and the DF channel (right). An example signal point corresponding to
the Simplified Model XTxy — WW with (mﬁ, mygo) = (100,0) GeV is overlaid.
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channel (left) and the DF channel (right). An example signal point corresponding to
the Simplified Model {EXTE — WW with (mﬁ, mgo) = (100,0) GeV is overlaid.




6.2 Kinematic Distributions in Signal Regions 101

ee/up channel
10 T I e e e e e e e e L
—@-Data  [__] Non-prompt leptons
P Rz []Haee A\FTLgsT v, 20.3 fb"
- COww Bkg. Uncert. s=g8leV,20.

FCfswe - (m;,m;)=(100,0) |

Events / 5 GeV

107

0
W72/

77
77

0000000000000
i

1 A
0
05 D777/
L a2/~
000

0 LL022020020022202

80 1 00 120 140

Data/SM

R
ANNNNNANNAAN

N\

N

N

N\

N

N

_
[o2]
o
e
@
o

200
[GeV]

mlss rel

Figure 6.11: Kinematic distribution of EX™™ in the SR-Zjets region for the SF
channel. An example signal point corresponding to the Simplified Model Xy XS — ZW
with (mg+, mgo) = (100,0) GeV is overlaid.

prediction without the SUSY signal.

6.2.4 Kinematic Distributions in SR-Zjets

Figure 6.11 shows the distribution of the ER*" variable in the SR-Zjets region
(summarized in Table 5.1). Since SR-Zjets is only defined in the SF channel, only
one distribution is presented. For this SR, an example signal point of the Simplified
Model Y{x) — ZW with (m;(li, mig) = (100,0) GeV is overlaid.

Due to the strict selection criteria, only one observed event survives the selection.
By noting the difference between the SM background (filled histogram) and the SUSY
signal (dotted histogram), it can be preliminarily concluded that the data seem to

follow the case without the SUSY signal.




6.2 Kinematic Distributions in Signal Regions 102

6.2.5 FEvent Visualization of Candidate Events

In this section, visualizations of an example candidate event in each of the SR are
presented, which depict the particle trajectories within the ATLAS detector. These
visualizations help to show that the methodology followed in this thesis selects well-
identified objects that are clean and isolated, as well as to show the clear imbalance of
transverse momentum that is one of the predicted signatures of an EW SUSY event.
The visualization is created using VP1 software [85] using the Athena framework
version 17.2.8.13.

Figures 6.12, 6.13, and 6.14 are example candidate events in the ee, uu, and ey
channels, selected by the SR-mmea, SR-Zjets, and SR-W W a, respectively. For each
visualization, the large yellow towers represent the electrons depositing energy in the
calorimeter cells, the orange lines represent the muons which were detected by the
muon chambers (represented by the green and the purple blocks), and the red dotted

lines represent the direction of the missing momentum in the transverse plane.
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EXPERIMENT
http://atlas.ch

Run: 209074
Event: 43106197

Figure 6.12: Visualization of an event in the ee channel. This event corresponds to
Run # 20907} and selected by SR-mroa. The cross sectional view in the transverse
plane (side view) are drawn on the bottom (top) left of the picture, while the 3-D
visualization is represented on the bottom right.
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ATLAS
1A EXPERIMENT
http://atlas.ch

Run: 212144
Event: 102096651

Figure 6.13: Visualization of an event in the pp channel. This event corresponds to
Run # 212144 and selected by SR-Zjets. The cross sectional view in the transverse
plane (side view) are drawn on the bottom (top) left of the picture, while the 3-D
visualization is represented on the bottom right.
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EXPERIMENT
http://atlas.ch

Run: 208811
Event: 184167427

Figure 6.14: Visualization of an event in the ep channel. This event corresponds to
Run # 208811 and selected by SR-WW a. The cross sectional view in the transverse
plane (side view) are drawn on the bottom (top) left of the picture, while the 3-D
visualization is represented on the bottom right.
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6.3 Background-Only Fit

The purpose of the background-only fit is to establish the null hypothesis (i.e. absence
of the signal events). This is done by performing a fit of the dominant SM background
to the data in the control regions (CR) using the profile likelihood ratio (Equation 6.5),
and determining the normalization of these backgrounds which are the free parameters
to the fit (the background normalization factors u;, in Equation 6.4). In practice, this
normalization corrects for the mismodelling of MC samples compared to data. The fit
is performed simultaneously on all CR defined for each of the dominant background

components.

6.3.1 Fit Results in the Control Regions

Table 6.1 shows the result of the fit in the CR associated to the SR-mr s signal region
in the DF channel for illustrative purposes. In the table, the “MC exp” corresponds
to the raw event counts from the MC samples, the “fitted” corresponds to the event
counts after undergoing the simultaneous fitting procedure, and “observed” is the raw
data counts. As it can be seen, each CR is dominated by one background component
of interest, and the fitted yields agree well with the observed data in each of the CR.
There is no surviving ZX event in these CR, mainly due to the requirement of DF
leptons. Figure 6.15 shows the effect of the fit, where the discrepancy in data and
MC is visible before the fit and corrected after the fit. This is most visible in the
WW CR, where the WW is scaled up by ~ 14% (which is consistent with the scale
factor quoted in Reference [76] and used for optimization study in Section 5.2).

The normalization factors are essentially the ratio of fitted events to the expected




6.3 Background-Only Fit 107
channel Top CR WW CR ZV CR
Observed events 804 1061 94
Fitted bkg. events 804.10 + 28.36 1060.98 + 32.81 94.01 £9.77
Fitted top events 792.33 + 28.45 110.43 4 19.20 0.0272:43
Fitted WW events 11.18 £ 1.57 898.04 + 40.52 4.73 +£0.50
Fitted ZV events 0.43+0.17 20.75 £+ 2.55 89.19 £9.79
Fitted ZX events 0.00 £ 0.00 0.00 £+ 0.00 0.00 £ 0.00
Fitted fakes events 0.00 + 0.00 19.72 £10.69 0.00 £ 0.00
Fitted higgs events 0.15 £ 0.06 12.03 £ 1.67 0.07 £0.03
MC exp. SM events 789.03 946.98 90.70
MC exp. top events 778.67 108.51 0.65
MC exp. WW events 9.79 786.70 4.14
MC exp. ZV events 0.42 19.97 85.83
MC exp. ZX events 0.00 0.00 0.00
MC exp. fakes events 0.00 19.76 0.00
MC exp. higgs events 0.15 12.03 0.07

Table 6.1: Background fit results for the top CR, WW CR, and ZV CR for SR-mr-

in the DF channel, for an integrated luminosity of 20.3 fb™*.

statistical plus systematic uncertainties.

Top (11, ")

WW (™)

ZV (ug")

1.017 £ 0.0424

1.138 £ 0.0514

1.028 £ 0.1127

The errors shown are

Table 6.2: Fitted background normalization factors for top CR, WW CR, and ZV
CR for SR-mto in the DF channel. These normalization factors are carried over to

the SR.

MC events, evaluated for each CR simultaneously (3 parameter fit). Table 6.2
summarizes the normalization factors obtained from the fit. These normalization
factors are then used to estimate the background compositions in the SR (in this

case, SR-mrs).
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SR-mT2a SR-mT2b SR-mT2¢
SF DF SF DF SF DF
Top 3.04+1.74 | 553+ 1.87 | 03375355 | 0.00+0.00 | 0.00+0.00 | 0.00+0.00
WWwW 22.05+4.26 | 16.18 £3.21 | 3.49+1.29 | 3.29+1.19 | 0.98 +0.53 | 0.90 + 0.46
AY 12.85+£2.23 | 0.76+0.22 | 4.94+1.62 | 0.15+0.08 | 2.15+0.49 | 0.03 & 0.02
ZX 0.00709, | 0.00£0.00 | 0.00=0.00 | 0.0040.00 | 0.00=£0.00 | 0.00 = 0.00
Fakes 0.00£0.00 | 0.59+0.55 | 0.004£0.00 | 0.017007 | 0.057352 | 0.00+0.00
Higgs 0.1840.06 | 0.19+0.05 | 0.0940.03 | 0.10+0.04 | 0.02+0.01 | 0.04 + 0.03
| Total Bkg | 38.13+£5.08 | 23.26 +3.71 | 8.86+2.08 | 3.55+ 1.20 | 3.19+£0.72 | 0.96 + 0.46 |

Observed 33 21 5 5 3 2

Table 6.3: Result of the fitted background yield and the observed data count in SR-
mry for SF and DF channels. The total systematic and statistical uncertainties are
quoted.

6.3.2 Fit Results in the Signal Regions

The normalization factors obtained from the fit result in the CR are applied to each of
the SR to identify the background composition in the SR. Figure 6.16 shows the fitted
agreement of the data and the MC in the CR (top, WW, and ZV backgrounds are
fitted simultaneously in their respective CR and correspond to the stacked histograms
in Figure 6.15) as well as for the SR in the SR-mrs regions. In the SR, the pull plots
are also shown. The pull, defined as (nops — Neap)/Otor, Where ngs and ne,, are the
observed and expected yields in the SR, and oy, is the total uncertainty, depicts the
overall correction of the MC expectation in the SR due to the fitting done in the CR.

Table 6.3 shows the fitted background composition with the total systematic
and statistical uncertainties (see Section 6.3.3 for the break-down), along with the
observed data counts in the SR-mT?2 signal regions. Overall good agreement between
the fitted MC estimation and the observed data can be seen, suggesting no SUSY

signal has been observed.
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Figure 6.16: The fitted agreement in the top, WW, and ZV CR and in SR-
mrea (a), SR-mpab (b), SR-mrec (c). The error bars on the data points are
the statistical uncertainty, while the hashed region is the total uncertainty on the
background estimate. The pull plot for the SR is shown in the bottom pad.

Figure 6.17 shows the fitted agreement of the data and the MC in the CR as well

as for the SR in the SR-WW regions. Note that the top, WW and ZV backgrounds
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SR-WWa SR-WWh SR-WWe

SF DF SF DF SF DF
Top 9.17+3.51 | 11.55+4.30 | 237+1.67 | 431+1.60 | 0.62755 [ 0.94+0.83
WwW 57.7545.45 | 58.21+£5.99 | 16.44+2.53 | 12.30+2.00 | 10.38 £2.65 | 7.29 4+ 1.93
YAY 16.31£3.50 | 1.82+0.48 | 10.91+1.91 | 0.56+0.18 | 9.21+2.12 | 0.41+0.16
ZX 0491555 | 0.00£0.00 | 0.00700, | 0.00£0.00 | 0.00£0.00 | 0.00 = 0.00
Non-prompt | 2.514+1.31 | 1.72+1.10 | 0.14753 0.724+0.55 | 0.0040.00 | 0.267032
Higgs 0.2940.09 | 0.29+0.07 | 0.18+0.06 | 0.1940.05 | 0.12+0.04 | 0.14 4 0.04

| Total Bkg | 86.53 £7.33 | 73.60 £7.86 | 30.04 +3.52 | 18.07 +2.59 | 20.34 +3.54 | 9.04 4 2.19 |

Observed 73 70 26 17 10 11

Table 6.4: Result of the fitted background yield and the observed data counts in
SR-WW for SF and DF channels. The total systematic and statistical uncertainties
are quoted.

are fitted simultaneously in this SR, and SR-WWa has separate CR definition from
SR-WWhb/c (which share the same CR as SR-mrs). In the SR, pull plots are also
shown.

Table 6.4 shows the fitted background composition with the total systematic and
statistical uncertainties, along with the observed data counts in the SR-WW signal
regions. Once again, overall good agreement between the fitted MC estimation and
the observed data can be seen (the biggest difference is seen for SR-WWe SF in
Table 6.4, which is in agreement within three standard deviations).

Figure 6.18 shows the fitted agreement of the data and the MC in the CR (only
the top CR is fitted in this SR) as well as for the SR in the SR-Zjets region. The pull
plot is illustrated in the SR.

Finally, Table 6.5 shows the fitted background composition with the total system-
atic and statistical uncertainties, along with the observed data counts in the SR-Zjets
signal region. Overall good agreement between the fitted MC estimation and the

observed data can be seen.
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Figure 6.17: The fitted agreement in the top, WW, and ZV CR and in SR-
WWa (a), SRWWb (b), SR-WWe (c). The error bars on the data points are
the statistical uncertainty, while the hashed region is the total uncertainty on the
background estimate. The pull plot for the SR is shown in the bottom pad.
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Figure 6.18: The fitted agreement in the top CR and in SR-Zjets. The error
bars on the data points are the statistical uncertainty, while the hashed region is the
total uncertainty on the background estimate. The pull plot for the SR is shown in
the bottom pad. Note the logarithmic scale on the vertical axis. Due to the lack of
statistics (and hence the large statistical uncertainty), the pull is not visible.

SR-Zjets
SF
Top 0.03 £0.02
WW 0.071999
VA% 0.98 £ 0.62
7ZX 0.00 £ 0.00
Non-prompt | 0.00 % 0.00
Higgs 0.00 £+ 0.00
| Total Bkg | 1.07£0.63 |

Observed 1

Table 6.5: Result of the fitted background yield and the observed data counts
in SR-Zjets (only SF channel is applicable). The total systematic and statistical
uncertainties are quoted.
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Chapter SR-mTo SR-WW SR-Zjets

Section a b ¢ a b c
Jet 4.4.1 3 2 6 5 3 4 11
Lepton 4.4.2 2 1 3 2 3 5 4
Missing Energy 4.4.3 3 1 5 1 4 4 5)
b-tagging 444 1 <1 <1 1 1 1 2
Fake Lepton 4.4.5 1 <1 1 1 1 1 <1
Modelling 4.4.6 12 26 29 6 9 17 42
Luminosity 4.4.7 <1 <1 <1 <1 <1 <1 2
MC Statistics 6 10 16 4 6 8 14
Total 15 29 30 10 13 21 47

Table 6.6: DBreak-down of the evaluated values of the systematic uncertainties in
the SR. The total values correspond to individual components added in quadrature.
The second column from the left references the section where the respective systematic
category is described. The quoted numbers are averages of the SF and the DF channels
and are expressed as a percentage (%) with respect to the nominal value of the total
background estimate.

6.3.3 Evaluation of the Systematic Uncertainties

Descriptions of the systematic uncertainties are given in Section 4.4, and these uncer-
tainties affect the estimate of the background and the signal yields. These also play
a role in the hypothesis testing process as nuisance parameters.

Table 6.6 summarizes the break-down of the uncertainty values for each of the
systematic categories as well as statistical uncertainties for each SR (for technical
reasons, statistical uncertainty is a part of systematic uncertainties). The values are
quoted as an average of the SF and the DF values and presented as a percentage value
(%) with respect to the nominal value of the total background estimate. Tables 6.3-
6.5 in the previous section quoted the total uncertainties (including the statistical
uncertainty) as given in Table 6.6. As it can be seen, the dominant systematic

uncertainty for all SR is associated with the MC modelling of the backgrounds.
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The values quoted in the table can be reasonably explained. For instance, the
MC statistical uncertainties increase with more stringent selection. The modelling
uncertainty is expected to be large because the modelling of particle interactions is
affected by several factors, such as the choices of event generation models, initial-
and final-state radiation models, and cross section models. The difference in event
generation models used for the estimation of the WW and the ZV background

contributes dominantly to the modelling uncertainty:.

6.4 Model-Independent Fit (Discovery Fit)

After the null hypothesis is established with the background-only fitting procedure,
the model-independent fit can be utilized to test the alternate hypothesis, that is,
to calculate the discovery potential, p,. The fit will test for the excess above the
SM cross section without assuming the nature of the new physics, and this will
establish an upper limit on the cross section for new physics beyond the SM. This is
achieved by making the signal contribution in the SR a free-parameter in the fit (s,
in Equation 6.4). The background normalization factors p, are also refitted.

Table 6.7 shows the result of the fit for each SR. The values of C'L, and p,, as
well as the number of signal counts, are obtained from the fit. The cross section
values (eo, where € is the efficiency factor for the SR requirements) are calculated by
dividing the number of signal counts (equivalent to the signal strength parameter ;)
by the integrated luminosity for the 2012 data, L = 20.3 fb™*. The € factor signifies
the cross section is the result of inspecting the signal counts in a SR, which is only a
subset of the full dataset. In order for the alternative hypothesis to be favourable, a

p-value of <5% is needed. As it can be seen from the table, the lowest p-value is 0.22
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Signal channel (ea) [b] (€0) 2 [fb] S S CLy Pu

SR-mT2a SF 0.64 0.7970:33 13.0 161758 027  0.50
SR-mT2a DF 0.56 0.631539 114 128732 037 050
SR-mT2b SF 026 03770 53 7535 016 0.50
SR-mT2b DF 0.35 0.2970:4 7.2 5.9722 0.69  0.30
SR-mT2c¢ SF 024 025108 49 51727 047 050
SR-mT2c DF 0.24 0.187042 4.9 3.7 0.72  0.22
SR-WWa SF 0.80 1.1575:37 162 233707 013  0.50
SR-WWa DF 1.02 1.13734 20.7  22.9%3% 038 050
SR-WWb SF 054 0.67102%  11.0  13.6735 028  0.50
SR-WWb DF 0.50 0.541023 102 109735 042  0.50
SR-WWc SF 029 0.52102% 59 106735  0.04  0.50
SR-WWe DF 0.50 0.42+5-% 10.2 8.6752 0.67  0.31
SR-Zjets SF 0.18 0.1870 ¢ 3.6 3.6772 0.48  0.50

Table 6.7: Left to right: 95% CL upper limits on the observed (expected) cross

section (e0)p, ((€o)is,) and on the number of observed (expected) signal events Sip

(ngp ). The total systematic and statistical uncertainties are quoted for the expected

values. The last two columns indicate the C Ly value, i.e. the confidence level observed
for the background-only hypothesis, and the discovery p-value (p,).

in SR-mrqc (for technical reasons, the value of p, is capped at 0.50). This can be
interpreted as having 22% chance that the alternate hypothesis is favoured as a result
of random chance. This indicates that the SM describes the observation without the

need for any new physics.

6.5 Model-Dependent Fit (Exclusion Fit)

The model-independent fit result did not favour the existence of SUSY (or any new
physics beyond the SM). In such a case, a model-dependent fit is used to set the

upper limit on parameters of a particular model using the C'L, technique introduced
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in Section 6.1. For each signal grid point introduced in Table 4.3, the C'L value was
calculated for each SR independently using the observed event yield and the expected
signal count s from the particular SR. Then, the C'L, value corresponding to the SR
with the best expected exclusion is used (for example, for (u,M3)=(100,100) GeV
point in Figure 6.19, SR-WWa is used because CL%P|sgr_wwa < CL%P|gthersr) tO
draw the contour line indicating C'Ly = 0.05.

In Section 3.4, specific SUSY models considered for this work were introduced.
In this chapter, only the exclusion results for the pMSSM models are discussed, as
they were my personal contributions to the analysis. The exclusion results for the

Simplified Model can be found in Reference [28].

6.5.1 pMSSM Direct Gaugino with Intermediate Sleptons

The signal grid points based on the pMSSM Direct Gaugino (DG) models with
intermediate sleptons have been parameterized by the gaugino mass parameters (Mj,
M,, and p), while keeping the rest constant. A total of 448 grid points have been
produced to scan through these mass parameters. M; values of 100 GeV, 140 GeV
and 250 GeV are tested. For each M; value, My and p are varied between 100 GeV
and 500 GeV in steps ranging between 10 GeV and 50 GeV, and the C'L, values are
calculated for each grid point.

Figures 6.19, 6.20 and 6.21 show the 95% exclusion contour for M;=100 GeV,
M= 140 GeV, and M;=250 GeV respectively. The expected exclusion contour is
represented by the black dotted line, with the yellow band indicating +1¢ uncertainty.
The pale green region indicates the expected excluded region, while the white region is

not yet excluded. The observed exclusion contour is represented by the thick red line
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Figure 6.19: FExclusion plots for pMSSM DG with the gaugino mass parameter
My=100 GeV. The p and Ms gaugino mass parameters are varied along the x and
the y axis, respectively. The black dotted line with yellow band represents the expected
limit and the thick red line with the dotted red lines represents the observed limit. The
pale green area represents the expected excluded region with C'Lg < 0.05 (extends up
to the black dotted line). On the left, the LEP2 exclusion result, the ATLAS result
from the \/s = 7 TeV analysis, and the masses of gauginos are overlaid. The right
plot shows the mass configuration of each grid point, as well as the SR that resulted
in the mazximum expected C' L, value.

with thin, dotted line indicating +1¢ uncertainty on the cross section for the model.
For each figure, the right plot shows the map of the mass configuration for each signal
sample. For each point, a marker indicates the SR used for the computation of the
CLg value and for the contour. Aside from the contour lines, the previous upper
limit from the LEP2 result [21] (orange filled contour) and from the /s = 7 TeV
analysis [86] (blue line) are overlaid, as well as the approximate Y! and Yi masses
given the gaugino mass parameters.

For the M;=100 GeV (M;=140 GeV) cases, the region within M; <150 GeV
(Ms <200 GeV) and g >200 GeV is not excluded. This can be explained by the fact

that the Y7 and ¥ masses are close to each other (within ~15 GeV) as it can be seen
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Figure 6.20: FExclusion plots for pMSSM DG with the gaugino mass parameter
My=140 GeV. The p and Ms gaugino mass parameters are varied along the x and
the y axis, respectively. The black dotted line with yellow band represents the expected
limit and the thick red line with the dotted red lines represents the observed limit. The
pale green area represents the expected excluded region with C'Lg < 0.05 (extends up
to the black dotted line). On the left, the LEP2 exclusion result, the ATLAS result
from the \/s = 7 TeV analysis, and the masses of gauginos are overlaid. The right
plot shows the mass configuration of each grid point, as well as the SR that resulted
in the mazximum expected C' L, value.

by the dashed mass lines in Figures 6.19(left) and 6.20(left). The signal topologies of
interest (Figure 3.5) require that the final-state leptons originate from the decay of
X5 to XY, but the small mass difference allows only low-energy leptons which may not
pass the selection criteria in the SR (lepton pr is required to be more than 20 GeV
in all SR, as summarized in Table 5.1). The high M, and u region (top right) is not
excluded mainly due to the low cross sections arising from higher Y= and x° masses.

It can be seen that for all three cases, the excluded region has been expanded since

the /s = 7 TeV result.
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Figure 6.21: FExclusion plots for pMSSM DG with the gaugino mass parameter
My=250 GeV. The p and Ms gaugino mass parameters are varied along the x and
the y axis, respectively. The black dotted line with yellow band represents the expected
limit and the thick red line with the dotted red lines represents the observed limit. The
pale green area represents the expected excluded region with C'Lg < 0.05 (extends up
to the black dotted line). On the left, the LEP2 exclusion result, the ATLAS result
from the \/s = 7 TeV analysis, and the masses of gauginos are overlaid. The right
plot shows the mass configuration of each grid point, as well as the SR that resulted
in the mazximum expected C' L, value.

6.5.2 pMSSM Direct Gaugino without Intermediate Slep-

tons

As with pMSSM DG models with intermediate sleptons, the pMSSM DG models with-
out the intermediate sleptons are also parameterized by the gaugino mass parameters
(M, My, 1), and they are scanned through 99 grid points. For these models, M is
fixed at 50 GeV, while M, and p are varied between 100 GeV and 500 GeV in steps of
50 GeV. The CL, values are calculated for each grid point, and the exclusion contours
are drawn.

Figure 6.22 shows the 95% exclusion contour. As it can be seen, the SR-Zjets
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Figure 6.22: Exclusion plots for pMSSM DG without intermediate sleptons. The
and My gaugino mass parameters are varied along the x and the y axis, respectively,
while My is fived at 50 GeV. The black dotted line with yellow band represents the
expected limit and the thick red line with the dotted red lines represents the observed
limit. The pale green area represents the expected excluded region. On the left, the
LEP2 exclusion result and the masses of the gauginos are overlaid. The right plot
shows the mass configuration of each grid point, as well as the SR with the best
expected exclusion limit.

sensitivity is maximized at different region in the Ms-p plane than the rest of the
SR, and this results in an “island” of excluded region in the middle. SR-Zjets has
good sensitivity in this region, because the ¥i and Y3 masses must be high enough to
produce the intermediate W and Z bosons as illustrated in Figure 3.5d. A “hole” of
non-excluded region at (Mz, p)=(100, 150-200) GeV is due to a statistical fluctuation
arising from limited signal yield with large MC correction factors. The pMSSM DG
models without the intermediate sleptons were not studied with the /s = 7 TeV data,

therefore the result presented here is the first exclusion for these models.
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Figure 6.23: Signal topologies for FElectroweak SUSY production with 3 final-
state leptons. XiX9 — 3( with intermediate sleptons (left) and XiX9 — 3¢ with
intermediate W/Z bosons (right).

6.6 Combination with Trilepton Analysis

This analysis considered the final-state lepton multiplicity to be exactly two. The EW
SUSY production could form topologies that involve trilepton signature (3 final-state
leptons) with very similar observables. Some examples of trilepton topologies are
shown in Figure 6.23. Hence, it is expected to be sensitive to the same SUSY models
as the dilepton analysis, namely the Simplified Model and the pMSSM models.

The results of exclusion limits for the dilepton final states are combined with the
trilepton results in order to improve the upper limit on the gaugino mass parameters
for the signal models under question. For this thesis, only the results from the pMSSM
DG models are presented since this was my personal contribution. The exclusion plots
for the Simplified Model can be found in Reference [28].

The combination process relies on statistically combining the C'Lg values of the

dilepton and trilepton results (CL¢™ = CL?*t @ CL3L) for each grid point. This
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procedure is valid since the SR used by the trilepton analysis have no overlaps with
those used by the dilepton analysis.

Figures 6.24 and 6.25 show the results of the combination with the trilepton anal-
ysis for the pMSSM models with and without the intermediate sleptons, respectively.
The pMSSM models with intermediate sleptons with M;=100 GeV and M;=140 GeV
showed no improvement from the trilepton analysis, therefore the combination was
performed only for the M;=250 GeV configuration. In both cases, the improvement
of the contour of expected and observed upper limit from the individual analyses can

be seen.
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Figure 6.24: Combined exclusion plot with the trilepton analysis for the pMSSM
DG models with intermediate sleptons with the gaugino mass parameter My =250 GeV.
The p and My gaugino mass parameters are varied along the x and the y axis,
respectively.  The dilepton result (a) and the trilepton result (b) are combined to
improve the 95% CL upper limit (c). The black dotted line with the yellow band
represents the expected limit and the thick red line with the dotted red lines represents
the observed limit. The pale green area represents the expected excluded region. The

blue contour represents the result with the \/s = 7 TeV dataset.
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Figure 6.25: Combined exclusion plot with the trilepton analysis for the pMSSM
DG models without intermediate sleptons. The p and My gaugino mass parameters
are varied along the x and the y axis, respectively, while My is fived at 50 GeV. The
dilepton result (a) and the trilepton result (b) are combined to improve the 95% CL
upper limit (c). The black dotted line with the yellow band represents the expected
limit and the thick red line with the dotted red lines represents the observed limit. The
pale green area represents the expected excluded region.




SUMMARY AND CONCLUSIONS

SUSY provides a simple and elegant solution to some of the troubling issues with the
SM. Through this thesis work, possible signatures for SUSY processes were explored.
In particular, EW SUSY production from pp collisions at the LHC was considered
since it is expected to be the dominant mechanism for SUSY production. The ATLAS
detector was used to look for possible signatures left by the decaying SUSY particles.
For this thesis, the full 2012 data-taking period at the centre-of-mass energy of 8 TeV
was used, corresponding to 20.3 fb™! of pp collision data.

This thesis focused on aspects of the published analysis [28] in which I made
contributions. No evidence for SUSY signatures was observed as a result of this
analysis, but it established the strongest exclusion limits to date on the gaugino
mass parameters for the pMSSM models, extending the excluded regions beyond
the previously published 7 TeV result as shown in Figures 6.19, 6.20, and 6.21 [86]
(except for the pMSSM model without the intermediate sleptons, for which the first
exclusion limit was set). The combination of dilepton and trilepton results also saw

improvements from the individual analysis.
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The LHC is currently undergoing an upgrade phase, and data-taking will resume
in 2015. The upgrades will provide an increased amount of data produced at a
significantly higher centre-of-mass collision energy of 13 TeV, essential to cover more
of the exclusion region, or a possible observation of signatures should SUSY be the true
extension to the SM. In the meanwhile, several additional analyses with the 2012 data
are still underway in order to extend the SUSY reach. These include: combinations
of results from a wider range of analyses (including searches for strongly-produced
SUSY); searches with alternate decay channels, such as decays including an interme-
diate Higgs’ boson; and model-specific analyses (for example, searches optimized for
pMSSM models). I continue to be involved in these analyses, which should emerge as
new publications in peer-reviewed journals, by producing and providing the exclusion
results of various models for the EW dilepton case. This is made possible through
the expertise that I gained from the endeavour of this thesis work.

The results from this thesis contribute to the overall effort in understanding SUSY,
providing exclusions of large regions of the possible phase space for SUSY production.
However, even the simplest MSSM model has a large number of parameters over a
large range of values that are still unknown. By extending the exclusion regions
of these parameters, we may force existing SUSY models to be revisited or even

excluded, thereby providing guidance for new theoretical ideas to come forward.




PERSONAL CONTRIBUTIONS TO THE
ATLAS COLLABORATION

Throughout my Ph.D. career, I had the privilege to be a member of the ATLAS
collaboration, and I was involved in several service tasks and projects. In this section,

my personal contributions and relevant achievements are summarized.

1. LAr Data Investigation and Sign-off (LADIeS)

e Period: Summer 2011
e Relevant chapter: N/A

e Summary of contribution: During the data-taking period in the Sum-
mer of 2011, I was involved as a part of the data quality team overlooking
the liquid argon (LAr) calorimeter system. The LAr calorimeter system
may have temporary problems due to high voltage trips or software errors,
and these events need to be flagged in the data-stream as potentially
problematic for physics analyses. Daily inspection of collision events were

conducted to ensure the quality of the data in terms of the LAr system.
2. Validation of ATLAS Fast-Simulation (AF-II)

e Period: Summer/Fall 2011

¢ Relevant chapter: Section 4.1.3
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e Summary of contribution: MC simulated samples play crucial roles in
all of the physics analyses at ATLAS, but full simulation of the ATLAS
detector is computationally heavy, and the collaboration is unable to keep
up with the demands for samples (as mentioned in Section 6.5, for the
pMSSM model for this thesis work alone, 500 independent samples were
needed). AF-II replaces the full simulation of the calorimeter system by
parameterizing the energy deposited in the calorimeter by the collisions.
This parameterization needs to be validated. I contributed to this valida-
tion process by looking at the low-energy regions with a large population
of the J/¥ mesons which are one of the benchmark processes for lepton

production.
3. D3PD Production for e/gamma Performance Group

e Period: Summer 2012 - Spring 2014
e Relevant chapter: Section 2.2.1
e Summary of contribution: As described in Section 2.2.1, the D3PD

is a user-analysis data format for both collision and MC simulated data,
readable by the CERN ROOT framework. They are centrally produced by
the physics and performance groups within the ATLAS collaboration, and I
took on the responsibilities to produce them for the e/gamma performance
group. The tasks included requesting the production of the MC samples for
various reasons (new model, fix for the known bugs or modified parameters,
or samples requiring more events to reduce the statistical uncertainties).
For the collision data, I was also responsible for making a data “container”,
which is a collection of ATLAS data runs which are categorized into a

period with certain data-taking conditions.
4. Development of SUSY Analysis Package

e Period: 2013 - 2014
e Relevant chapter: Section 4.2

e Summary of contribution: SUSY analyses within the ATLAS collab-

oration use a common analyses package called SUSYTools. This package
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unifies the definitions of physics objects used for analyses, and it is un-
der constant evolution due to various inputs and recommendations from
relevant performance groups. I was involved in adding features that are
relevant to the wider range of SUSY analyses, and updating the code as

necessary (bug fixes).
5. Electroweak SUSY Searches with Two-Lepton Final States

e Period: 2011 - 2014
e Relevant chapter or reference: Chapter 6

e Summary of contribution: Since the beginning of my Ph.D. degree, I
was involved in the SUSY searches with two-lepton final states. The details
of the analysis has evolved throughout the years, and correspondingly the
results have also improved, as it can be seen in the results presented in
Chapter 6. I have made personal contributions to the analyses presented

in the following references [28, 86, 76].




LisT OF PRESENTATIONS (GIVEN

Throughout my Ph.D. career, I have given several presentations on my research to
various audiences outside of the SUSY working group. A compiled list of these
presentations is given in this section.

e Title: Improving the Dilepton + Dijet SUSY Signal Region for Direct Gaugino

Production

— Location (Date): ATLAS Canada Workshop - TRIUMF, Vancouver
(December 13, 2011)

— Summary: Presented my contributions to the SUSY search analysis for
Vs =7 TeV data

e Title: Searches for Electroweak SUSY Signatures with Two Leptons and Miss-
ing Energy with the ATLAS Detector

— Location (Date): Ottawa-Carleton Institute for Physics (OCIP) Presen-
tations - Ottawa (December 10, 2013)

— Summary: Presented limited results of the analysis, removing sensitive

results that were not approved by the ATLAS collaboration at the time

e Title: Charginos, neutralinos, and sleptons with 2 leptons and Emiss
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— Location (Date): Public Approval meeting - CERN (January 28, 2014)

— Summary: Presented summary at the public reading (within the ATLAS
collaboration) of the EW SUSY analysis to be published. This presentation
is an internal ATLAS requirement before the submission of an analysis to

a journal for publication.

e Title: Searches for Electroweak SUSY Signatures with Two Leptons and Miss-
ing Energy with the ATLAS Detector

— Location (Date): Winter Nuclear and Particle Physics Conference
(WNPPC) - Banff (February 14, 2014)
— Summary: Presented limited results of the analysis, removing sensitive

results that were not approved by the ATLAS collaboration at the time

e Title: Search for charginos, neutralinos and sleptons in 1 or 2 leptons final
state events with ATLAS detector (Poster)

— Location (Date): LHC Experiments Committee - CERN (March 5, 2014)

— Summary: Presented results of the EW SUSY analysis alongside similar

SUSY searches with 1 lepton and bb signature.
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