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Abstract

The nature of dark matter and the source of the matter-antimatter asymmetry in the
universe are two of the most important questions in particle physics and cosmology.
The current Standard Model of particle physics, while being a very successful de-
scription of the observed fundamental particles and their interactions, cannot fully
account for either of these phenomena. Theoretical extensions of the Standard Model,
however, possibly can. One such extension is the Minimal Supersymmetric Standard
Model (MSSM).

This thesis begins by exploring the MSSM parameter space in which the matter-
antimatter asymmetry of the universe is dynamically generated through electroweak
baryogenesis. In this scenario, one of the supersymmetric partners to the top quark,
the light stop quark, must be lighter than the top quark. It is found that this parameter
space region is highly constrained by experimental limits on the electric dipole mo-
ment of the electron and the branching ratio of a bottom quark into a strange quark
and a photon. If the additional requirement of matching the observed dark matter
abundance by the relic density of the lightest supersymmetry particle is necessitated,
the allowed MSSM parameter space is further constrained.

The focus of the thesis then moves to the investigation of the collider phenomenol-
ogy of supersymmetric electroweak baryogenesis, in particular, the evaluation of the
discovery potential of light stop quark pair production at the LHC using the ATLAS
experiment. This study assumes a light stop decay topology involving the lightest
chargino and neutralino where the visible final state products mimic those from top
quark pair production. Feasibility studies are performed for proton-proton collisions
at
√

s = 10 TeV and an integrated luminosity of 1 fb−1, concentrating on the dileptonic
and semileptonic decay channels where there are two or one charged leptons in the fi-
nal state. It is found that signal points with stop masses. 120 GeV and stop-neutralino
mass differences & 60 GeV have the greatest discovery potential in the dileptonic de-
cay channel, while the semileptonic decay channel is swamped by backgrounds and
requires detailed understanding of the detector and backgrounds in order to extract
a signal. Finally, a preliminary study is conducted on 41.4 pb−1 of data collected at
collisions at

√
s = 7 TeV in the dielectron decay channel, focusing on the understanding

of selection variables and backgrounds.
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Preface

Achieving the goals of modern experimental particle physics requires a large group of
scientists who collaborate closely together. ATLAS is one of the largest collaborative
efforts ever attempted in the physical sciences. In such a collaboration it is rare that an
individual performs any substantial body of work in isolation. The standard procedure
is to work within groups that are assigned specific roles in the collaboration. The work
presented in this thesis was undertaken within various ATLAS working groups.

The exception to this is the work presented in Chapter 3, which was performed outside
the ATLAS collaboration and is the complete work of the author with theoretical
guidance from C. Balazs, C.E.M. Wagner and M.S. Carena.

The work in the first part of Chapter 5 is a review of the relevant sections in Refer-
ence [78]. This work is presented in order to set the scene for the results in Section 5.3
which is the sole work of the author. This work was performed within the ATLAS e/γ

trigger working group.

The work in Chapters 6 to 10 was executed within the ATLAS supersymmetry working
group and the results are the complete work of the author except for the work in
Chapter 8, which is a modified version of an ATLAS internal physics note [153] which
the author coauthored with P. Urquijo.

The work in the first part of Appendix B is a modified version of the relevant sections
in Reference [78] which the author had direct involvement in producing. This work
is presented to set the scene for the results in Section B.3 which is the sole work of
the author. This work was performed within the ATLAS missing transverse energy
working group.
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The worthwhile problems are the ones you can really solve or help solve,
the ones you can really contribute something to.

− Richard Feynman

1
Introduction

When the universe is observed, the most easily studied objects are planets, stars and
interstellar gas, which are made up of protons, neutrons and electrons. The amount of
these particles is known as the baryon content of the universe. However, it has been
established that approximately 73% of the energy density of the universe is in a form
of matter with negative pressure, perhaps a cosmological constant, and another 23%
is in the form of some non-baryonic matter, referred to as dark matter. The observed
baryons make up a mere 4% of the total energy density of the universe.

Another striking observation is that the 4% of baryonic matter in the universe is almost
entirely devoid of any antibaryonic matter. There is a cosmological excess of matter
over antimatter which is at odds with the theoretical symmetry between them. This
symmetry suggest that should exist astronomically large regions of antimatter, which
is not what is observed.

The Standard Model of particle physics, while being a very successful description
of the observed fundamental particles and their interactions, does not explain either
of these observations and hence a new, more complete theory is required. Many
theoretical extensions of the Standard Model have been suggested, however, they
typically address only one of these problems.
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Chapter 1. Introduction

One popular extension of the Standard Model is Supersymmetry, in which a new
symmetry between bosons and fermions is introduced. This symmetry leads to new
particles, not yet observed. With the introduction of a new conservation law, the
lightest supersymmetric particle is stable and a candidate for dark matter. In addition,
this model can be constructed to explain the generation of observed matter-antimatter
asymmetry via electroweak baryogenesis. An important consequence of this scenario
is that one of the supersymmetric partners to the top quark, the light stop quark, must
be lighter than the top quark. Chapter 2 provides an introduction to the Standard
Model, Supersymmetry and electroweak baryogenesis, laying the foundations for
Chapter 3 which probes the bounds of the supersymmetric electroweak baryogenesis
parameter space, otherwise known as the light stop scenario.

The ATLAS experiment at the Large Hadron Collider (LHC) is designed to look for
the Higgs boson and search for new physics beyond the Standard Model, such as
Supersymmetry. The LHC is a proton-proton collider designed to provide centre of
mass energies of up to 14 TeV1 to recreate the conditions of the universe down to
10−34 seconds after the Big Bang. A basic description of the LHC and the ATLAS
detector is given in Chapter 4 while Chapter 5 is dedicated to the ATLAS electron
trigger system for which the author developed an alternative algorithm for seeding
electromagnetic clusters.

If supersymmetry exists at energy scales compatible with the LHC, supersymmetric
particles will be produced, and studied. In particular, light stop decays are a prime
candidate for early supersymmetry searches at the LHC, due to their high production
cross section and clean event topologies. The remainder of this thesis, from Chapter 6
to Chapter 10, is dedicated to analysing light stop quark pair production at the ATLAS
experiment in the scenario where the detectable light stop quark decay products mimic
those from top quark pair production.

1Natural units for physics quantities are the convention in particle physics and this thesis. The reduced
Planck constant, speed of light and Boltzmann constant are normalised to unity, ~ = c = kB = 1.
Energy, momentum and mass are expressed in electron volts (eV).
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Tapestries are made by many artisans working together. The contribu-
tions of separate workers cannot be discerned in the completed work,
and the loose and false threads have been covered over. So it is in our
picture of particle physics.

− Sheldon Lee Glashow

2
Background Theory

Particle physics is the quest to understand the fundamental nature of matter. The
Standard Model is a theoretical framework that explains many of the currently existing
observations of fundamental particles and forces. However, there are specific problems
with the theory leading to the belief that it is only an effective theory, unable to describe
physics at arbitrarily high energies. Theories that extend the Standard Model, such
as Supersymmetry, may provide solutions to these problems and establish a more
complete description of matter. This chapter presents a brief overview of the Standard
Model and its limitations, followed by an outline of Supersymmetry and how it resolves
some of the shortcomings of the Standard Model.

2.1. Standard Model

The Standard Model (SM) [1, 2, 3] provides the best known description of fundamen-
tal particles and their interactions, excluding gravity. It has made many successful
predictions [4] and has been experimentally probed to very high precision. The SM is
a gauge quantum field theory which describes the interaction of point-like fermions,
whose interactions are mediated by gauge bosons.
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Chapter 2. Background Theory

2.1.1. Matter

The particles that constitute matter have spin- 1
2 and can be divided into two categories:

those that feel the strong force; quarks, and those that do not; leptons. In total there are
six known quarks and six known leptons, whose properties are shown in Table 2.1.

The six quark types or flavours, are arranged into three distinct families, also known
as generations. The first generation is comprised of the up quark, and the slightly
heavier down quark. These have fractional electric charges of +2

3 and − 1
3 respectively.

The two following generations are successively more massive and likewise consist of
a doublet of an up-type and a down-type quark. The second generation consists of
the whimsically named charm and strange quarks, while the third generation includes
the prosaically named top and bottom quarks. Free quarks have never been observed
directly, they are confined inside composite systems known as hadrons. The most
commonplace hadrons are the proton and the neutron, three-quark systems made up
of the lightest two quarks, up and down.

The six leptons are similarly classified into three generations. The first generation con-
sists of the familiar electron-type leptons, while the subsequent generations consist of
the heavier muon-type and tau-type leptons. Each lepton generation consists of a dou-
blet of a charged lepton and its corresponding neutral neutrino. In the SM, neutrinos
are considered massless, however observations of neutrino flavour oscillations from
solar [5], atmospheric [6], reactor [7] and long-baseline accelerator experiments [8]
have shown that neutrinos must have some small mass.

Table 2.1. The fermions of the Standard Model with their electric charges and
masses [4].

Leptons Quarks

Flavour
Electric

Mass (GeV) Flavour
Electric Approximate

Charge Charge Mass (GeV)

e -1 5.11 × 10−4 u 2/3 0.002

νe 0 < 2 × 10−9 d -1/3 0.005

µ -1 0.1057 c 2/3 1.3

νµ 0 < 1.9 × 10−4 s -1/3 0.1

τ -1 1.7768 t 2/3 172

ντ 0 < 1.82 × 10−2 b -1/3 4.2

Page 4



2.1. Standard Model

2.1.2. Forces

The SM describes the electromagnetic, weak and strong forces as the exchange of vector
bosons between the fermions. The type of exchanged boson determines the type of
interaction. The electromagnetic force is mediated by the massless photon, the strong
force is mediated by eight massless coloured gluons, and the weak force is mediated
by the massive W± and Z bosons. These forces couple to electric charge, colour and
weak isospin, respectively. Table 2.2 shows the vector bosons and their properties.

The fourth fundamental force, gravity, is conspicuously absent from the SM. In prin-
ciple gravitational interactions could also be described in terms of the exchange of a
graviton gauge boson, however attempts to create a satisfactory quantum field the-
ory of gravity and incorporate this into the SM have so far failed. Fortunately, for
most purposes in experimental particle physics, gravity can be neglected as it is much
weaker than the other forces at the energy scales being probed.

The Electromagnetic Force

With the exception of gravity, electromagnetism is probably the most familiar force in
everyday life. The quantum field theory of electromagnetism, quantum electrodynam-
ics (QED), is the oldest, simplest and most successful of the dynamical theories that
were eventually brought together to form the SM; all the other theories are modelled
on it.

Table 2.2. The bosons of the Standard Model with their electric charges and
masses [4].

Force Particle
Electric Mass

Charge (GeV)

Strong g 0 0

Electromagnetic γ 0 0

Weak W± ±1 80.399

Z 0 91.1876
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Chapter 2. Background Theory

QED is an abelian gauge field theory with the symmetry group U(1)Q which describes
the interaction between charged fermions and the massless photon. The QED La-
grangian is:

LQED = ψ̄q(iγµDQED,µ/ −mq)ψq − 1
4

FµνFµν,

where a fermion field of mass mq and charge q is represented as ψq and the field is
given by Fµν. To maintain local U(1)Q gauge invariance, the covariant derivative DQED,µ/

requires the introduction of the photon gauge field, Aµ:

DQED,µ/ = ∂µ + iQAµ,

where Q is the generator of the U(1)Q group and can be identified with e, electric
charge. The electromagnetic field in LQED is expressed in terms of the photon field:

Fµν = ∂µAν − ∂νAµ.

The abelian structure of U(1)Q does not allow any self-interaction terms for the photon
field.

The Strong Force

Quantum chromodynamics (QCD) describes all phenomena related to strongly inter-
acting particles, quarks and gluons. It can be constructed in full analogy to QED,
but with the important difference that the local gauge group, SU(3)C is larger and
non-abelian. Similarly to the QED Lagrangian, the QCD Lagrangian is:

LQCD =
∑

n
ψ̄a

n(iγµDQCD,µ/ −mn)ψa
n −

1
4

Gα
µνG

µν
α ,

where the gluon field is given by Gα
µν where α=(1,2,3,4,5,6,7,8) and a quark field of mass

mn represented as ψa
n. The flavour assignment is labelled by the index n, which takes

on six values: n=(u,d,c,s,t,b). The colour charge is labelled by a=(1,2,3). The quarks and
antiquarks are identified with the 3 and 3∗ representations of SU(3) while the gluons
are assigned to the 8 fundamental representation. Note that the gluon field does not
have a flavour index and so QCD has an approximate flavour symmetry, which is
broken by the differing quark masses. To maintain local SU(3)C gauge invariance, the
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2.1. Standard Model

covariant derivative, DQCD,µ/ requires the introduction of the gluon gauge field Aα
µ:

DQCD,µ/ = ∂µ + igsAα
µλα,

where λα are the SU(3)C group generators. The commutator of the generators is
proportional to the antisymmetric structure constant of SU(3)C, f αβγ = fαβγ = f γαβ:

[λα, λβ] = i f γαβλγ.

The non-abelian nature of this commutation relationship allows for the self-interaction
of gluon fields. The gluon field in LQCD differs to the electromagnetic field in that
is not just expressed in terms of the gluon gauge field, but also the SU(3)C structure
constant and the coupling constant of quarks and gluons gs:

Gα
µν = ∂µAα

ν − ∂νAα
µ − gs f αβγAβ

µAγ
ν .

An essential feature dictating the phenomenology of QCD is that the coupling constant
gs decreases as the renormalisation scale µ increases:

µ
∂gs(µ)
∂µ

= −
(
11 − 2n f

3

)
gs(µ)3

16π2 + O(gs(µ)5),

where n f is the number of flavours at or below the renormalisation scale µ. This feature
of QCD, that the coupling strength decreases at large µ or short distances, is known
as asymptotic freedom. This results in non-perturbative effects at distances of size
O(1/ΛQCD), where ΛQCD is generated in the solution to the above differential equation:

αs(µ) ≡ g2
s (µ)
4π

=
4π

β0 ln[µ2/Λ2
QCD]

+ O
 1

ln[µ2/Λ2
QCD]2

 , where β0 = 11 − 2
n f

3
.

The scale of ΛQCD is where the theory becomes strongly coupled and perturbation
theory fails to be valid.

The final distinction between QCD and QED is that whilst free particles with net electric
charge are observed in nature, no particles with net colour have ever been observed.
Coloured particles are confined to colourless bound states leading to the phenomenon
of quark confinement, whereby isolated quarks are never observed. Confinement has
important consequences for the phenomenology of collider signatures where quarks
or gluons are produced, resulting in the production of collimated jets of hadrons in the
final state.
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Chapter 2. Background Theory

The Weak Force and Electroweak Unification

The third force described by the SM is weak force, responsible for, among other pro-
cesses, nuclear beta decay. Like QED and QCD, the theory of the weak force is arrived
at by the requirement that the appropriate Lagrangian remain locally gauge invariant.
In this case it is required that the Lagrangian describing the interactions of left handed
fermion doublets is invariant under SU(2)L transformations in the vector space of weak
isospin, I.

The SM describes the electromagnetic and weak interactions as two different aspects
of a unified electroweak interaction [9, 10, 11] with the gauge group SU(2)L ⊗ U(1)Y

where the gauge group U(1)Y of weak hypercharge Y is defined by Q = Y + I3 where
Q is the electric charge and I3 is the third component of weak isospin. The free field
electroweak Lagrangian before symmetry breaking is:

LEW, f =
∑

f

ψ̄ f iγµDEW,µ/ ψ f ,

where the ψ f are the chiral matter fields:

Ln
L =

 νn
L

en
L

 , en
R, Qn

L =

 un
L

dn
L

 , un
R, dn

R, (2.1)

where the index n, runs from 1 to 3 and represents the three generations of the SM
matter fields. un

L, dn
L, un

R, dn
R are the quark fields, and en

L, νn
L, en

R are the lepton fields.
Note that there are no νn

R terms as right handed neutrinos are not seen in nature. To
maintain SU(2)L ⊗U(1)Y gauge invariance, the electroweak gauge invariant covariant
derivative DEW,µ/ requires the introduction of the Bµ and Wi

u gauge fields:

DEW,µ/ = ∂µ + ig
Y
2

Bµ + ig′
τi

L

2
Wi
µ,

where g and g′ are coupling constants and τi
L are the Pauli matrices, the generators

of the SU(2)L group. The non-abelian nature of the Pauli matrices allows for the the
self-interaction of Wi fields. The electroweak gauge fields W±µ , Zµ and Aµ are linear
combinations of these four fields:

W±µ =
1√
2

(
W1
µ ± iW2

µ

)
and

Zµ = cosθWW3
µ − sinθWBµ

Aµ = sinθWW3
µ − cosθWBµ

where θW = cot
(

g′

g

)
.
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2.1. Standard Model

2.1.3. Mass

The theories of the strong and electroweak interactions can be combined into a single
Lagrangian which is invariant under SU(3)C × SU(2)L ×U(1)Y transformations. How-
ever, such a theory is missing a crucial piece. The W± and Z bosons, unlike photons
and gluons, are massive. Inserting mass terms into the Lagrangian breaks the gauge in-
variance of the theory, leads to divergences and thus a non-renormalisable theory [12].
Therefore to obtain a successful predictive theory, the SM Lagrangian should be con-
structed in such a way that mass terms are included yet local gauge invariance is
retained. The simplest approach that offers a solution is the Higgs mechanism [13].

The Higgs mechanism involves the generation of mass terms through the spontaneous
breaking of the electroweak symmetry by the introduction of a complex scalar field φ
which transforms as a doublet under SU(2)L with non-zero vacuum expectation value
φ0 to the Lagrangian:

LHiggs = (∂µφ)†(∂µφ) − µ2φ†φ − λ(φ†φ)2,

where φ =
1√
2

 φ1 + iφ2

φ3 + iφ4

 and φ0 =
1√
2

 0

v

 , where v2 =
−µ2

λ
and µ2 < 0.

Replacing ∂µ in LHiggs with the electroweak covariant derivative DEW,µ/ for gauge
invariance means that when φ gets an expectation value, that is after electroweak
symmetry breaking, the Lagrangian contains extra terms, including weak gauge boson
mass terms, from which it can be calculated that:

mW± =
1
2

vg′ , mZ =
v
2

√
g2 + g′2 , mγ = 0 and cosθW =

mW

mZ
.

Note that the complex scalar field φ contains four degrees of freedom, only three of
which can be gauged away to give masses to the weak gauge bosons, the remaining
degree of freedom is a massive scalar particle, the elusive Higgs boson, H.

The Higgs mechanism also provides a formalism for fermion masses. The non-zero
vacuum expectation value of the system results in the vacuum everywhere gaining
the ability to emit or absorb neutral colourless Higgs bosons that carry isospin. There-
fore fermions, which can couple to this new boson, acquire mass through Yukawa
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Chapter 2. Background Theory

couplings, gi, j
e,u,d:

LYukawa = −gi, j
e L̄i

eφe j
R − gi, j

d Q̄i
Lφd j

R − gi, j
u Q̄i

Lφu j
R + Hermitian conjugate,

where the repeated indices i, j run over the three generations and are summed. These
couplings induce a set of 3×3 matrices for the quarks and leptons where the weak gauge
eigenstates are linear combinations of the mass eigenstates. This leads to interactions
mediated by the W± bosons which change quark flavour and charged leptons into their
corresponding neutrinos and vice versa. The mixing matrix acting on the charged −1

3

quarks is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [14, 15].

The Higgs mechanism predicts a new scalar particle, the Higgs boson which has yet to
be discovered and thus the SM remains incomplete. One of the experimental difficulties
of the Higgs boson search is that the Higgs mechanism does not directly predict the
Higgs boson mass, mH. However, a direct constraint arises from considering the
W+W− → W+W− elastic scattering process. To keep the cross section of this process
finite, the Higgs mass must be less than∼1 TeV [16]. Other experimental measurements
can also place constraints on mH. Direct searches for the Higgs boson at LEP gave a
lower limit of 114.4 GeV at 95% confidence level (CL) [17] while the Tevatron excludes
a Higgs mass region between 158 GeV and 175 GeV also at 95% CL [18]. Indirect
bounds are obtained through the use of fits to precision electroweak measurements.
These fits currently derive an upper of 185 GeV at 95% CL [19]. These limits suggest
that if the Higgs boson does exist, it should be found at the LHC.

The Higgs mechanism is not without its shortcomings. The SM predicts that the Higgs
boson is affected by large radiative corrections to its mass from loop interactions with
fermions and bosons. These loop corrections yield the following contributions to mH:

δm2
H =

λ2
s

16π2 [Λ2 − 2m2
s ln(

Λ

ms
) + . . .] − |λ f |2

16π2 [2Λ2 + 6m2
f ln(

Λ

m f
) + . . .], (2.2)

where the first term defines the correction due to scalars of mass ms and Higgs coupling
λs and the second term is the equivalent for fermions of mass m f and Higgs coupling
λ f , and where Λ is the energy cutoff scale to which the theory is valid. If the SM is
valid up the Plank scale, then Λ ≡ ΛPlanck ∼ 1019 GeV. This leads to extremely large
corrections to the Higgs mass, such that fine tuning of parameters is required to some
thirty orders of magnitude to keep the Higgs boson light as required by unitarity. This
is considered unnatural, and is known as the fine tuning problem.
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2.2. Supersymmetry

There are other reasons to believe that the SM is incomplete. Connected to the fine
tuning problem is the hierarchy problem, which is the question why the Planck scale is
so much larger than the electroweak scale. The SM also does not explain why there are
three generations of fermions or contain a mechanism for the generation of neutrino
masses; it also does not predict particle masses or the elements of the CKM mixing
matrix or the values of any of the coupling constants.

Aside from these particle physics problems, the SM also has no explanation for the
astrophysical observations of dark matter or the baryon asymmetry of the universe,
which some theories beyond the SM can address.

2.2. Supersymmetry

Supersymmetry (SUSY) [20, 21] is a proposed extension to the SM which postulates the
existence of a new kind of fundamental symmetry between bosons and fermions. Since
the Lagrangian is required to be invariant under this symmetry transformation, every
fermonic degree of freedom needs a corresponding bosonic degree of freedom and
vice versa. These new degrees of freedom correspond to the existence of new particles,
the superpartners or sparticles, placing the observed particles in supermuliplets with
the new postulated superpartners.

SUSY is a unique extension of Poincaré algebra and possesses many desirable features,
including providing an elegant solution to the fine tuning problem, being a stepping
stone towards the unification of the electroweak and strong forces and a theoretical
framework for a quantum theory of gravity. Additionally, SUSY offers the possibility
of generating the observed baryon asymmetry of the universe and provides an answer
to the dark matter puzzle, which this thesis explores in detail.

That SUSY offers a solution to the fine tuning problem is evident upon inspection of
Equation 2.2, where it can be seen that the fermonic and scalar terms provide similar but
opposite sign corrections. The nature of the SUSY generators requires the introduction
of an additional complex scalar for each SM fermion and an additional fermion for
every scalar. As long as the SUSY energy scale is around 1 TeV, the correction terms
from the additional SUSY particles will largely cancel the divergent corrections from
the SM particles.
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An interesting implication of SUSY is its natural consequence of grand unification. The
gauge coupling strengths of the SM forces vary with the energy scale of interactions,
and it is anticipated that they may become equal at a some grand unification scale.
The evolution of the gauge coupling strengths with energy scale is dependent on the
particles in the theory and it turns out that the inclusion of SUSY particles with masses
at the electroweak scale possibly leads to grand unification. While grand unification
is not a motivation for SUSY, it is a pleasant side effect.

By demanding gauge invariance under local supersymmetric transformations, a spin-2
massless gauge field is introduced to the theory, which can be identified as the gravi-
ton. This particle and its supersymmetric partner, the gravitino, mediate gravitational
interactions, through which a quantum theory of gravity can be obtained. Unfortu-
nately, however tantalising this supergravity theory is, like other four-dimensional
theories of gravity, it is not renormalisable.

Despite these promising features, SUSY cannot be the final theory of particle phenom-
ena. Like the SM, it does not resolve the hierarchy problem, explain why there are three
generations of fermions or neutrino masses and it does not predict particle masses and
mixing angles. Instead, as will be seen, it introduces many new parameters.

2.2.1. Supersymmetry Particle Spectrum

The phenomenology of the SUSY particles is derived from the fact that particles in the
same supermultiplet must be in the same representation of the gauge groups, and so
must have the same electric charge, weak isospin, and colour degrees of freedom. Each
supermultiplet must also contain an equal number of fermion and boson degrees of
freedom. The simplest possible set of multiplets is called the Minimal Supersymmetric
Standard Model (MSSM). The MSSM incorporates the SM fermions into chiral super-
multiplets along with a further complex scalar, and the SM gauge bosons into vector
supermultiplets along with an additional fermion. The naming convention gives su-
perpartners of fermions an ‘s’ in front of their SM name, and are known as sfermions.
For example, the partner of the top quark is called the ‘stop’ quark. Superpartners of
bosons receive an ‘ino’ at the end of their names, the Higgs bosons have ‘higgsino’
partners, and the superpartners of the gauge bosons are called ‘gauginos’. Table 2.3
summarises the sparticle content of the MSSM.
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Table 2.3. The undiscovered particles of in the MSSM (assuming sfermion mixing
for the first two families is negligible) [21].

Name Spin Gauge Eigenstates Mass Eigenstates

Higgs bosons 0 H0
u H0

d H+
u H−d h0 A0 H0 H±

squarks 0
ũL ũR d̃L d̃R same

c̃L c̃R s̃L s̃R same

t̃L t̃R b̃L b̃R t̃1 t̃2 b̃1 b̃2

sleptons 0
ẽL ẽR ν̃e same

µ̃L µ̃R ν̃µ same

τ̃L τ̃R ν̃τ τ̃1 τ̃2 ν̃τ

neutralinos 1
2 B̃0 W̃0 H̃0

u H̃0
d χ̃0

1 χ̃
0
2 χ̃

0
3 χ̃

0
4

charginos 1
2 W̃± H̃+

u H̃−d χ̃±1 χ̃
±
2

gluino 1
2 g̃ same

In the SM only one Higgs scalar field is required to give mass to all the fermions
and weak gauge bosons. The SM Higgs field is a doublet, which has four degrees of
freedom, three of which are absorbed in electroweak symmetry breaking, resulting in
just one Higgs boson. However, in the MSSM in order to give mass to all the sparticles,
the SM Higgs sector must be extended into two Higgs doublets, comprised of four
complex scalar fields with eight degrees of freedom. Three of these are absorbed in
electroweak symmetry breaking, and the remainder manifest as five physical Higgs
bosons, three neutral, h0, A0, H0, and two charged H+ and H−. These Higgs fields are
then classified into chiral supermultiplets with a total of four fermionic superpartners.

The MSSM also contains more particle mixing than the SM. Except for the gluino,
gauginos and higgsinos have the same quantum numbers, and will therefore mix to
form the physical particles. The neutral higgsinos and the neutral gauginos form
the four neutralinos χ0

i (i=1,2,3,4), and the charged higgsinos and the wino form
the charginos χ±i (i=1,2). For the sfermions, since chiral fermions have two degrees
of freedom, there will be two spinless superpartners for each SM fermion, which are
sometimes loosely referred to as left handed and right handed sfermions, although they
have no standard handedness or chirality. Since these two sfermions have identical
quantum numbers, they will mix to form the physical particles. The mixing depends
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on the mass of the SM fermion, and the third generation sfermions will mix most. For
example, the stop quark mixing matrix,M2

t̃
, is given by [22]:

M2
t̃ =

 m2
LL (m2

LR)∗

m2
LR m2

RR

 where

m2
LL = m2

Q̃3
+ m2

Z cos 2β ( 1
2 − 2

3 sin2 θW) + m2
t

m2
RR = m2

Ũ3
+ 2

3 m2
Z cos 2β sin2 θW + m2

t

m2
LR = mt(At − µ∗ cot β)

(2.3)

and mt is the mass of the top quark, mZ is the mass of the Z boson, θW is the weak
mixing angle and m2

Q̃3
, m2

Ũ3
, µ, At and β are SUSY parameters which will be described

later. Note that the parameters µ and At can take complex values:

At = |At| eiφAt and µ = |µ| eiφµ

leading to the off-diagonal elements, m2
LR = (m2

LR)∗, also being complex with the phase:

φt̃ = arg(m2
LR) = arg(At − µ∗ cot β).

The mixing matrix,M2
t̃
, can be diagonalised and the physical stop quarks t̃1 and t̃2 are

given by:  t̃1

t̃2

 =

 eiφt̃ cosθt̃ sinθt̃

− sinθt̃ e−iφt̃ cosθt̃


 t̃L

t̃R

 ,

where t̃1 is the lighter stop quark and t̃2 is the heavier one, and θt̃ is the stop quark
mixing angle. The masses are given by:

m2
t̃1,2

=
1
2

(
m2

LL + m2
RR ∓

√
(m2

LL −m2
RR)2 + 4|mLR|2

)
,

while the mixing angle is given by:

tanθt̃ =
m2

LL −m2
t̃1

−|m2
LR|

.

Note that if mLL < mRR then t̃1 has a predominantly left handed gauge character,
otherwise if mLL > mRR then t̃1 has a predominantly right handed gauge character.
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2.2. Supersymmetry

2.2.2. Supersymmetry Parameters

If SUSY was realised in nature as an unbroken symmetry then the superpartner par-
ticles would have identical mass to their SM counterparts. This is evidently not the
case, as such particles would be trivial to observe. Therefore, if it exists, SUSY must be
a broken symmetry.

The SUSY breaking is implemented by including explicit ’soft’ mass terms to the MSSM
Lagrangian LMSSM. These terms are called soft because they do not reintroduce the
quadratic divergences removed by introducing SUSY. The MSSM Lagrangian then
becomes:

LMSSM = LSUSY +Lsoft,

where LSUSY contains the terms invariant under SUSY transforms and Lsoft contains
the SUSY breaking parameters.

The parameters of LSUSY consist of [4]:

• gauge couplings: g1, g2 and g3 corresponding to the SM gauge group SU(3)C ×
SU(2)L ×U(1)Y respectively.

• a higgsino mass parameter: µ.

• Higgs-fermion Yukawa coupling constants: λui , λdi and λei (i=1,2,3) correspond-
ing to the coupling of the left and right handed quarks and leptons and their
superpartners to the Higgs bosons and higginos.

The parameters of Lsoft consist of [4]:

• gaugino masses: M3, M2 and M1 associated with the SU(3)C, SU(2)L and U(1)Y

subgroups of the SM.

• five scalar squared-mass parameters for the squarks and sleptons: m2
Q̃i

, m2
Ũi

, m2
D̃i

,

m2
L̃i

, m2
Ẽi

(i=1,2,3) corresponding the superpartners of the five electroweak gauge
multiplets (Equation 2.1).

• Higgs-squark-squark and Higgs-slepton-slepton trilinear interaction terms, with
coefficients λuiAui , λdiAdi and λeiAei (i=1,2,3). It is traditional to factor out the
Yukawa couplings in the definition of the trilinear couplings, so if the trilinear
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Chapter 2. Background Theory

couplings are of the same order compared to the other soft mass terms, only the
trilinear couplings of the third generation are phenomenologically relevant.

• three parameters relating to the Higgs: the vacuum expectation values of the two
Higgs fields: vu and vd where the more commonly used tan β is the ratio between
them, and one physical Higgs mass: the later analysis will use the mass of the
charged Higgs, mH± , though the mass of the pseudoscalar Higgs, mA0 is more
commonly used.

It is obvious that the total number of independent physical parameters that define the
MSSM is quite large, particularly those associated with the SUSY breaking sector; in
fact, the MSSM possesses 124 independent parameters [23]. To allow for the practical
study of the MSSM, the number of parameters which are considered must be reduced.
This can be done by assuming a mechanism of SUSY breaking, such as minimal
SuperGravity (mSUGRA) [24], the most well studied model where SUSY is broken by
gravitational interactions. Alternatively, restrictions on the MSSM parameter space
can be made using phenomenologically motivated arguments, which is the approach
that this thesis pursues.

2.2.3. R-Parity

The most general form of the MSSM includes gauge invariant terms that violate both
baryon number (B) and lepton number (L), allowing for B and L violating processes.
These processes must be very suppressed in order to reproduce experimental data,
with the strongest constraint being the lifetime of the proton, τp experimentally mea-
sured to be τp > 1.6×1033 years at 90% CL [25]. These terms cannot simply be forbidden
by postulating that B and L are fundamental symmetries, since they are necessarily
violated by non-perturbative electroweak effects [26] (though these effects are negli-
gible for experiments at ordinary energies). A new symmetry is instead introduced,
called R-parity, the conservation of which prevents both baryon and lepton violating
couplings. R-parity conservation does, however, allow B and L violation if they occur
in the same amounts. The R-parity of a particle, R, is defined as:

R = (−1)3(B−L)+2S, (2.4)

where B is the baryon number, L is the lepton number and S is the spin of the particle.
All SM particles have R of +1 and all SUSY particles have R of −1. In R-parity con-
serving models, R is an exactly conserved, multiplicative quantum number, meaning
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2.3. Dark Matter

that fast proton decay is excluded, there can be no mixing between SM and SUSY
particles and that every interaction vertex must contain an even number of sparticles.
R-parity conservation has a great influence over the phenomenology of the MSSM.
Sparticles must be produced in pairs in interactions of SM particles; every sparticle
must decay to an odd number of sparticles; and the lightest SUSY particle (LSP) will
be absolutely stable. It should be noted that models without R-parity conservation
can be constructed in which proton decay is adequately suppressed [27], however this
thesis will only consider R-parity conserving models.

2.3. Dark Matter

Visible matter is not the only matter in the universe. The first indications of invisible
matter were spiral galaxy rotation curve observations early last century. It was found
that the stars in galaxies were rotating faster than what could be caused by their visible
matter. A galactic halo of unseen matter was postulated to explain this phenomenon.
Since then, observations of large astrophysical systems, with sizes ranging from galac-
tic to cosmological scales, have all required the existence of a large amount of dark
matter to explain results. They include observations of rotational speeds of galax-
ies [28], orbital velocities of galaxies within clusters [29], gravitational lensing [30],
the cosmic microwave background [31], light element abundances [32] and large scale
structure [33].

Recent precision measurements of temperature anisotropies in the cosmic microwave
background from the Wilkinson Microwave Anisotropy Probe (WMAP) combined
with the distribution of galaxies from baryonic acoustic oscillations and distance mea-
surements from Type 1a supernovae, have allowed the matter density of the universe
to be quantified with greater precision than ever before. The matter density of the
universe is measured to be Ωmh2 = 0.1352 ± 0.0036 [31], however the visible baryonic
matter density is measured to be only Ωbh2 = 0.02255 ± 0.00054, while the cold dark
matter density is much larger at Ωch2 = 0.1126± 0.0036. The nature of this dark matter
is one of the major mysteries of particle physics and astronomy.

Although the existence of dark matter is well motivated by several lines of evidence,
the exact nature of dark matter remains elusive, and there are many candidates for dark
matter particles. The most popular of these are weakly interacting particles much like
neutrinos, but with a much larger mass. These weakly interacting massive particles
(WIMPs) should be stable, heavy, and electrically and colour neutral. As mentioned
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above, in R-parity conserving SUSY models, the LSP is stable and if it is neutral, it is an
ideal dark matter candidate. Within a given SUSY scenario, it is possible to calculate
the mass spectrum and decay widths of the SUSY particles, and use this information
to obtain the relic density of the LSP. Comparing this relic density to the dark matter
density, it is possible to use cosmological measurements to constrain SUSY parameters.
In this thesis, it is assumed that the LSP is the lightest neutralino χ0

1.

Detecting dark matter is essential in determining its properties and its role in the for-
mation of structure in the universe. Many experiments have searched and are currently
searching for a signal of WIMP-like dark matter using a variety of methods. Direct
detection experiments have been designed to detect dark matter particles through
their scattering with nuclei, while indirect detection experiments attempt to observe
the annihilation products of dark matter particles.

Note that these detection techniques are complementary to collider searches for dark
matter. The direct or indirect detection of dark matter particles is unlikely to pro-
vide enough information to reveal the underlying physics, though results from these
experiments can be used to constrain SUSY model parameters. In contrast, collider
experiments may identify a long-lived WIMP but will not be able to test its cosmo-
logical stability or abundance. Only by combining the information provided by many
different experimental methods, is the nature of dark matter to be ascertained.

2.4. Baryogenesis

The most basic distinction drawn between particles in nature, is that between particles
and antiparticles. Since antiparticles were first predicted and observed, it has been
clear theoretically that there is a high degree of symmetry between particles and
antiparticles. This is in stark contrast to what is seen in the universe at large. According
to the observations, the baryon density is dominated by baryons, while antibaryons
are only secondary products in high energy processes. The source of this asymmetry
is one of the major puzzles of particle physics and cosmology.

2.4.1. Baryogenesis Conditions

Assuming that cosmological inflation removes any initial baryon asymmetry after the
Big Bang, there should be a dynamic mechanism to generate the currently observed
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asymmetry. A physical process that generates an asymmetry between baryons and
antibaryons from an initial baryon symmetry is called baryogenesis. Any mechanism
for baryogenesis must fulfil the three Sakharov conditions [34]:

• B Violation
Baryon number (B) violation is obviously required for baryogenesis since, starting
from a baryon symmetric universe, B violation must take place in order for the
universe to evolve into a baryon asymmetric universe.

In the SM, B is violated by the triangle anomaly, which leads to the non-perturbative
sphaleron process depicted in 2.1. This process involves nine left handed quark
doublets and three left handed leptons, one from each generation, leading to
∆B = ∆L = −3.

bL

bL

tL
sL

sL

cL

dL

dL

uL νe

νµ

ντ

Figure 2.1. Sphaleron Process [35].

• C and CP Violation
C (charge conjugation) is the symmetry between particles and anti-particles. If
C is conserved, for every process which produces a particle, there will be an
inverse process which produces its antiparticle at precisely the same rate, so no
baryon asymmetry can be created. P (parity) is the symmetry of interactions
between right handed and left handed particles. As well as C violation, CP (the
combination of C and P) violation is also required to generate a baryon asymmetry
because the antiparticle of a left handed particle is right handed.

In the SM, C is maximally broken, since only the left handed electron is SU(2)L

gauge coupled, while CP is violated via the inclusion of a complex phase in the
CKM quark mixing matrix for three generations of quarks.

• Departure from Thermal Equalibrium
Equilibrium is when the rate of a process equals the rate of the inverse process,
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hence a departure in equilibrium is required to generate a baryon asymmetry so
that processes which produce a net baryon number will not have this destroyed
by the inverse process.

Interestingly, this last baryogenesis condition can be bypassed if charge conjugation-
parity-time reversal (CPT) is violated [36]. However, since CPT invariance is
a fundamental symmetry of quantum field theory, guaranteed by Lorentz in-
variance, it is more likely that baryogenesis will occur due to a departure from
equilibrium rather then CPT violation.

One scenario for equilibrium departure in the SM is the electroweak phase transi-
tion, which can provide a departure from thermal equilibrium if it is sufficiently
strongly first order, which is the basis for electroweak baryogenesis.

2.4.2. Electroweak Baryogenesis

It is speculated that in the early hot universe, the vacuum possessed a large number
of symmetries, some of which are not seen today. As the universe expanded and
cooled, the vacuum underwent a series of symmetry-breaking phase transitions. The
electroweak phase transition is the breaking of the SU(2)L ×U(1)Y symmetry of the
electroweak field into the U(1)Q symmetry of the electromagnetic field by the Higgs
mechanism.

This electroweak phase transition can provide a departure from thermal equilibrium if
it is sufficiently first order. The difference between first order and second order is de-
termined by the behaviour of the Higgs potential. A first order transition proceeds via
bubble nucleation, where bubbles of asymmetric phase nucleate within the symmetric
phase as the universe cools below the critical temperature. These bubbles provide the
necessary departure from equilibrium [37].

Inside the bubbles, the Higgs vacuum expectation value and particle masses are non-
zero, while they are still vanishing in the exterior symmetric phase. As the bubbles
expand to eventually collide and fill all of space, CP violating interactions in the
bubble walls create a chiral asymmetry in the vicinity of the bubble walls, leading to
an excess of left handed particles relative to right handed particles outside the wall
and a compensating deficit inside the wall [38].
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Sphalerons interact only with left handed particles and hence convert the chiral asym-
metry outside the bubble into a net B asymmetry. To ensure the preservation of this
generated baryon asymmetry, the B violating processes inside the bubble must be out
of equilibrium at the nucleation temperature, TN. To achieve this, the rate of B violating
processes, which depends on the ratio of the sphaleron energy to the critical tempera-
ture, must be smaller than the expansion rate of the universe. As the sphaleron energy
is proportional to the Higgs vacuum expectation value, this leads to the condition for
a sufficiently strong first-order phase transition: φ(TN)/TN & 1, where φ(TN) is the
Higgs vacuum expectation value at TN [39].

For a light Higgs, a first-order phase transition can be induced by the loop effects of
light bosonic particles, with masses around the weak scale and large coupling to the
Higgs field. The only particles in the SM which satisfy the mass conditions are the
weak gauge bosons, however their Higgs couplings are not strong enough to induce a
first-order transition for a Higgs mass above the current experimental limit [40].

It is however, possible to implement this electroweak baryogenesis mechanism in the
MSSM because stop quarks have Higgs couplings which are proportional to the large
top mass. For this mechanism to work, the lighter stop quark must be mainly right
handed with mt̃1

< mt leaving the heavier stop quark to be mainly left handed and
thus mt̃2

& 1 TeV to achieve agreement with electroweak precision tests and ensure a
sufficiently heavy Higgs boson compatible with the LEP limit [41]. This constrains the
parameters involved in the stop mixing matrix (Equation 2.3) in the following way [42]:

mŨ3
. 0

mQ̃3
& 1 TeV

5 . tan β . 10

0.3 .
1

mQ̃3

∣∣∣At − µ∗ cot β
∣∣∣ . 0.5

Due to the dependence on the existence of a light stop quark for electroweak baryoge-
nesis to be successful in the MSSM, this parameter space region is called the light stop
scenario (LSS).
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We are all agreed that your theory is crazy. The question which divides
us is whether it is crazy enough to have a chance of being correct.

− Niels Bohr

3
The Light Stop Scenario

The Light Stop Scenario (LSS) is a parameter space region within the MSSM where the
baryon asymmetry of the universe can be generated through electroweak baryogenesis.
This chapter presents the results of an analysis of the constraints on the LSS parameter
space from different measurements and concludes by introducing the baryogenesis
inspired benchmark point studied in detail in this thesis.

A random scan of the LSS parameter space was performed using micrOmegas1 [44]
with the parameters inLSUSY set to their SM values and the SUSY breaking parameters
in Lsoft using the values and bounds shown in Table 3.1. These bounds were chosen
in collaboration with the authors of References [41] and [42]. This study revises
the analysis found within Reference [42] using the updated theoretical calculations
discussed in Reference [41].

Being a random scan, the goal of this analysis is not to understand how the parameters
affect each of the physical quantities as in Reference [42], but rather to ensure that the
LSS parameter space, with current theoretical calculations and experimental observa-
tions, has not been ruled out, that electroweak baryogenesis within the MSSM is still
feasible.

1The CPVMSSM [43] package was used for proper treatment of φµ and φAt .
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Chapter 3. The Light Stop Scenario

Table 3.1. Light Stop Scenario parameter space scan bounds.

Squark Mass Parameters Slepton Mass Parameters

2 TeV < mQ̃3
< 10 TeV

mL̃3
, mR̃3

= 1 TeV
-10 GeV < mŨ3

< 0 GeV

500 GeV < mD̃3
< 2 GeV

mL̃i
, mR̃i

= 10 TeV (i=1,2)
mQ̃i

, mŨi
, mD̃i

= 10 TeV (i=1,2)

Higgs Sector Parameters Trilinear Interaction Parameters

200 GeV < mH± < 2 TeV Ab > 0

5 < tan β < 10 At > Aτ

100 GeV < |µ| < 500 GeV 0.3 <
∣∣∣At − µ∗ cot β

∣∣∣ /mQ̃3
< 0.5

0.1 < φµ < π φAt = −π
Gaugino Mass Parameters

50 GeV < M1 < 500 GeV

M2 = M1

M3 = 1 TeV

The requirement of successful electroweak baryogensis in agreement with current ex-
perimental results places very stringent constraints on the MSSM parameters, with
bounds on all quantities relating to third generation squark soft masses and couplings
as well as the Higgs sector. To further reduce the number of free parameters, the
additional requirement of grand unification was assumed, relating the gaugino mass
parameters by: M2 = (g2

2/g2
1)M1 ' 2M1. Moreover, the first and generation sfermion

soft masses were taken to be very large, to satisfy the electric dipole moment measure-
ment in the presence of large phases.

In addition to these bounds on MSSM parameters, constraints were also placed on
measurable quantities. The most significant of these is that of a lightest Higgs mass
above the SM Higgs LEP experimental limit, mh0 > 110 GeV. Note that this constraint
is looser than the LEP limit of 114.4 GeV as higher order corrections can increase the
predicted value of the Higgs mass [45]. It was also required that the lightest neutralino,
χ̃0

1 was the LSP at each point with a relic density not much larger than WMAP measured
dark matter density, Ωχ̃0

1
h2 < 3.

A total of 40 000 parameter space points were generated within the LSS parameter
bounds with the given constraints.
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3.1. Constraints from CP Violating Phases

A problem for successful electroweak baryogenesis in the SM is that the strength of
the CP violating interactions are too small to have generated the large chiral asym-
metries needed for the sphaleron processes to generate the baryon asymmetry [46].
The MSSM can accommodate many CP violating phases in addition to the CKM phase
present in the SM, however, the strength of their interactions are tightly bounded by
the experimental limits on the electric dipole moments (EDMs) of the electron and
neutron. The one-loop contributions to these EDMs may be efficiently suppressed
if the first and second generation sfermions are very heavy, with masses larger than
about 10 TeV [47], leaving only the chargino and neutralino currents as the CP violat-
ing sources in the LSS. The charginos and neutralinos should therefore remain light
and there should exist non-negligible phases between the higgsino and gaugino mass
parameters. However, even in the absence of one-loop contributions, two-loop contri-
butions to the EDMs involving the charginos and the Higgs field remain sizeable [48],
where the terms relating to these contributions are the same as those that generate the
baryon asymmetry. In this analysis it is shown how strongly the EDM limits constrain
the LSS parameter space.

The electron EDM measurement places the strongest constraint on the chargino and
neutralino phases in the LSS, being the best measured and least plagued by theoretical
uncertainties. The upper bound on the electron EDM comes from measurements of
the 205Thallium atom EDM, and is currently |de| < 1.6 × 10−27 e cm at 90% CL [49]. As
shown in Figure 3.1, of the LSS parameter space points generated, only about half are
consistent with this experimental bound, and an order of magnitude improvement on
the measurement would be almost sufficient to rule out this baryogenesis mechanism
in the MSSM entirely. It is however reassuring that some subset of the LSS parameter
space is currently consistent with experimental constraints on the electron EDM.

Other observables are sensitive to the non-negligible phases between the higgsino and
gaugino mass parameters; these phases may induce effects on flavour changing neutral
currents associated with the bottom quark [50]. One of the most sensitive experimental
measurements is the b → sγ branching ratio [51]. The current experimental world
average is (3.55±0.24exp±0.09model)×10−4 [52] while the next-to-next-to-leading order
SM calculation yields (3.15 ± 0.23) × 10−4 [53]. Figure 3.2 shows the values of the
branching ratio obtained in the parameter space scan compared with the central SM
and experimental values. While the experimental result does rule out a small subset
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of the LSS parameter space, it is more interesting to note both the constructive and
destructive interference of the SUSY terms to the SM contribution.
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Figure 3.1. Electron EDM constraint on the LSS parameter space. Histogram
shows the values of the EDM obtained in the LSS parameter space
scan, while the hashed region shows the experimentally excluded
values at 90% CL [49].
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Figure 3.2. B(b → sγ) constraint on the LSS parameter space. Histogram shows
the values of the branching ratio obtained in the LSS parameter space
scan, while the dotted line shows the current experimental world
average [52] and the dashed line shows the SM calculation [53], both
shown with hashed bands representing one sigma uncertainties.
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3.2. Constraints from Neutralino Dark Matter

The baryon asymmetry of the universe is not the only cosmological problem the SM
does not address, there is also the dark matter puzzle. MSSM can provide a dark matter
candidate in the lightest neutralino, χ̃0

1. The conditions necessary for electroweak
baryogenesis in the MSSM, which define the LSS, have important implications for
neutralino dark matter.

Firstly, if the lightest neutralino is to be the source of the observed dark matter, it must
be lighter than the light stop so that it is stable. Secondly, in much of the parameter
space of interest the light stop is only slightly heavier than the neutralino LSP, implying
that stop-neutralino coannihilation will be significant. Finally, the higgsino-gaugino
phase modifies the masses of the neutralinos and their couplings to other particles.

3.2.1. Constraints from Relic Density

Neutralino annihilations are very important to the question of whether they make
up all or part of the observed dark matter in the universe. Soon after the Big Bang,
when the universe was very hot and dense, very energetic and massive particles were
created. These particles existed in thermal equilibrium, meaning processes which
converted heavy particles into lighter ones and vice versa occurred with the same
rate. As the universe expanded and cooled, lighter particles no longer had sufficient
kinetic energy to produce heavier particles. Therefore at some point, the density of a
particular particle species becomes too low to support frequent interactions, violating
the conditions for thermal equilibrium. At this point in time, the particles are said to
’freeze out’ and their number remains constant. The density of a specific particle type
at the time of freeze out is known as the particle relic density [54].

Figure 3.3 shows the values of the neutralino relic density, Ωχ̃0
1
h2, obtained in the

LSS parameter space scan as a function of the parameters |µ| and M1 for comparison
with Reference [42]. The crosses correspond to where the relic density is consistent
within two standard deviations with WMAP data [31]. The points in which the relic
density is above the experimental bound and excluded by more than two standard
deviations are indicated by the asterisks. The pluses denote points in which the relic
density is less than the WMAP value; an additional source of dark matter, unrelated to
neutralinos would be needed in these points. Finally, the empty regions are a result of
the restrictions when conducting the LSS parameter space scan. The empty region in
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Figure 3.3. Neutralino relic density, Ωχ̃0
1
h2, in the LSS parameter space. The green

crosses (centre right) correspond to where Ωχ̃0
1
h2 is consistent within

two standard deviations with WMAP data [31], red asterisks (lower
right) is where Ωχ̃0

1
h2 is too high while yellow pluses (upper right)

is where it is too low. The empty region in the upper right of the
combined datasets is where mt̃1

< mχ̃0
1
, while other empty regions are

where Ωχ̃0
1
h2 > 3 or mh0 < 110 GeV.
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Figure 3.4. Examples of processes contributing to neutralino (co)annihilation re-
quired to reduce the neutralino relic density to a level consistent with
observations [55].

the upper right is where the lightest stop becomes the LSP, while the other empty areas
are either where the Higgs mass is well below the LEP limit, mh0 < 110 GeV, or where
the neutralino relic density is well above the measured WMAP value, Ωχ̃0

1
h2 > 3.

As can be seen, in most of the LSS parameter space, the neutralino relic density exceeds
the dark matter density. Keeping the unification motivated ratio of the gaugino mass
parameters M2/M1 close to two along with the constraints on the Higgs sector param-
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eters required for electroweak baryogenesis induces a lightest neutralino with mostly
bino admixture. A bino typically overcloses the universe, unless there is a special
situation that circumvents this [56]. For example, as shown in the Feynman diagrams
depicted in Figure 3.4, neutralinos can coannihilate with sfermions of similar mass,
annihilate near a Higgs resonance or acquire a sizable higginos admixture allowing
for chargino exchange [55]. These processes can lower the neutralino relic density to a
level that is consistent with observations; however if these processes are too efficient,
the relic density is too small. Since the dark matter density has been measured to such
high precision, the number of parameter space points consistent within two standard
deviations is quite small, though their existence is encouraging.

3.2.2. Constraints from Direct Detection

Direct detection experiments assume that if dark matter is everywhere in the universe,
then it should be travelling through the earth at all times, and although it is weakly
interacting, it may occasionally interact and if a detector is sensitive and large enough
then that interaction can be measured. The interaction of a dark matter particle with
detector material can be classified by: elastic or inelastic and spin-dependent or spin-
independent; elastic spin-independent interactions have higher cross sections [54]
since they involve the interaction of the dark matter particle with the nucleus as a
whole.

Figure 3.5 shows the spin independent neutralino-nucleon elastic scattering cross sec-
tions in the LSS parameter space as a function of neutralino mass compared to the ex-
perimental limits from XENON [57], CDMS [58] and ZEPLIN [59]. It can be seen that a
large portion of the LSS parameter space has been ruled out by the non-observation of
dark matter by these experiments, however there still remains some allowed regions.

3.2.3. Constraints from Indirect Detection

In parallel to direct detection experiments, a wide range of astrophysical indirect detec-
tion programs have developed to search for the annihilation products of dark matter
particles. After freeze out, dark matter annihilation becomes greatly suppressed; how-
ever even if its impact on the dark matter relic density is negligible, the annihilation
still continues and may be observable. As the annihilation rate is proportional to the
square of the dark matter density, it is natural to search for dark matter annihilations
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Figure 3.5. Spin independent neutralino-nucleon elastic scattering cross sections
in the LSS parameter space (left) as a function of neutralino mass
compared to the experimental limits (right) of XENON [57] (dots),
CDMS [58] (dashes) and ZEPLIN [59] (circles).

in regions of the universe expected to have high dark matter densities. Thus searches
are currently underway to detect neutrinos from annihilations of gravitationally cap-
tured dark matter in the core of the Sun [61], antimatter particles from dark matter
annihilations in the galactic halo [62], and photons from dark matter annihilations in
galactic substructure [63].

In contrast to direct detection, there have been some reported anomalies in indirect
detection, and some of these can be interpreted as possible evidence for dark matter.
The most prominent example is the measurement of the flux of positrons and electrons
with energies between 10 GeV and 1 TeV by PAMELA [64], ATIC [65], and Fermi-
LAT [66]. These data are shown in Figure 3.6, and reveal an excess of positrons above
an estimate of the expected background. While the generally accepted explanation for
these data is pulsars [67]; it is still interesting to explore the possibility that the positron
excess arises from dark matter annihilation.

Figure 3.7 shows the velocity averaged neutralino annihilation cross sections as a
function of neutralino mass. Unfortunately, the observed fluxes are far larger than
expected from the neutralinos in the LSS parameter space. As such, the current
indirect detection experiments do not exclude any of the LSS parameter space region.
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Figure 3.6. Cosmic positron excess measurements and interpretations [67]. Left
is the total positron and electron flux measured by Fermi with shaded
systematic errors, and other experiments. Right is the cosmic positron
fraction measured by PAMELA and other experiments. In both cases,
the solid line represents the prediction from a standard cosmic ray
model using GALPROP [68], while the dashed lines represent the
prediction after modifications are made to fit the Fermi-LAT data.
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3.3. Light Stop Benchmark

The previous sections outlined a scenario in which the dark matter abundance and
baryon asymmetry of the universe can simultaneously be achieved in the context of the
MSSM. For the detailed exploration of the collider phenomenology of such a model, a
particular parameter space point, or benchmark point, is chosen for further analysis.

The benchmark point chosen, LHS2 [56], was selected such that the baryon asymmetry
of the universe and the relic density of neutralinos was predicted to be close to the
dark matter density measured by WMAP and all known low energy, collider and
astrophysical constraints were satisfied as discussed in the previous sections. In this
benchmark point, the neutralino relic density is lowered to match the observed dark
matter density though annihilation near a Higgs resonance. The MSSM parameters
for this benchmark can be found in Appendix A.

The distinctive collider signature of electroweak baryogensis in the MSSM is the ex-
istence of a light stop. The LHS2 benchmark point features a stop that could be
discovered at the LHC in early data due to the large difference between the stop and
the neutralino masses. Even the heavier stop can possibly be produced at the LHC
together with the third generation sleptons. However due to the resonant feature, the
Higgs boson can decay into neutralinos, which reduces the visible Higgs width and
makes its collider discovery more challenging. Table 3.2 gives the masses of these
sparticles.

Table 3.2. Sparticle masses in the t̃1 benchmark point LHS2 [56].

Particle Mass

(GeV)

t̃1 137

t̃2 1 510

τ̃1 998

ν̃τ 980

χ̃0
1 58

χ̃0
2 112

χ̃+
1 111

χ̃+
2 419

h 116
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An experiment is a question which we ask of Nature, who is always ready
to give a correct answer, provided we ask properly, that is, provided we
arrange a proper experiment.

− Charles Vernon Boys

4
The ATLAS Experiment

The ATLAS experiment is operated by a collaboration of over 3 000 physicists from
more than 175 institutes spanning 38 countries. It is located at CERN, a European
particle physics laboratory on the French-Swiss border, near Geneva, Switzerland. Its
goals are to search for the origin of electroweak symmetry breaking and new physics
beyond the SM in the proton-proton collisions provided by the LHC. This chapter
gives a brief overview of the LHC accelerator and introduces the ATLAS detector,
presenting all main detector components and describing the detector simulation and
particle reconstruction methods required to make full use of the detector in physics
analyses. Finally, the recent history of the LHC and ATLAS is summarised, providing
the context in which the research of this thesis was conducted.

4.1. The Large Hadron Collider

The LHC is the world’s newest and most powerful particle collider. It is designed to
accelerate two separate beams of proton bunches up to an energy of 7 TeV, and then
bring them into collisions with centre of mass energies of 14 TeV every 25 ns, with
a peak luminosity of 1034 cm−2s−1. It will also be able to collide lead nuclei with an
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energy of 2.8 TeV per nucleon at a peak luminosity of 1027 cm−2s−1. This section will
give a brief overview of the LHC machine, concentrating on proton collisions; more
comprehensive descriptions can be found in References [69, 70].

The LHC provides collisions at four interaction points (IPs), shown in Figure 4.1. At
each interaction point is a detector:

• ATLAS (A Toriodal LHC Apparatus) is a general purpose detector located at
point 1 [71], see Section 4.2;

• CMS (Compact Muon Solenoid) is a general purpose detector located at point 5 [72];

• LHCb is a dedicated detector for precision measurements of CP violation and rare
decays of B hadrons located at point 8 [73];

• ALICE (A Large Ion Collider Experiment) is a heavy ion detector designed to
address the physics of strongly interacting matter and the quark gluon plasma
located at point 2 [74].

The LHC has been designed to achieve the highest possible luminosity with the high-
est possible energy, limited by technology and costs. It is installed in the 26.7 km
long tunnel that was constructed earlier for the CERN Large Electron Positron (LEP)
machine, which lies between 45 m and 170 m below the surface on a plane inclined at
1.4%, and makes extensive use of previous CERN energy frontier accelerators to ramp
protons to their final collision energy.

Protons to be injected into the LHC begin their journey as hydrogen atoms, stripped of
their electrons. Their acceleration to LHC collision energy proceeds through a number
of steps. They are first accelerated to 50 MeV by a linear accelerator, LINAC2, before
being passed around three storage rings, the PS Booster, PS and SPS, where they are
successively accelerated to 11.4 GeV, 26 GeV and 450 GeV and combined into bunches.
They are then injected into the main LHC accelerator via two 2.5 km tunnels, where
they are accelerated to the final collision energy. A schematic of the accelerator chain
is shown in Figure 4.2.

To achieve the design beam energy of 7 TeV, the LHC contains 1 232 superconducting
dipole magnets, which can generate magnetic fields of up to 8.33 T. The coils are
made of niobium-titanium (NbTi), a material that is superconducting at 1.9 K. The
magnets are twin bore, consisting of two sets of coils and beam channels within the
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Figure 4.1. Location of the four main experiments on the LHC ring [75].

Figure 4.2. LHC/LEP injection complex, showing the different paths for protons,
heavy ions and positrons and electrons [76].
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same mechanical structure and cryostat. This design was required to accelerate two
beams of equally charged particles in opposite directions within a small area. In
addition to the dipole magnets there are quadrupole magnets for beam focusing and
beam corrections, and sextupole, octupole and decapole magnets which are used to
compensate for systematic non-linearities.

Along with the beam energy, the other main characteristic of an accelerator is the
luminosity, the number of events per unit area it can achieve per second. For a
Gaussian beam in a circular collider, this can be approximated by:

L =
N2

pnb frevγr

4πεnβ∗
F,

where Np is the number of particles per bunch, nb the number of bunches per beam,
frev the revolution frequency, γr the relativistic gamma factor, εn the normalized trans-
verse beam emittance, β∗ the beta function at the collision point, and F the geometric
luminosity reduction factor due to the crossing angle at the IP:

F =

(
1 +

(
θcσz

2σ∗
)2)−1/2

,

where θc is the full crossing angle at the IP, σz the RMS bunch length, and σ∗ the
transverse RMS beam size at the IP. Table 4.1 lists the key parameters for the LHC and
their values for design energy and luminosity.

Increasing the luminosity is the only way to collect increased yields of events for
processes with low cross sections. The LHC peak luminosity of 1034 cm−2 s−1 is
achieved by a large number of bunches (Np = 2 808), a small bunch spacing (1/ frev =

25 ns), a high number of protons per bunch (Np = 1.15 · 1011), and a small bunch
size (σ∗ = 16.7µm). Unfortunately increasing the luminosity by increasing the number
of particles per bunch, also increases the number of interactions per bunch crossing.
For the design peak luminosity at nominal energy there are around 20 interactions on
average per bunch crossing. This is calculated from the total inelastic proton-proton
cross section, estimated to be 60 mb. The vast majority of these interactions however,
generate little transverse momentum (pT as they stem from long-range proton-proton
interactions. These soft interactions, known as the underlying event, can be seen
as noise superimposed upon all events. Furthermore, most detector elements have
readout latencies that exceed the small bunch spacing of 25 ns resulting in detector
signals arising from previous bunch crossings. The combination of both effects form
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what is denoted as pile up. The effects of pile up have had a strong impact on the
design of all LHC detectors and will influence physics analyses.

Table 4.1. Summary of key LHC parameters for running in proton-proton colli-
sion mode at design energy and luminosity at the ATLAS/CMS IPs [70].

Accelerator parameters

Circumference 26 658.883 m

Dipole magnetic field 8.33 T

Dipole magnet temperature 1.9 K

Number of dipole magnets 1 232

Number of quadrupole magnets 400

Number of other magnets 5 050

Beam parameters

Proton energy 7 TeV

Number of protons per bunch 1.15 × 1011

Number of bunches 2 808

Time between bunches 24.95 ns

Circulating beam current 584 mA

Stored energy per beam 362 MJ

Luminosity parameters

RMS bunch length 7.55 cm

RMS bunch size 16.7 µm

Beta function 0.55 m

Relativistic gamma factor 7 641

Transverse normalised emittance 3.75 µm

Full crossing angle 285 µrad

Geometric luminosity reduction factor 0.836

Peak luminosity 1034 cm−2s−1

Interaction parameters

Inelastic cross section 60 mb

Total cross section 100 mb

Events per bunch crossing 19.02
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4.2. The ATLAS Detector

ATLAS has been designed to accommodate a broad physics program, ranging from
precise measurements of SM parameters to the search for new physics phenomena
and studying the properties of strongly interacting matter at extreme energy densities.
These physics studies coupled with the challenging conditions at the LHC determine
the requirements for the detector design [71]:

• Due to the experimental conditions, the detectors require fast, radiation-hard
electronics and sensor elements. In addition, high detector granularity is needed
to handle the particle fluxes and to reduce the influence of overlapping events.

• Large acceptance in pseudorapidity with almost full azimuthal angle coverage.

• Good charged particle momentum resolution and reconstruction efficiency in the
inner tracker.

• Very good electromagnetic calorimetry for electron and photon identification and
measurements, complemented by full coverage hadronic calorimetry for accurate
jet and missing transverse energy measurements.

• Good muon identification and momentum resolution over a wide range of mo-
menta and the ability to determine unambiguously the charge of high momentum
muons.

• Highly efficient triggering on low transverse-momentum particles with sufficient
background rejection.

Table 4.2 summarises the ATLAS detector’s key performance goals required to achieve
its physics aims. The overall ATLAS detector layout is shown in Figure 4.3. The
largest of the LHC experiments, it is 25 m in diameter and 44 m in length and weighs
approximately 7 000 tonnes. The detector is split into different subdetectors, all of
which have different roles in measuring the particles created in the LHC collisions.
In the following sections, the main subdetectors and components of the ATLAS ex-
periment are introduced; a comprehensive description of the detector can be found in
References [71, 77] and its expected performance in Reference [78].
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Table 4.2. General performance goals of the ATLAS detector [71]. Note that for
high pT muons, the muon spectrometer performance is independent of
the inner detector system. The units for E and pT are in GeV.

Detector component Required resolution
η coverage

Measurement Trigger

Tracking σpT/pT = 0.05% ⊕ 1% ±2.5 -

Electromagnetic σE/E = 10%/
√

E ⊕ 0.7% ±3.2 ±2.5

calorimetry σE/E = 10%/
√

E ⊕ 0.7% ±3.2 ±2.5

Hadronic calorimetry

barrel and endcap σE/E = 50%/
√

E ⊕ 3% ±3.2 ±3.2

forward σE/E = 100%/
√

E ⊕ 10% 3.1 < |η| < 4.9 3.1 < |η| < 4.9

Muon spectrometer σpT/pT = 10% at pT = 1 TeV ±2.7 ±2.4

Figure 4.3. Cut away view of the ATLAS detector [71].
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4.2.1. Coordinates System

A standard right handed Cartesian coordinate system, illustrated in Figure 4.4, is used
for describing the ATLAS detector and the particles emerging from the proton-proton
collisions. It is briefly summarised here to aid in understanding the following detector
description. The origin of this coordinate system is at the nominal interaction point
within the detector, where the beam direction defines the z axis and the x-y plane is
transverse to the beam direction. The positive x axis is defined as pointing from the
interaction point to the centre of the LHC ring and the positive y axis is defined as
pointing upwards. Side A of the detector is defined as that with positive z and Side C
is that with negative z.

The most convenient coordinate system to use is (R, φ, z), where R is the transverse
radius from the beamline, φ is the azimuthal angle (measured from the x axis) covering
the range φ ∈ [0, 2π), and the origin of z is at the interaction point. The polar angle θ
can also be used, measured from the z axis and covering the range θ ∈ [0, π).

In hadron-hadron colliders, particles are often described by the parameters (pT, η, φ)
where pT denotes the transverse momentum in the x-y-plane and η denotes pseudora-
pidity, η = − ln[tan(θ2 )], which is invariant under longitudinal Lorentz boosts1. These
parameters are used because the cross sections of physics processes have a roughly
even distribution in η and because hadrons are composite particles, in a given collision
the original z momentum of the interacting constituents is unknown. Particles in the
η-φ plane are separated by a distance ∆R =

√
∆η2 + ∆φ2.

Y

X

Z

S ide A S ide C

Figure 4.4. ATLAS coordinate system.

1Pseudorapidity is used instead of true rapidity, y = 1
2 ln[(E + pz)(E − pz)], because rapidity can not

be calculated if the masses of the particles are unknown. In the relativistic limit, pseudorapidity
approximates rapidity [79].
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4.2.2. Magnet System

One of the key design features of the ATLAS detector is the unique hybrid supercon-
ducting magnet system [80], shown in Figure 4.5. It is an arrangement of a central
solenoid surrounded by a system of three large air-core toroids, measuring 26 m in
length and 20 m in diameter. This unusual configuration and large size has made the
magnet system a considerable engineering challenge for the experiment and driven
the design of the rest of the detector.

The central solenoid provides a 2 T axial field for the inner detector, while minimising
the radiative thickness in front of the barrel electromagnetic calorimeter. The solenoid
windings share a common vacuum vessel with the barrel electromagnetic calorimeter,
eliminating two vacuum walls. The inner and outer diameters of the solenoid are
2.46 m and 2.56 m respectively and its axial length is 5.8 m. The flux is returned by the
hadronic calorimeter and its support structure.

The barrel and two endcap toroids provide the magnetic field for the muon spectrome-
ter. Each of the three toroids consists of eight coils arranged radially and symmetrically
around the beam axis. The barrel toroid coils are housed in eight individual cryostats,
the endcap coils are housed in one large cryostat, one for each side. The barrel toroid
system weighs 830 tons and is 25.3 m in length with inner and outer diameters of 9.4 m
and 20.1 m respectively. The two endcap toroids are each 5 m in length with an inner
diameter of 1.65 m, and an outer diameter of 10.7 m.

The magnetic field of the toroid system is quite inhomogeneous. The barrel toroid
provides a bending power,

∫
B dl of 2 to 6 Tm in the region |η| < 1.4, while the endcap

toroids provide approximately a
∫

B dl of 4 to 8 Tm in the region 1.6 < |η| < 2.7. The

Figure 4.5. Geometry of ATLAS magnet system [81].
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bending power is lower in the transition regions where the two magnets overlap (1.3 <
|η| < 1.6), despite the rotation of the endcap system with respect to the barrel system,
in order to provide radial overlap and optimise bending power in this region.

4.2.3. Tracking System

Approximately 1 000 particles will emerge from the interaction point every 25 ns within
|η| < 2.5, creating a very large track density in the detector. Accurate measurements
of the momentum and charge of these particles is performed by the ATLAS inner
detector [82]. Shown in Figure 4.6, the inner detector is designed to provide hermetic
and robust pattern recognition, excellent momentum resolution and accurate vertex
measurements for charged tracks above a nominal pT threshold of 0.5 GeV within the
pseudorapidity range |η| < 2.5.

The inner detector consists of three independent but complementary subdetectors.
Positioned closest to the beam are high resolution silicon pixel detectors and stereo
pairs of silicon microstrip (SCT) detectors. These are surrounded by the transition
radiation tracker (TRT), which provides continuous particle tracking using many lay-
ers of gaseous straw tubes interleaved with transition material. The combination of
the two techniques gives robust pattern recognition and high precision in both φ and
z coordinates. The straw hits at the outer radius contribute significantly to the mo-

Figure 4.6. Cut away view of the ATLAS inner detector [71].
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mentum measurement, since the lower precision per point compared to the silicon is
compensated by the large number of measurements and the higher average radius.
The relative precision of the different measurements is well matched, so that no single
measurement dominates the momentum resolution.

The precision silicon tracking detectors cover the region |η| < 2.5. In the barrel region,
they are arranged on concentric cylinders around the beam axis while in the endcap
regions they are located on disks perpendicular to the beam axis. To reduce costs
and the amount of material in front of the calorimetry system, the silicon detectors
are limited to three cylindrical pixel barrel layers, three pixel endcap disks, four SCT
cylindrical barrel layers and nine SCT endcap disks. Due to their high granularity
and intrinsic accuracies, these two subdetectors have the highest number of readout
channels of all the subdetecters, with the the pixel detector having approximately 80.4
million channels and the SCT with approximately 6.3 million channels.

The straw tubes of the TRT cover the region |η| < 2.5. In the barrel region, up to
73 layers of straw planes are interleaved with fibres, while in the endcap region, 160
straw planes are interleaved with foils, which provide the transition radiation. The
barrel contains about 50 000, 144 cm long straws, each divided in two at the centre,
in order to reduce the occupancy, with readout at each end. The endcaps contain
320 000 radial straws, 37 cm in length, with the readout at the outer radius. The total
number of electronic channels is approximately 351 000. The TRT is operated with a
non-flammable gas mixture of 70% Xe, 27% CO2 and 3% O2, with a total volume of
3 m3.

4.2.4. Calorimetry System

Complementary to the measurement of a particle’s momentum and charge is the
measurement of its energy. This calculation is the primary function of the ATLAS
calorimetry system [83], shown in Figure 4.7, which consists of a number of sampling
detectors using different techniques depending on the physics requirements and radia-
tion environment of the region they cover. The system, which has full φ symmetry and
coverage around the beam axis, covers a pseudorapidity range of |η| < 5. It comprises
of an electromagnetic calorimeter, a hadronic calorimeter and forward calorimeters.

The electromagnetic calorimeter is divided into a barrel part (|η| < 1.475) and two
endcap components (1.375 < |η| < 3.2), each housed in their own cryostat. The
barrel calorimeter consists of two identical half-barrels, separated by a small gap
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Figure 4.7. Cut away view of the ATLAS calorimeter system [71].

of 4 mm at z = 0, with around 110 000 readout channels together. Each endcap
calorimeter is mechanically divided into two coaxial wheels: an outer wheel covering
the region 1.375 < |η| < 2.5, and an inner wheel covering the region 2.5 < |η| <
3.2, with approximately 64 000 readout channels altogether. The total depth of the
electromagnetic calorimeter is > 22 radiation lengths (X0) in the barrel and > 24X0 in
the endcaps, which provides good containment for electromagnetic showers.

The electromagnetic calorimeters are lead-liquid argon detectors with accordion shape
absorbers interleaved with readout electrodes, where the lead absorber thickness has
been optimised as a function ofη in terms of energy resolution. The accordion geometry
allows the calorimeters to have several active layers in depth; three in the precision
measurement region (0 < |η| < 2.5) and two in the higher-η region (2.5 < |η| < 3.2) and
in the overlap region between the barrel and the endcap. Figure 4.8 shows a module
in the precision measurement region, note the fine segmentation of the first layer,
which provides position information of electromagnetic clusters. To account for the
significant amount of material in front of the calorimeter (approximately 2 X0 at η = 0
for example), a presampler detector covering the region |η| < 1.8 is used to correct for
energy losses.

The hadronic calorimeter consists of a barrel covering the region |η| < 1.0, two extended
barrels covering the region 0.8 < |η| < 1.7, and two hadronic endcaps covering the
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Figure 4.8. Sketch of a electromagnetic calorimeter barrel module [71]. The gran-
ularity in η and φ of the cells of each of the three layers and of the
trigger towers is indicated.

region 1.5 < |η| < 3.2. It contains 9.7 interaction lengths (λ) of active calorimeter
in the barrel and 10 λ in the endcaps, to provide good containment for high energy
jets. Together with the large η coverage, this thickness also ensures a good missing
transverse energy measurement.

The hadronic barrel and extended barrels are sampling tile detectors using steel as
the absorber and scintillating tiles as the active material. They are placed directly
outside the electromagnetic calorimeter. The barrel and extended barrels are divided
azimuthally into 64 modules and segmented in depth in three layers. The hadronic
endcap is a copper-liquid argon sampling detector, consisting of two independent
wheels per endcap, located directly behind the endcap electromagnetic calorimeter
and sharing the same cryostats. Each wheel is built from 32 identical wedge-shaped
modules, and divided two segments in depth, for a total of four layers per endcap.

The forward calorimeter is integrated into the endcap cryostats and provides coverage
over 3.1 < |η| < 4.9. It is approximately 10 λ deep, and consists of three modules
in each endcap using liquid argon as the active material: the first, using copper as
the absorber material, is optimised for electromagnetic measurements, while the other
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two, both using tungsten as the absorber material, predominantly measure the energy
of hadronic interactions.

4.2.5. Muon System

Muons are very useful in searches for new physics at hadron colliders. However,
being minimising ionising particles they can pass though the ATLAS calorimeter with
very little energy loss, while the ATLAS inner detector is unable to provide good
momentum resolution and charge determination due to the limited bending power of
the ATLAS central solenoid. It falls to the ATLAS muon spectrometer [84], shown in
Figure 4.9, to identify and provide precision measurements of muons. It consists of
separate trigger and high precision tracking chambers, and uses the toroid magnets to
deflect muon tracks that pass through it for momentum measurements. Chambers in
the barrel region are located between and on the eight coils of the barrel toroid magnet,
arranged in three cylindrical layers around the beam axis, while the endcap chambers
are located in front and behind the two endcap toroid magnets, forming three large
wheels perpendicular to the beam.

Figure 4.9. Cut away view of the ATLAS muon system [71].
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Precision muon momentum measurement is performed by the Monitored Drift Tube (MDT)
chambers, which consist of 3 to 8 layers of drift tubes, 3 cm in diameter, filled with
an ionising gas mixture of Ar/CO2. The 1150 MDT chambers contain 354 000 chan-
nels and cover the range |η| < 2.7, except in the innermost endcap layer where their
coverage is limited to |η| < 2.0. In the forward region (2 < |η| < 2.7), 32 Cathode Strip
Chambers (CSCs) are used in the innermost layer due to their higher rate capability
and time resolution. The CSCs are multiwire proportional chambers with cathode
planes segmented into strips in orthogonal directions with 31 000 electronic channels.

The muon trigger subsystem consists of Resistive Plate Chambers (RPCs) in the barrel
and Thin Gap Chambers (TGCs) in the endcap regions. The 606 RPCs are gaseous
parallel electrode plate detectors, covering the region |η| < 1.05, with 373 000 readout
channels, while the 3 588 TGCs are multi-wire proportional chambers, covering the
region 1.05 < |η| < 2.7 with 318 000 readout channels. These chambers provide bunch-
crossing identification and well-defined pT thresholds for triggering, and measure
the muon coordinate in the direction orthogonal to that determined by the precision-
tracking chambers.

4.2.6. Trigger and Data Acquisition System

The proton-proton interaction rate at the LHC design luminosity is approximately
1 GHz, while the data recording is limited by technology to around 200 Hz. This
means that only some events can be stored. ATLAS uses a specialised trigger and data
acquisition (TDAQ) system, schematically shown in Figure 4.10, to select events with
interesting characteristics to store for physics analysis. The required reduction factor
is achieved by the three level online trigger system. Level 1 (L1) [85] is implemented
in high-speed custom electronics. The subsequent two levels of reduction are pro-
vided by the High Level Trigger (HLT) [86], which is comprised of two distinct parts:
Level 2 (L2), a system of programmable processors; and the Event Filter (EF), a large
farm of CPUs.

The L1 trigger searches for high pT muons, electrons and photons, jets, and tauons
decaying into hadrons, as well as large missing and total transverse energy. Its selection
is based on information from a subset of detectors. High pT muons are identified
using dedicated trigger chambers, RPC in the barrel and TGC in endcap regions, and
the remaining particles are identified from reduced granularity information from the
calorimeters. The L1 decision is made within 2.5 µs, reducing the rate to a maximum
of 75 kHz.
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Figure 4.10. Schematic view of the ATLAS TDAQ system [77].

The L1 trigger also provides Region of Interests (RoIs), which are areas within the
detector where interesting features in the event have been identified, which seed the
L2 selection. The L2 trigger uses RoI information about coordinates, energy, and type
of signature to limit the amount of data which must be transferred from the detector
readout. It is designed to reduce the event rate to approximately 3 kHz in an average
event time of 40 ms. The final stage of the event selection, the EF, reduces the event
rate to about 200 Hz and has an average event processing time of order 4 s. Unlike L2,
which uses specialised algorithms optimised for timing performance, the EF typically
uses the same algorithms as the offline reconstruction. The use of the more complex
pattern recognition algorithms and calibration developed for offline helps in providing
the additional rejection needed at the EF. A detailed description of the electron trigger
selection algorithms is given in Chapter 5.

The data acquisition (DAQ) controls all data movements down the trigger selection
chain. This system receives and buffers the event data from the detector, at the L1
trigger acceptance rate, from the detector-specific readout electronics over point-to-
point links. On request, it subsequently moves the data within the RoIs to the L2
trigger. For those events fulfilling the L2 selection criteria, it performs event building
at the L2 trigger acceptance rate. The assembled events are then moved by the DAQ
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to the EF, and the selected events are moved to permanent storage. In addition to
the movement of data, the DAQ system also provides for the configuration, control
and monitoring of all hardware and software components needed for data-taking.
Supervision of the detector equipment and related infrastructure is handled separately
by the Detector Control System (DCS) [87].

4.3. Detector Simulation

Monte Carlo (MC) simulations are used to study detector response and performance,
and develop particle reconstruction algorithms and prepare physics analyses. There
are three steps involved in the simulation of ATLAS data [88]: generation of the
event and immediate decays; simulation of the detector and physics interactions; and
digitisation of the energy deposited in the sensitive regions of the detector into voltages
and currents for comparison to the readout of the ATLAS detector

Event generators focus on the description of the physics involved in particle pro-
duction and decay, using theoretical understanding of the processes involved. An
assortment of MC generators exist for LHC physics simulation and are chosen accord-
ing to their suitability for the required physics process. Further information about
event generation is given in Chapter 7.

A single particle generator is also used for testing and evaluating the reconstruction
efficiencies. Although unphysical, these generators produce events with a single
primary particle, for example a muon, electron, or charged pion, at a specified energy,
position, and momentum direction.

The response of the ATLAS detector to generated events is estimated using a dedi-
cated simulation based on GEANT4 [89] using the Quark-Gluon String Precompound
model [90] for the simulation of interactions of high energy hadrons and the Bertini
intranuclear cascade model [91] for low energy hadrons. The simulation uses a model
of the ATLAS detector which is constantly updated with revisions of detector mate-
rial and conditions, such as calibrations, dead channels and misalignments from data
studies.

The ATLAS digitisation software converts the records of energy depositions produced
by the simulation into detector responses. Charge collection, including crosstalk,
electronic noise and channel dependent variations in detector response are all modelled
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and tuned to reproduce results seen in laboratory tests, test beam data and cosmic ray
runs. To produce a realistic model of detector response, additional effects from pileup
and other beam backgrounds are also incorporated.

Due to the complicated detector geometry and detailed physics description used by the
ATLAS GEANT4 simulation, it is impossible to achieve the required simulated statistics
for many physics studies without faster simulation. To overcome this problem, ATLAS
has developed a number of fast simulation software packages to complement the full
GEANT4 simulation (commonly called ‘full simulation’), each of which is useful in
different physics cases.

ATLFAST-I [92] has been developed for physics parameter space scans and studies
that require very large statistics but do not require the level of detail contained in
the full simulation. A factor of 1000 speed increase over full simulation is achieved
with sufficient detail for many feasibility studies. ATLFAST-II is a fast simulation
meant to provide large statistics to supplement full simulation studies. The aim is
to try to simulate events as fast as possible while still being able to run the standard
ATLAS reconstruction. ATLFAST-II is made up from two components: the Fast ATLAS
Tracking Simulation (Fatras) [93] for the inner detector and muon system simulation
and the Fast Calorimeter Simulation (FastCaloSim) [94] for the calorimeter simulation.
An improvement over full simulation time of a factor of 10 is achieved with full
GEANT4 inner detector and muon simulation and FastCaloSim, and a factor of 100 is
achieved with Fatras and FastCaloSim.

In both event generation and detector simulation, information called ‘truth’ is recorded
for each event. In generation, the truth is a history of the interactions from the generator,
including incoming and outgoing particles. In simulation, truth tracks and decays for
certain particles are stored. This truth information can be used during analysis of
simulated data to for performance studies and analysis optimisation.

4.4. Particle Reconstruction and Identification

The object of the experiment is to determine the particles created in the proton-proton
collisions by identifying their decay products. Each subsystem of the ATLAS detec-
tor has a key role to play in particle reconstruction and identification. The particles
which ATLAS can identify and reconstruct are: electrons, photons, muons, tauons
and jets which originate from hadrons, quarks or gluons. Particles which leave no
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detectable signature in the detector are inferred using energy and momentum conser-
vation, through the calculation of transverse missing energy. The reconstruction and
calculation of these particles and quantities relies on the more basic observables of
tracks left in the inner detector by charged particles and clusters of energy deposits
in the calorimeters. Details of the general reconstruction of these quantities and ba-
sic identification of these particles in ATLAS is provided below. The final particle
selections are analysis dependent and will be discussed later.

4.4.1. Track Reconstruction

Track reconstruction begins with silicon clusters which are deduced from raw hits
in the inner detector. Three-dimensional space points are then formed from these
clusters. Pixel clusters translate directly into space points, while SCT clusters from
either side of a module are associated to form a single SCT space point.

Tracks are first identified using the ‘inside-out’ pattern recognition algorithm [95],
which starts with the silicon space points close to the IP and extends outwards towards
the TRT. Track seeds are created from three space points and use defined roads to
search for hits to associate to the track. The next step refines the tracks using a more
sophisticated track fitter and removes overlapping tracks. This inside-out tracking
procedure selects track candidates with pT > 100 MeV. Lastly these silicon tracks are
used to define roads in which a TRT extension can be attached. The inside-out sequence
is followed by an outside-in sequence that runs on the remaining hits after those hits
already used in a track have been removed. The ‘outside-in’ algorithm is seeded in
the TRT and the track is extrapolated into the silicon. In this second step, tracks from
secondary interactions, such as photon conversions and long-lived hadron decays,
with pT > 300 MeV are recovered.

A reconstructed track can be parameterised with respect to the reconstructed vertex
using the perigee representation (d0, z0, φ0, θ, q/p), where d0 and z0 denote the trans-
verse and longitudinal impact parameters, respectively. Accurate reconstruction of
the impact parameter is essential for vertex reconstruction and flavour tagging.
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4.4.2. Cluster Reconstruction

Clusters are built from energy deposits in calorimeter cells. There are two clustering
algorithms in ATLAS: sliding window clustering and topological clustering [96]. Slid-
ing window clustering builds fixed size clusters from seeds selected using a sliding
window algorithm. This is fast and useful for objects with a well defined energy deposi-
tion pattern, such as electromagnetic showers from electrons and photons. Topological
clustering groups cells based on their neighbouring cells and the significance of their
energy contents. This results in clusters with a variable number of cells, which is more
suited for hadron reconstruction and hence jets, since hadronic showers have a more
varied energy response.

The offline sliding window cluster algorithm uses calorimeter towers as seeds. Calorime-
ter towers are built in bins of size ∆η × ∆φ = 0.025 × 0.025 in the electromagnetic
calorimeter and in the region |η| < 2.5 and the energy deposits are summed longi-
tudinally within the towers. The sliding window is 5 × 5 towers in size and moved
around the tower grid to find a local maximum in ET > 3 GeV to use as a precluster
seed. If a precluster is found within 2 × 2 towers of another, the precluster with the
largest transverse energy is kept. These preclusters act as seeds to a cluster, where
the cluster size is dependent on the location of the cluster and the hypothesis of the
particle type. For example, an electron cluster is ∆η × ∆φ = 0.075 × 0.175 in size in the
barrel region and∆η × ∆φ = 0.125 × 0.125 in size in the endcap region. Cluster energy
is calculated from the amplitudes observed in the cells of the longitudinal layers of the
electromagnetic calorimeter and of the presampler (where present). The calculation
sums the weighted energies in these compartments, then takes into account several
corrections, for example, for shower depth, lateral and longitudinal leakage and local
energy modulation.

Topological clusters (topoclusters) are seeded by cells with a large signal to noise ratio,
Γ ≡ |Ecell/σnoise,cell| > 4, where σnoise is the width of noise, which can either be purely
electronic noise or a sum in quadrature of electronic and pileup noise. The cluster
is then grown by iteratively adding neighbouring cells with Γ > 2. Finally, a ring of
guard cells that satisfy Γ > 0 are added to the cluster. These 4/2/0 noise thresholds are
optimised to suppress electronics noise as well as pileup from minimum bias events
while keeping single pion efficiency as high as possible [97]. To prevent overlap of
particle deposits, the clusters are then split between any local maxima.
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4.4.3. Electron Reconstruction and Identification

An electron will leave a track in the inner detector and deposit energy in the electro-
magnetic calorimeter. The identification and measurement of electrons is performed
using two main algorithms. The first algorithm is optimised for the reconstruction of
isolated, high pT electrons and is seeded by a cluster in the electromagnetic calorimeter.
The second algorithm is optimised for reconstructing non-isolated, low pT electrons
and is seeded by a track in the inner detector. The high pT algorithm is used for electron
reconstruction in this thesis.

The first stage of electron reconstruction is to seed a cluster in the electromagnetic
calorimeter using the aforementioned sliding window algorithm. The second stage is
to match the cluster to an inner detector track with pT > 0.5 GeV. The chosen track has
an extrapolated impact point in the second layer of the electromagnetic calorimeter
closest to the cluster barycenter.

Electron identification makes use of a number of variables that can distinguish between
electrons and background hadrons. These discriminating variables are both from the
calorimeters and the inner detector. Electrons will deposit very little energy in the
hadronic calorimeter compared to jets and so hadronic leakage is a good discriminator
against jet background. The lateral shower shape in the second layer of the electro-
magnetic calorimeter can be used to distinguish the narrower showers originating
from electrons compared to the wider showers of high energy pions and jets. The
fine segmentation of the first layer of the electromagnetic calorimeter can be used to
identify any substructure within a shower coming from pions or photons. The inner
detector is used to require constraints on the electron track to reduce background from
photon conversions and jets containing high pT pions. The matched track must contain
a minimum number of hits in the pixel and silicon detectors and point back towards
the primary vertex, in addition to having a minimum distance in η to the considered
cluster.

4.4.4. Muon Reconstruction and Identification

A muon will pass through the entire ATLAS detector, leaving a mark in each of the
subsystems: a track in the inner detector, minimal energy deposits in the calorimeters
and a track in the muon spectrometer. The identification and measurement of muons
incorporates information from each of the subsystems, where for each stage of the
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muon reconstruction there are multiple algorithms that may be used. The details of
each individual algorithm will not be discussed here, instead a broad overview will be
given that will summarise the stages of muon reconstruction.

The first stage of muon reconstruction is to find a track in the muon spectrometer.
A track is found from segments in the separate muon spectrometer modules using
segment pattern recognition and global spectrometer track tracing through the toroidal
magnetic field. The track parameters obtained from the muon spectrometer track fit
are extrapolated to the interaction point taking into account both multiple scattering
and energy loss in the calorimeters.

The second stage of muon reconstruction is to find a matching track in the inner detec-
tor. The third stage of muon identification is to combine the muon spectrometer and
inner detector tracks. The combination algorithm [98] used in this thesis, statistically
merges the independently found tracks to obtain a χ2 value that can be used to assess
the match.

4.4.5. Jet Reconstruction

High energy quarks and gluons will traverse the first three main layers of the ATLAS
detector, fragmenting into a large number of collimated hadronic particles that form
what is called a jet. These particles will leave tracks in the inner detector if they are
charged and energy deposits in the electromagnetic and hadronic calorimeters. In
this thesis, jet reconstruction is performed by two main algorithms, a seeded fixed
cone finder with split and merge, and the anti-kT sequential recombination algorithm,
whose inputs are ‘pseudoparticles’. A pseudoparticle is created from a topocluster by
assigning it a four-momentum based on its energy and spatial coordinates η and φ.

The seeded fixed cone jet algorithm first orders all the input pseudoparticles in de-
creasing pT. If the highest pT pseudoparticle is above the seed threshold pseed

T , all
topoclusters within a cone of fixed radius Rcone, are combined with the seed. A new
direction is calculated from the four-momenta inside the initial cone and a new cone
is centred around it. Objects are then (re-)collected in this new cone, and again the
direction is updated. This process continues until the direction of the cone does not
change anymore after recombination, at which point the cone is considered stable and
is called a jet. At this point the next seed is taken from the input list and a new cone jet
is formed with the same iterative procedure. This continues until no more seeds are
available. The jets found this way can share constituents and a split and merge pro-
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cedure is used to define non-overlapping exclusive jets. Jets which share constituents
with more than a certain fraction fsm of the pT of the less energetic jet are merged,
while they are split if the amount of shared pT is below fsm. The parameters of the
cone algorithm used are pseed

T = 1 GeV, Rcone = 0.4 and fsm = 0.5 [78].

A general sequential recombination algorithm introduces distances di j between pseu-

doparticles, defined as di j = min(p2k
Ti , p

2k
T j)

∆2
i j

R2 where pTi is the transverse momentum of
object i, ∆2

i j = (ηi − η j)2 + (φi −φ j)2, R is used to set the scale of jet radii and k is used to
set the relative power of the momentum (p) and distance (∆) scales. An ordered list of
all the distances and relative transverse momenta between the input pseudoparticles
is generated. If the smallest item in the list is a di j, then pseudoparticles i and j are
added together to form a new pseudoparticle and the list is updated. It the smallest
item is a p2k

ti , pseudoparticle i is labelled a jet and removed from the list. The anti-kT

algorithm is the special case when k = −1 [99], and the cone size used in this thesis is
R = 0.4.

4.4.6. Flavour Tagging

The identification of jets that originate from the fragmentation and hadronisation of
b quarks can help discriminate different processes. When b quarks are produced in
interactions, they fragment to form b hadrons. Due to the relatively high masses of the
b quark and the b hadrons, this fragmentation is hard and the b hadron retains about
70% of the b quark momentum. Additionally due to their mass, the b hadron decay
products also may have a large momentum transverse to the b hadron flight path and
the opening angle of the decay products is large enough to allow separation. Due to
the relatively long lifetime of hadrons containing a b quark, the b hadron will travel
a measurable distance before decaying. Such displaced vertices can be identified by
measuring the impact parameters of the tracks from the b hadron decay products or
explicitly reconstructed. Spatial flavour tagging algorithms use the impact parameters
of tracks associated to jets and/or reconstruction of secondary vertices to discriminate
between jets originating from b quarks from those initiated by light quarks or gluons.

The more sophisticated spatial favour tagging algorithms use a combination of impact
parameter and secondary vertex information. IP3D+SV1 is one such algorithm, com-
bining the likelihoods of the IP3D and SV1 algorithms. The IP3D tagging algorithm
combines the significance of the longitudinal and transverse impact parameters of all
the tracks inside a jet into a discriminant. The SV1 secondary vertexing algorithm
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combines the significance of the invariant mass of all tracks associated to the vertex,
the ratio of the sum of the energies of the tracks participating to the vertex to the
sum of the energies of all tracks in the jet and the number of two-track vertices into a
discriminant.

The simpler spatial flavour tagging algorithms only use one discriminating variable
rather than a combination. The SV0 tagging algorithm involves placing a cut on the
signed decay length significance L/σ(L), of a reconstructed secondary vertex, where L
is the decay length of the secondary vertex and σ(L) its uncertainty. The sign of L/σ(L)
is given by the sign of the projection of the decay length vector on the jet axis.

Flavour tagging can also be performed by identifying the lepton from semileptonic
b hadron decays. Due to the hard fragmentation and high mass of b hadrons, the
lepton will have a relatively large transverse momentum and also a large momentum
relative to the jet axis and thus can be identified. However, these lepton flavour tagging
algorithms are statistically limited by the semileptonic b branching ratio and will not
be used in the analyses presented in this thesis.

4.4.7. Missing Transverse Energy Reconstruction

In a detector, the detection and measurement of particles depends on their interactions
with the material of the detector. However there exist particles, such as neutrinos,
which do not interact and thus do not leave a direct signature in the detector. These
particles leave an indirect signature, which is the energy that is not detected but
expected because of energy and momentum conservation.

In a hadron collider the initial momentum of the colliding particles along the beam
axis is unknown, due to the composite nature of a hadron, so the total amount of
missing energy cannot be calculated. However, the initial momentum transverse to
the beam axis is zero, so any net momentum in that direction indicates transverse
missing energy, or Emiss

T . This quantity is also easier to study in a hadron collider than
the total missing energy since it is not affected by all the activity which occurs in the
forward regions from soft scatterings of the partons in the beam.

The Emiss
T reconstruction in ATLAS is based on the energy deposited in each calorimeter

cell calibrated to an associated reconstructed particle Emiss
T.calo and an estimate of energy

lost by particles entering the cryostat Emiss
T.cryo. An additional correction Emiss

T.muon is
required for muons which are minimum ionising particles and thus do not deposit
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much energy in the calorimeters. The total Emiss
T is the sum of these three terms:

Emiss
T = Emiss

T.calo + Emiss
T.cryo + Emiss

T.muon.

See Appendix B for a detailed description of the Emiss
T reconstruction algorithm and a

study of its expected performance in minimum bias events at
√

s = 14 TeV performed
by the author. Only the major steps will be outlined here.

The Emiss
T.muon term is calculated from the momenta of the muons measured using stan-

dalone muon spectrometer reconstruction. This insures that energy lost by muons in
the calorimeter is not double counted. Only good quality muons with a matched track
in the inner detector are considered.

The Emiss
T.cryo term corrects for energy lost in the cryostat between the liquid argon

electromagnetic calorimeter and the tile hadronic calorimeter. This energy loss is
recovered using the correlation between energies of the final layer of the liquid argon
calorimeter and the first layer of the hadronic calorimeter.

The Emiss
T.calo term is the dominant contribution to Emiss

T . It is calculated using cells in
topoclusters calibrated to the reconstructed particle they are associated with. Only
cells in topoclusters are used to take advantage of the 4/2/0 noise thresholds. The
association of calorimeter cells to particles is performed by filling an association map,
starting from reconstructed particles in the chosen order, navigating back to their
component clusters (sliding window clusters for electrons/γs, combined clusters for
taus and topoclusters for jets and b jets) and back again to their cells. If a cell belongs
to more than one kind of reconstructed particle, the first association is taken, in the
chosen order of the reconstructed objects. If a cell belongs to more than one object of the
same kind, all associations are taken and the geometrical weights are also included.
Cells within topoclusters which are not associated to any reconstructed particle are
calibrated using global calibration weights.

Complementary to the reconstruction of Emiss
T is total transverse energy, ΣET, which is

the scalar sum of the transverse energy, as opposed to Emiss
T which is the vector sum,

and is calculated using the same quantities.
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4.5. Detector Operation

Installation of the ATLAS detector at point 1 began in 2005. Each part of the detector
was lowered into the cavern, connected to its required services and electronic read-
out channels and integrated into the ATLAS TDAQ system. All components were
extensively tested, some using test beams, prior to the insitu commissioning [71].

The ATLAS detector was largely operational and prepared for the first LHC start up
in September 2008. It had been collecting cosmic ray events in combined mode and
was kept fully operational from the end of July 2008. The envisaged target energy for
the LHC in 2008 was 5 TeV per proton beam, with a luminosity target of 1032 cm−2

s−1. It is against this backdrop that the feasibility studies presented in this thesis were
conducted.

The LHC start up on the 10th of September 2008 went smoothly. Protons with energies
of 450 GeV were successfully injected into the LHC from the accelerator complex. The
LHC machine was operated with a single proton beam, both directions were operated
successively, with and without capturing. However, due to an incident on the 19th of
September, further beam commissioning was stopped for repairs.

The ATLAS detector continued recording cosmic ray events through 2008 and 2009,
obtaining a dataset of 7.6 million events, which were used for commissioning and
initial calibration and performance studies. Performance close to design goals was
obtained for all the different detector systems, indicating their readiness for LHC
collision data [100, 101, 102, 103].

LHC repairs continued until December 2009, when a series of runs at centre of mass
energies of 0.9 TeV and 2.36 TeV was performed. When the beams were colliding and
declared to be stable by the LHC operators, all main ATLAS detector components were
fully operational and all levels of the trigger and data acquisition system performed
as expected, assuring smooth and well monitored data taking with around 90% effi-
ciency. The data sample at 0.9 TeV contains nearly 400 000 events recorded with high
quality calorimeter and tracking information, corresponding to an integrated lumi-
nosity of approximately 9 µb−1. The data sample at 2.36 TeV, contains 36 000 events,
corresponding to approximately 0.7 µb−1. Although the pT spectrum of the particles
produced in these collisions was well below the range for which ATLAS was designed,
the performance of the detector was found to be remarkably good [104].

Page 58



4.5. Detector Operation

In January 2010, a decision was made for the LHC to run at an energy of 3.5 TeV per
proton beam, with a luminosity target of 1032 cm−2 s−1, with the goal of providing
experiments with 1 fb−1 by the end of 2011. 7 TeV proton-proton collisions began on
the 30th of March and ended for 2010 on the 4th of November to start again in March
2011. Almost all machine performance milestones were met, even exceeded in some
cases. The LHC parameters for one of the last runs of the year, compared to design
energy and luminosity, is given in Table 4.3. Note that the achieved number of protons
per bunch and emittance are both better than design.

During the seven month period of
√

7 = 7 TeV proton-proton collisions in 2010, a total
luminosity of 48.9 pb−1 was delivered to ATLAS during stable beam periods by the
LHC. The instantaneous luminosity over this time increased from ∼1027 cm−2s−1 to
∼1032 cm−2s−1 as different bunch configurations were used. ATLAS recorded 45.0 pb−1

worth of data, inferring a total data taking efficiency of 92.0%. The inefficiency accounts
for the turn on of the high voltage of the pixel, SCT and some of the muon detectors
(2.0%) and any inefficiencies due to deadtime or due to individual problems with a
given subdetector that prevent the ATLAS data taking to proceed (4.4%). Some of
these inefficiencies can be recovered by offline data reprocessing. This is exceptional
performance for a detector in its first year of operation.

Table 4.3. Comparison of LHC parameters reached running in proton-proton
collision mode in 2010 compared to design energy and luminosity at
the ATLAS interaction point.

Beam parameters

Proton energy 3.5 TeV 7 TeV

Number of protons per bunch ∼1.2 × 1011 1.15 × 1011

Number of bunches 368 2,808

Time between bunches 150 ns 25 ns

Circulating beam current ∼81 mA 584 mA

Stored energy per beam ∼25 MJ 360 MJ

Luminosity parameters

Peak luminosity ∼1032 cm−2s−1 1034 cm−2s−1

Relativistic gamma factor 3,731 7,641

Beta function ∼3.5 m 0.55 m

Emittance ∼2.4 µm 3.75 µm

Crossing angle ∼100 µrad 285 µrad

Transverse beam size ∼60 µm 16.7 µm
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There is no promised road leading to definite results. What’s important
is how to keep open as many options as possible.

−Makoto Kobayashi

5
Electron Triggering

The ATLAS trigger system is based on three levels of selection to capture interesting
physics events with cross sections many orders of magnitude smaller than the total
LHC proton-proton cross section. The trigger selections must provide sufficient rejec-
tion power to reduce the data rate to be compatible with offline computing resources
while retaining rare physics processes of interest. At the LHC, signatures with leptons
in their final states are easy to detect and disentangle from backgrounds. In particular,
electrons are important for many analyses, from SM precision physics to searches for
new physics. This chapter describes the strategy, implementation and performance of
the electron trigger selection, following Reference [78], focusing on an alternative algo-
rithm for seeding clusters at L2 which the author developed. This alternate algorithm
was constructed to identify events containing collimated electrons, such as boosted
J/ψ→ e+e− decays.

5.1. Electron Trigger Requirements

Events featuring electrons in their final states are important signatures for many
physics analyses at the LHC, from SM measurements of top quark properties to
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Table 5.1. Examples of important processes requiring good electron trigger se-
lection [78].

Momentum Range Process

Low pT J/ψ→ e+e−

∼ 5 − 20 GeV Υ→ e+e−

γ∗ → e+e−

High pT Z→ e+e−

∼ 20 − 100 GeV W → e+νe

t→ bW+ → be+νe

H→ ZZ(∗) → e+e−e+e−, e+e−µ+µ−

Very high pT Z′ → e+e−

∼ 100 − 1000 GeV W′ → e+νe

searches for new physics such SUSY. Furthermore, the electron trigger must be highly
efficient for benchmark SM processes such as Z → e+e− and W+ → e+νe, which are
crucial for understanding the detector performance, calibration and alignment. Ta-
ble 5.1 lists important physics channels yielding electrons in the final state with their
various transverse momenta ranges. To select electrons from all these processes, elec-
tron trigger algorithms need to be optimised for high signal efficiency and background
rejection over a wide range of transverse momenta, from a few GeV to several TeV.

The electron trigger algorithms also need to provide the required reduction in event
rate within the constraints of the online environment. They need to be robust against
detector effects such as miscalibration, misalignment, dead and noisy read-out cells or
sectors, as well as changes in luminosity and beam conditions. The challenging online
environment of the LHC, with an average of 23 inelastic events per bunch crossing,
separated by only 25 ns at design luminosity, places tight constraints on execution
time and data requirements of the algorithms, which should aim to reject background
processes as early as possible in order to optimise the usage of the available resources.
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5.2. Electron Trigger Selection

Each of the ATLAS triggers can be viewed as a series of selection steps of increasing
complexity, and the electron trigger is no different. At L1, electrons are selected using
calorimeter information with reduced granularity. After receiving the L1 RoI positions,
the L2 trigger reconstructs clusters using the full calorimeter granularity within the
RoI and associates these clusters with a track in the inner detector, requiring a match
in position. Electron candidates passing the L2 selection criteria are retained to be
examined by the EF. In the EF, electrons are selected with a strategy very similar
to that of L2. The main differences arise from the availability of calibration data
and the possibility to use more sophisticated reconstruction algorithms with access
to the detector data for the full event. This results in sharper thresholds and better
background rejection. Each of these steps and the systems involved are described in
more detail in the following subsections, and distributions of the selection variables
will be shown, comparing candidates from 482 000 signal single electron events with a
distribution flat in ET between 7 and 80 GeV produced using a single particle generator,
to candidates from 499 000 QCD multijet background events generated by PYTHIA
with at least one jet with ET > 17 GeV.

5.2.1. Level 1 Electron Trigger Selection

The L1 trigger, shown in Figure 5.1, uses three main components to make its deci-
sions. The Level 1 Muon Trigger (L1Muon) uses track information from dedicated,
fast muon chambers to identify high pT muon candidates. The Level 1 Calorimeter
Trigger (L1Calo) uses calorimeter energy deposits to identify various high ET particles
and calculate total event energy sums. Results from both of these systems are then
processed by the Central Trigger Processor (CTP). The CTP selects events based on a
predefined list of trigger items using logical combinations of results from L1Calo and
L1Muon.

The L1 decision is made within 2.5 µs, reducing the event rate from the possible
initial 40 MHz to a maximum of 75 kHz. The decision time includes the transmission
of signals between the detector and the trigger electronics. During the L1 trigger
processing, the data from all detector systems are held in pipeline memories. Once
an event has been accepted, the data are read out, formatted and initial preprocessing
applied before they are stored in readout buffers (ROBs) for use by the L2 and EF.
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Figure 5.1. Block diagram of the ATLAS L1 trigger [105].

The L1 trigger also provides the important functionality of uniquely identifying the
bunch crossing of interest, where each trigger signal has to be correctly mapped to
one bunch crossing. The short bunch crossing interval, physical size of the muon
spectrometer and the long pulse shape of the calorimeter signals makes this a non-
trivial task.

At L1, electron candidates are identified using the L1Calo triggers [105] which obtain
information from both the electromagnetic and hadronic calorimeters in the barrel,
endcap and forward regions up to |η| < 2.5. The granularity of the information used
however, is reduced by the use of trigger towers which merge several calorimeter
cells, yielding a region of 0.1 × 0.1 in ∆η × ∆φ in most areas of the calorimeter. An
example of a trigger tower in the barrel of the electromagnetic calorimeter is shown in
Figure 4.8. In these towers, all the cells are summed separately over the full depth of
the electromagnetic and hadronic calorimeters.

The L1 electron selection algorithm, schematically shown in Figure 5.2, searches for
narrow, high ET showers using a sliding window of 4 × 4 towers provided by the
L1Calo triggers. For a 4 × 4 window to contain an electron candidate, the central 2 × 2
core must be a local ET maximum and the sum of one of the four possible 1×2 and 2×1
combinations within the core region is required to pass the electromagnetic cluster ET

threshold, EEM
T .

Page 64



5.2. Electron Trigger Selection

Vertical sumsΣ

Σ Horizontal sums

Σ Σ

Σ

Σ

Electromagnetic
isolation ring

Hadronic inner core
and isolation ring

Electromagnetic
calorimeter

Hadronic
calorimeter

Trigger towers (∆η × ∆φ = 0.1 × 0.1)

Local maximum/
Region-of-interest

Figure 5.2. Schematic view of the ATLAS L1 electron trigger algorithm [71].

The main background for the L1 electron selection algorithm is from the overwhelming
rate of hadronic jets. Therefore, extra requirements that can be used to enhance the
selection are transverse and hadronic isolation. Transverse isolation is defined by
requiring that the total ET for the 12 electromagnetic towers surrounding the core
2 × 2 region is less than the electromagnetic isolation ET threshold, EEM

isol. Hadronic
isolation is defined by two requirements: that the total ET for the 12 hadronic towers
surrounding the 2×2 core region is less than the hadronic isolation ET threshold, EHAD

isol ;
and that the total ET for the 4 hadronic calorimeters behind the 2× 2 core region is less
that the hadronic core ET threshold, EHAD

core .

The distributions of these isolation variables for signal and background are shown in
Figure 5.3. It can be seen that isolation is a good discriminator between signal electrons
and background jets. However since isolation depends on the topology and energy
distribution of the event as well as luminosity and beam conditions, these variables
need to be well understood before being used for selection during data taking.

5.2.2. Level 2 Electron Trigger Selection

The software based L2 trigger provides the next stage of event selection after the
hardware based L1 trigger. It is an asynchronous, distributed system running on
farms built from commodity computing and network technology. The L2 trigger is
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Figure 5.3. L1 electron isolation variables for simulated single electrons with
ET between 7 and 80 GeV (solid line, hatched histogram) compared
with simulated background candidates from a filtered QCD multijet
sample with at least one jet with ET > 17 GeV (dashed line, hollow
histogram). For the background, only clusters that do not match to a
true electron within a ∆R of 0.1 are considered. All distributions have
been normalised to unit area.

designed to select and reject events with an average time per event of 40 ms, reducing
the event rate of the L1 trigger from 75 kHz to approximately 3 kHz. In order to
operate within this time budget, the L2 trigger uses a sequence of highly optimised
algorithms that only access a fraction of the event data, using RoI information provided
by the L1 trigger. This includes information of the η and φ position and transverse
energy thresholds passed by candidates and total event energy sums. This enables
the L2 algorithms to select precisely the region of the detector in which the interesting
features reside and therefore the ROBs from which to request the data for analysis.
Data requests may be done several times per event by different L2 algorithms that
progressively refine the selection. At any stage in the processing an event may be
rejected. Each L2 processor can analyse several events concurrently.

In L2, electron candidates are selected using information from the calorimeters and
inner detector. An electromagnetic cluster is built from the calorimeter using L1 RoI
position information. From this, transverse electromagnetic cluster energy, various
shower shape variables and hadronic leakage are calculated and corrected using basic
position and energy calibration tools, including an amendment for the transition region
between the barrel and endcap calorimeters. Various selections are applied to these
variables to identify electron candidates. The inner detector is then used to search for
a track in the RoI and electron candidates are selected by requiring a match in position
between the cluster and associated track.
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L2 calorimeter reconstruction is seeded by the η and φ positions provided by L1.
Calorimeter cells in a region of ∆η × ∆φ = 0.4 × 0.4 centred on the L1 coordinates
are retrieved. The default algorithm for seeding clusters scans the cells in the second
layer of the electromagnetic calorimeter and searches for the cell with the highest ET

within ∆η × ∆φ = 0.15 × 0.15 of the L1 coordinates. An alternative algorithm was
developed by the author which searches for seeds using a sliding window algorithm
in the second layer of the electromagnetic calorimeter, including energy contributions
from the first layer. The windows used are 3 × 3 cells in size, which corresponds to
η × φ = 0.075 × 0.075 where |η| < 1.4 and η × φ = 0.225 × 0.075 where |η| ≥ 1.4 in the
barrel region and η × φ = 0.025 × 0.025 where |η| < 2.5 and η × φ = 0.3 × 0.3 where
|η| ≥ 2.5 in the endcap region of the electromagnetic calorimeter. Cluster seeds are
identified as windows with total ET above a programmable threshold. This energy
sum is calculated for all possible 3×3 windows, which means that the windows overlap
and electron clusters built in neighbouring windows can satisfy the selection criteria,
but actually originate from the same physical particle. Multiple counting of clusters
is avoided by requiring that seed windows be a local maximum and a programmable
distance from another identified seed window, to avoid problems in comparing sums
with identical values. This behaviour better resembles the cluster seeding at L1, EF and
in the offline reconstruction. The algorithm is also more robust against detector and
beam noise, however consumes more computing resources than the default algorithm.
The sliding window algorithm is also able to identify multiple cluster seeds per RoI for
collimated electron signatures, such as boosted J/ψ → e+e− decays. The performance
of the alternative L2 sliding window cluster seeding algorithm is compared to the
default hot cell algorithm in Section 5.3.

Once a cluster seed has been identified, a cluster of 0.075× 0.175 in η×φ (3× 7 cells) is
built around it. The larger cluster size in φ reduces the low energy tails resulting from
photon conversions and electron bremsstrahlung. Various shower shape variables and
hadronic leakage, described below, are then calculated to differentiate electromagnetic
clusters from hadronic jets. The simplest selection variable is the transverse energy
of the cluster, EEM

T . Since the jet cross section is dependent on energy, a cut on EEM
T

provides the best rejection against jet background for a given high momentum signal
process such as Z→ e+e−.

Showers from electrons are typically narrower in theηdirection with respect to showers
from jets, and the shower shape variable Rη reflects this. This variable is defined as
the ratio of the energy deposited in 3 × 7 cells divided by that in 7 × 7 cells in the
second layer of the electromagnetic calorimeter. This quantity peaks towards one for
electrons whose energy is well contained within 3 × 7 cells. Note that the value of
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Rη can be above one due to the electric pulse shaping function used to calculate the
energy deposited in each cell, which has been implemented in such a way that noise
contributions fluctuate around zero instead of producing an offset. This means that
for small signals, the total energy deposited in 3×7 cells can be larger than that in 7×7
cells since cell energies can be negative.

Electrons typically deposit nearly all their energy in the electromagnetic calorimeter.
The selection variable that shows this difference between the signal and the background
is hadronic leakage, defined as the ratio of the transverse energy deposited in the
first layer of the hadronic calorimeter divided by the total transverse cluster energy,
EHAD

T /EEM
T .

After applying selections on these quantities, only jets with very little hadronic activity
and narrow showers remain. The fine granularity in the first layer of the electromag-
netic calorimeter can observe substructures within a shower for further rejection of
backgrounds, such as π0 or η mesons decaying to photons. This is particularly impor-
tant in the low ET regime due to the higher background rate. In the L2 electron selection,
the variable that can be exploited for this discrimination is Rφ. This is measured by
scanning the first layer of the electromagnetic calorimeter within the shower in the ηdi-
rection for the first and second local maxima, and then calculating the ratio between the
difference between these energies divided by the sum, Rφ = (Emax

1st −Emax
2nd )/(Emax

1st +Emax
2nd ).

This ratio tends to one for isolated electrons and tends to zero for photons originating
from π0 or η meson decay.

The distributions of the cluster variables described above are shown in Figure 5.4 for
signal and background. The shower shape variables Rη and Rφ in the first and second
layers of the calorimeter provide good discriminating power above 0.8, since these
ratios tend towards one for isolated electrons.

If all the criteria of the calorimeter based electron selection are fulfilled, a search for
a track to match the cluster is performed within the RoI in the inner detector. The
baseline pattern recognition for L2 tracking is seeded by the silicon detectors and
subsequently extended to the TRT. There is also a track reconstruction algorithm based
on only TRT information for robustness and complementarity.

There are two different tracking algorithms based on the silicon detectors available
at L2, called ‘SiTrack’ and ‘IdScan’. They both perform fast pattern recognition and
track reconstruction using space points of the silicon clusters in the detectors, but with
different approaches. IdScan first determines the z position of the interaction point
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Figure 5.4. L2 cluster selection variables for simulated single electrons with ET
between 7 and 80 GeV (solid line, hatched histogram) compared with
simulated background candidates from a filtered QCD multijet sam-
ple with at least one jet with ET > 17 GeV (dashed line, hollow his-
togram). For the background, only clusters that do not match to a
true electron within a ∆R of 0.1 are considered. All distributions have
been normalised to unit area.

along the beam axis and then performs combinatorial tracking inside groups of space
points that point back to that position. SiTrack employs a combinatorial pattern recog-
nition approach, grouping space points according to ‘logical layers’, corresponding to
physical detector layers. It seeds tracks by pairing space points from the innermost
two logical layers and then extrapolating the tracks to outer logical layers. Both algo-
rithms use a Kalman filtering technique [106] to perform track fitting within the silicon
detectors and extrapolation to the TRT is performed by using the Probabilistic Data
Association Filter method [107].

A further rate reduction, while maintaining high electron efficiency, can be achieved
by combining the cluster and track information from the calorimeter and the inner
detector. The background rate can be reduced by a close match between the position
of the track extrapolated to the calorimeter surface and the position of the cluster.
As shown in Figure 5.5, these distributions are narrower for electrons than for jets,
particularly the η difference. Another useful quantity is the ratio of cluster ET and the
track pT, which should be around one for electrons. However, this ratio is affected
by bremmstrahlung which causes a high tail in the distribution, as can be seen in
Figure 5.5, so no upper threshold on ET/pT is planned for early data taking.
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Figure 5.5. L2 electron selection variables based on combined calorimeter and
inner detector information. Simulated signal, single electrons with
ET between 7 and 80 GeV (solid line, hatched histogram) is compared
with simulated background candidates from a filtered QCD multijet
sample with at least one jet with ET > 17 GeV (dashed line, hollow
histogram). For the background, only clusters that do not match to a
true electron within a ∆R of 0.1 are considered. All distributions have
been normalised to unit area.

5.2.3. Event Filter Electron Trigger Selection

The last level of online trigger selection system is the EF, which works at the L2
accept rate with an average event processing time of 4 s to reduce the event rate to
approximately 200 Hz. Similarly to the L2, the EF is built on farms of commodity
computers and network technology. Once the L2 trigger accepts an event, all the
fragments from the ROBs are combined and sent to one EF processor for further
consideration. The EF further refines the classification of L2 using the extra time to
run more sophisticated reconstruction and identification algorithms and employ more
detailed calibration information. Events rejected by the EF are discarded by ATLAS
and those accepted are sent to permanent storage.

For EF electron selection, offline reconstruction algorithms are used where possible,
with a few significant differences. The most important difference stems from the
limited computing resources available to the EF. The offline reconstruction runs once
per event and accesses the whole detector, while the EF uses a seeded approach, where
the reconstruction runs several times per event, once for each L2 identified electron
candidate, accessing only the corresponding region of the detector.

There are currently two offline electron reconstruction algorithms, of which only the
standard one is used in the EF. This algorithm starts from clusters reconstructed in
the calorimeters and then builds the identification variables based on information
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from the inner detector and calorimeters. The other algorithm is seeded from inner
detector tracks and is optimised for electrons with energies as low as a few GeV and
non-isolated electrons. These are a small subset of electron signatures used in physics
analyses, and the limited resources available mean that this algorithm is not viable to
run in the EF.

In the EF, cluster seeds are found by using the offline sliding window algorithm to
find a local energy maximum with trigger tower granularity within the L2 identified
RoI of ∆η × ∆φ = 0.4 × 0.4. From these seeds, rectangular clusters are formed with a
fixed size of 0.1.25 × 0.125 in η × φ, in contrast to the offline algorithm, which creates
several collections of clusters corresponding to different window sizes. Also note that
for offline electron reconstruction, only data from the electromagnetic calorimeter are
used, whilst in the EF as in L2 and L1, hadronic energy is also computed and used to
discriminate against jet backgrounds. Once the clusters have been formed, the cluster
parameters and shower shape variables are calculated and further refined by a set of
calibration tools, including a correction for the inactive material in front of and around
the electromagnetic calorimeter and transition gap between the barrel and endcap
regions.

Track reconstruction at the EF is performed using the offline inside-out tracking re-
construction algorithm, operated in a RoI seeded mode with the simplest Kalman
filtering based track fitting technique due to time constraints. There is the possibility
to attempt bremsstrahlung and photon conversion recovery using more sophisticated
methods, but this option is not foreseen for early running where the selection criteria
are sufficiently loose to be insensitive to any performance improvements

The EF electron identification is very similar to that used offline. All electron candi-
dates have to pass a series of selection criteria based on the shower shape properties
in different compartments of the calorimeter as well as track parameters and variables
combining inner detector and calorimeter information. These criteria include selec-
tions on the cluster such as transverse energy, hadronic leakage, Rη, Rφ as in L2, as well
as other shower shape variables, and on the track such as number of Pixel and SCT
hits and distance of closest approach and on combined variables such as the η distance
between cluster and matching track. Distributions for the EF shower shape variables
and track-cluster variables which are common to both the L2 and EF are shown in Fig-
ure 5.6. The distributions are very similar to those calculated at L2, shown previously
in Figures 5.4 and 5.5, but tend to have more discrimination between electrons and jets
due to the more refined algorithms and calibrations available.
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Figure 5.6. EF electron selection variables. Simulated signal, single electrons with
ET between 7 and 80 GeV (solid line, hatched histogram) is compared
with simulated background candidates from a filtered QCD multijet
sample with at least one jet with ET > 17 GeV (dashed line, hollow
histogram). For the background sample, only electron candidates
that do not match to a true electron within a ∆R of 0.1 are considered.
All distributions have been normalised to unit area.

5.3. Electron Trigger Algorithm Performance Comparison

The performance of a trigger is determined by several factors: efficiency for signal,
background rate which depends on luminosity and is constrained by bandwidth,
and execution time at each trigger level. This section presents a comparison of the
performance of the alternative L2 sliding window cluster seeding algorithm to the
original L2 hot cell cluster seeding algorithm in simulation and data.

5.3.1. Electron Trigger Performance Comparison in Simulation

The primary technical performance issue of trigger algorithms is processing time. This
is governed primarily by the amount of data required by the algorithm. However
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as the alternative algorithm uses the same RoI based tools as the original algorithm,
data access will not be the main contributing factor to differences in processing times.
Instead it is expected that the sliding window algorithm will require more time than
the hot cell one. Additional processing time is needed to perform the energy sums
in each of the 3 × 3 windows and to identify the windows which pass the criteria to
become cluster seeds. More subtly, the additional functionality of being able to identify
multiple cluster seeds per L1 RoI means that the overall time for a L2 decision will
depend on how many cluster seeds are found, since the subsequent L2 cluster and
tracking algorithms need to be performed for each cluster seed. Moreover to identify
multiple clusters per L1 RoI, all L1 RoIs need to be processed at once, meaning that the
sliding window algorithm is less parallelisable than the hot cell algorithm. This may
lead to problems in busy events with many L1 RoIs.

Average L2 acceptance and rejection processing times for the hot cell and sliding
window L2 cluster seeding algorithms are given in Table 5.2. The time taken for an
event to be accepted or rejected by L2 is shown in Figure 5.7. Results are presented for
1 000 single electron events with ET between 7 and 80 GeV produced using a single
particle generator and 1 000 filtered top pair events with leptons with pT > 1 GeV
generated using MC@NLO. Files were prepared in a format similar to ATLAS raw
data and the timing test was performed running only the electron trigger. It can be
seen that time taken for the different algorithms to process single electron events are
equivalent, while the sliding window algorithm requires additional time to process top
pair events compared to the hot cell algorithm. This is the expected result, since top
pair events can have up to 6 jets per event, which can potentially pass the L1 electron
selections. Note that the average L2 acceptance times are higher than the expected L2
average of 40 ms stated in Section 5.2.2, even for the original hot cell algorithm. This
is due to the computer on which the test was conducted, using a desktop rather than
a dedicated machine.

The physics performance of a trigger is a compromise between signal efficiency and
background rate, which is constrained by bandwidth. The expected efficiency of the
hot cell and sliding window L2 cluster seeding algorithms was determined using single
electron, Z→ e+e− and J/ψ→ e+e− samples, while the expected background rejection
was tested using non-diffractive minimum bias and filtered QCD samples, the details
of which can be found in Table 5.3.

Figure 5.8 shows the efficiencies of a 10 GeV electron trigger as a function of ET and η for
L1, L2 and EF using single electron events using both the hot cell and sliding window
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Table 5.2. Average processing times for the hot cell and sliding window L2 cluster
seeding algorithms analysing single electron events with ET between
7 and 80 GeV and filtered top pair events with leptons with pT > 1 GeV.
All times are in ms.

Algorithm L2 accept time L2 reject time

Single electron events

Hot cell 52 ± 1 8 ± 2

Sliding window 51 ± 1 8 ± 2

Top pair events

Hot cell 54 ± 2 9.9 ± 0.4

Sliding window 65 ± 2 16.0 ± 0.5
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Figure 5.7. A comparison of the time taken to accept (right) and reject (left) events
by the hot cell (dotted line, hollow histogram) and sliding window
(solid line, hashed histogram) L2 cluster seeding algorithms. Results
are shown for single electron events with ET between 7 and 80 GeV
(upper) and filtered top pair events with leptons with pT > 1 GeV
(lower). All times are in ms.
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Table 5.3. Details of the simulated samples used to compare the performance
of the sliding window L2 cluster seeding algorithm and the hot cell
L2 cluster seeding algorithm. Electron events were generated using
a single particle generator while all other processes were simulated
using PYTHIA.

Process Events
Single Electrons: 7 GeV < ET < 80 GeV 482 000
Z→ ee 93 000
J/ψ→ e + X 100 000
Minimum bias 637 000
QCD: 1 jet > 17 GeV 499 000

algorithms. Efficiencies are shown with respect to electrons reconstructed offline using
similar selections where trigger candidates are matched to offline electrons within
∆R < 0.2. For both algorithms, the efficiency reaches a plateau value for ET & 15 GeV
and is uniform as a function of η, except for a 5-10% dip in the transition region
between the barrel and endcap calorimeters. The |η| > 2 region is the only area where
there is a visible difference between the two algorithms. The reason is that the sliding
window algorithm uses energy deposited in both the first and second sampling layers
to seed a cluster, while the hot cell algorithm only uses energy deposited in the second
layer. In this high η region, there is more material in front of the calorimeter [71] and
some electrons will only deposit energy in the first sampling layer of the calorimeter;
the hot cell algorithm will not identify these candidates. The difference between the
two algorithms is quantified in Table 5.4, where their percentage efficiencies for offline
reconstructed electrons with ET > 10 GeV from single electron events and Z → e+e−

events is given. It is clear that the overall expected performance of the two algorithms
for these types of events is equivalent. This is not surprising, given the simple event
topology. Each event contains only one or two high ET, isolated electrons, hence in
most L1 RoIs, the hottest cell is the same as the highest energy 3 × 3 window.

The comparison between the two algorithms was also performed using J/ψ → e+e−

events and the results are shown in Table 5.5. These events typically contain two
low ET electrons which can be close together, so some differences between the two L2
cluster seeding algorithms are expected. It is thus surprising to find that the trigger
efficiencies with respect to offline reconstructed electrons are so similar. This can be
understood by looking at the trigger efficiencies with respect to true electrons. The
sliding window algorithm selects more true electrons at L2, however these tend to be
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Figure 5.8. Trigger efficiencies at L1 (solid circles), L2 (open squares) and EF
(open triangles) as a function of reconstructed electron ET (left) and
|η| (right) of a 10 GeV trigger for single electron events with ET between
7 and 80 GeV using the hot cell (upper) and sliding window (lower)
L2 cluster seeding algorithms. Trigger candidates are matched to
offline electrons within ∆R < 0.2.

Table 5.4. Percentage efficiencies of the hot cell and sliding window L2 cluster
seeding algorithms for a 10 GeV trigger compared to offline recon-
structed electrons with ET > 10 GeV for single electron events with ET
between 7 and 80 GeV and Z → e+e− events. Trigger candidates are
matched to offline electrons within ∆R < 0.2.

Efficiency Single electron events Z → e+e− events

% Hot cell Sliding window Hot cell Sliding window

Offline 80 715 22 511

L1/Offline 99.76 ± 0.02 99.67 ± 0.04

L2/L1 97.84 ± 0.05 98.44 ± 0.04 98.56 ± 0.08 98.65 ± 0.08

EF/L2 98.83 ± 0.04 98.82 ± 0.04 99.01 ± 0.07 99.06 ± 0.06

EF/Offline 96.46 ± 0.07 97.04 ± 0.06 97.3 ± 0.1 97.4 ± 0.1
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Table 5.5. Percentage efficiencies of the hot cell and sliding window L2 cluster
seeding algorithms for a 5 GeV trigger compared to offline recon-
structed and true electrons with ET > 5 GeV for J/ψ → e+e− events.
Trigger candidates are matched to offline and true electrons within
∆R < 0.2.

Efficiency
Hot cell

Sliding Efficiency
Hot cell

Sliding

% window % Window

Offline 29 746 Truth 56 597

L1/Offline 95.6 ± 0.1 L1/Truth 80.4 ± 0.2

L2/L1 96.4 ± 0.1 96.8 ± 0.1 L2/L1 81.3 ± 0.2 84.0 ± 0.2

EF/L2 96.8 ± 0.1 96.9 ± 0.1 EF/L2 76.4 ± 0.2 74.4 ± 0.2

EF/Offline 89.3 ± 0.2 89.7 ± 0.2 EF/Truth 50.0 ± 0.2 50.3 ± 0.2

Table 5.6. Percentage efficiencies of the hot cell and sliding window L2 cluster
seeding algorithms for a 5 GeV trigger for non-diffractive minimum
bias and filtered QCD events with jets with ET > 17 GeV. Events con-
taining offline reconstructed electrons with ET > 5 GeV have been
excluded.

Efficiency Minimum bias events Filtered QCD events

% Hot cell Sliding window Hot cell Sliding window

Events 636 960 498 623

L1/Events 15.81 ± 0.05 92.14 ± 0.04

L2/L1 20.4 ± 0.1 23.9 ± 0.1 24.93 ± 0.06 31.14 ± 0.04

EF/L2 1.8 ± 0.1 1.7 ± 0.1 3.22 ± 0.05 2.70 ± 0.04

EF/Events 0.058 ± 0.003 0.063 ± 0.003 0.74 ± 0.01 0.78 ± 0.01

poorly reconstructed candidates which do not pass the more rigorous selections at the
EF. This results in the final trigger efficiency being equivalent to that of the hot cell
algorithm.

The signal efficiency of the sliding window L2 cluster seeding algorithm has been
found to be similar to the hot cell L2 cluster seeding algorithm. Table 5.6 provides
the efficiency of a 5 GeV trigger for background non-diffractive minimum bias and fil-
tered QCD events with jets with ET > 17 GeV. Events containing offline reconstructed
electrons with ET > 5 GeV have been excluded. It can be seen that the sliding win-
dow algorithm selects more background events compared to the hot cell algorithm,
particularly at L2.
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Since the performance comparisons of two L2 cluster seeding algorithms on various
simulated samples have shown that the sliding window algorithm requires more
processing time than the hot cell algorithm, while not improving the signal efficiency
significantly or increasing background rejection, the decision was thus taken not to
run the sliding window L2 cluster seeding algorithm during the initial data taking.

5.3.2. Electron Trigger Performance Comparison in Data

In December 2009, ATLAS recorded approximately 20 µb−1 of proton-proton collision
data at

√
s = 900 GeV with around 9 µb−1 of the data taken under stable beam

conditions. During the whole of the 2009 period, the L1 trigger was running online,
while the L2 and EF algorithms were commissioned during the stable beam periods
by being run online in transparent mode, where they did not reject events. The
performance of the electron and photon trigger during this period, summarised here,
is described in Reference [108], supplemented by Reference [109], which describes the
performance of the inner detector trigger algorithms and Reference [110] which gives
an overview of the electron and photon offline performance. Due to the low energy
of the collisions, only the 5 GeV trigger electron trigger was operational. The L1
calorimeter trigger ran reliably and behaved according to predictions, reaching > 95%
efficiency for raw cluster energies above 6 GeV. Comparisons of the electron selection
variables between the different trigger levels and offline reconstruction revealed good
agreement for the shower shape variables at L2 and EF and cluster track matching
quantities at EF. The differences between L2 and offline reconstruction for track related
variables were more pronounced and are expected due to differences in the track
reconstruction algorithms. These studies were an important step in the commissioning
of the electron trigger. They showed that the trigger was performing correctly, even
when most of the clusters originate from backgrounds which in normal running would
be discarded.

During the course of seven months in 2010, ATLAS recorded approximately 45 pb−1 of
proton-proton collision data at

√
s = 7 TeV under stable beam conditions. During this

period, the instantaneous luminosity increased from ∼1027 cm−2s−1 to ∼1032 cm−2s−1.
In the initial months of data taking, as in the 900 GeV data taking period, the L1 trigger
was running online, while the L2 and EF algorithms ran in transparent mode. When
the instantaneous luminosity reached∼1029 cm−2s−1, the triggers with the highest rates
were activated, rejecting events which did not satisfy their requirements. One of the
activated triggers was the 5 GeV electron trigger. Subsequently, the full trigger system
was deployed when the instantaneous luminosity reached ∼1030 cm−2s−1. Even if the
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alternative L2 sliding window cluster seeding algorithm was not included in the online
trigger running, its performance can still be studied offline using the collected data
sample.

In order to evaluate the trigger performance, the level of agreement between data
and simulation, and between trigger and offline reconstruction variables needs to be
assessed. This is performed for the default hot cell L2 cluster seeding algorithm, to
which the performance of the alternate sliding window L2 cluster seeding algorithm
will then be compared.

The trigger performance was evaluated using 1.15 pb−1 of data recorded between
March 30, 2010 and April 25, 2010. This data was compared to a simulated sample,
consisting of 482 000 minimum bias events generated using PYTHIA. Trigger can-
didates from a 5 GeV electron trigger were matched to offline electron candidates,
requiring a minimal distance ∆R < 0.15. Electrons in the transition region of the
calorimeter were excluded. The distributions of discriminating variables were com-
pared from the different trigger levels to the offline distributions as well as with the
expectations from simulations. Since no identification criteria were applied to offline
reconstructed electron candidates, the distributions were dominated by backgrounds.
For the following comparisons, the simulation distributions were normalised to the
number of events in the data sample.

Figure 5.9(a) displays distributions of Rη, one of the shower shape selection variables
at L2 and EF, for data and simulation. As described in Section 5.2, this quantity is
expected to peak towards one for showers initiated from isolated electrons. It can
be seen that there is reasonable agreement between data and simulation, and similar
behaviour is seen for other discriminating variables. The small shift in the data to
slightly lower values of Rη can partially be explained by simulation crosstalk modelling
in the second sampling layer of the electromagnetic calorimeter. Figure 5.9(b) also
displays the differences between the online trigger levels and offline reconstruction for
Rη. For most of the clusters, trigger and offline calculations agree well. The broader
resolution at L2 is due to the less refined clustering algorithms and calibrations used.
For both trigger levels the resolution is below a few percent. The results, for the
presented selection variable and other discriminating variables, provide evidence that
the trigger selection criteria implementation is safe and robust.

Having established that the performance of the electron trigger algorithm in data
is understood, the comparison of the alternate sliding window L2 cluster seeding
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Figure 5.9. Rη calculated at L2 and EF for 1.15 pb−1 of data compared to simula-
tion and offline reconstruction.

algorithm to the default hot cell L2 cluster seeding algorithm can be made without
need of simulation.

For the following efficiency analysis, performed on 985 µb−1 of data recorded during
a special ATLAS trigger studies run in June 2010, trigger candidates from 5 GeV
electron triggers using the hot cell and sliding window L2 algorithms were matched to
offline reconstructed electrons passing similar selections, requiring a minimal distance
∆R < 0.15. Table 5.7 gives the trigger efficiency for the algorithms with respect to offline
electrons. As in simulation, there is little difference between the two algorithms. This is
more evident in Figure 5.10 where the efficiencies of the two algorithms are compared
at L2 and EF as a functions of ET and η. The efficiency differences seen at |η| > 2 in
simulation are not repeated in data. This is due to the updated L2 calibrations used
during data taking.
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Table 5.7. Percentage efficiencies of the hot cell and sliding window L2 cluster
seeding algorithms for a 5 GeV trigger compared to offline recon-
structed electrons with ET > 5 GeV for 985 µb−1 of data recorded at√

s = 7 TeV in June 2010. Trigger candidates are matched to offline
electrons within ∆R < 0.15.

Efficiency Hot cell Sliding window

Offline 3283

L1/Offline 72.0 ± 0.8

L2/L1 91.5 ± 0.6 92.4 ± 0.5

EF/L2 95.3 ± 0.5 95.4 ± 0.4

EF/Offline 62.8 ± 0.8 63.5 ± 0.8
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Figure 5.10. Trigger efficiencies at L2 (above) and EF (below) as a function of
reconstructed electron ET (left) and η (right) of a 5 GeV trigger for
985 µb−1 of data recorded at

√
s = 7 TeV in June 2010 using the

hot cell (solid circles) and sliding window (open squares) L2 clus-
ter seeding algorithms. Trigger candidates are matched to offline
electrons within ∆R < 0.15.
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Table 5.8. Percentage efficiencies of the hot cell and sliding window L2 cluster
seeding algorithms for a 5 GeV trigger compared to events without
any offline reconstructed electrons with ET > 5 GeV for 985 µb−1 of
data recorded at

√
s = 7 TeV in June 2010.

Efficiency Hot cell Sliding window

Events 679 835

L1/Events 17.6 ± 0.4

L2/L1 21.7 ± 0.1 34.7 ± 0.1

EF/L2 4.4 ± 0.1 3.7 ± 0.1

EF/Events 0.169 ± 0.005 0.225 ± 0.006

Using the same dataset, the background rejection of the two different algorithms
was also compared, by looking the trigger efficiency of events without any offline
reconstructed electrons. The results are shown in Table 5.8 where it can be seen, as in
simulation, the sliding window algorithm selects more background events compared
to the hot cell algorithm.

5.4. Electron Trigger Summary

An alternate algorithm for seeding clusters at L2 using a sliding window algorithm
was developed to identify signatures in which two electrons are found in the same
L1 RoI. This alternate algorithm was modelled on the sliding window cluster seeding
algorithms used at L1, EF and in the offline reconstruction.

The signal efficiency of the default hot cell and alternate sliding window algorithms
was compared using single electron, Z → e+e− and J/ψ → e+e− simulated samples,
where efficiencies for both algorithms were found to be comparable. The background
rejection of the two algorithms was examined using minimum bias and QCD simulated
samples, where it was found the sliding window algorithm accepts more background
events compared to the hot cell algorithm. In

√
s = 7 TeV data, the signal efficiency of

the two algorithms was equivalent, while background rejection of the sliding window
algorithm was worse.

Future work should be directed to further optimisation of the sliding window al-
gorithm in terms of background rejection. Potential uses of such a trigger are new
physics signatures with collimated electrons, such as dark photons from hidden valley
models [111].
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Science walks forward on two feet, namely theory and experiment.
Sometimes it is one foot that is put forward first, sometimes the other,
but continuous progress is only made by the use of both.

− Robert Millikan

6
The Light Stop

The stop is the superpartner of the heaviest quark in the SM - the top quark. A stop
quark lighter than the top quark is a necessary requirement for the generation of the
observed baryon asymmetry in the universe via electroweak baryogenesis within the
framework of the MSSM. This chapter first describes the stop production and decay
modes for stop masses below and above the top mass, followed by an overview of the
current status of relevant experimental searches. Note that while subsequent analyses
will concentrate on searching for a stop quark lighter than the top quark as motivated
by electroweak baryogenesis, analysis techniques will also be tested on stop quarks
heavier than the top quark since the final state products remain the same.

6.1. Light Stop Production at the LHC

At the LHC, pairs of light stops will be produced through quark-antiquark annihilation
(qq̄→ t̃1

¯̃t1) and gluon fusion (gg→ t̃1
¯̃t1) at leading order, as described in the Feynman

diagrams depicted in Figure 6.1. The cross sections for these subprocesses can be
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Figure 6.1. Leading order Feynman diagrams contributing to production of
t̃1 pairs [112].

written as [112]:

σ(qq̄→ t̃1
¯̃t1) =

α2
sπ

s
2
27
β3

1 (6.1)

σ(gg→ t̃1
¯̃t1) =

α2
sπ

s

β3
1

 5
48

+
31m2

t̃1

24s

 +

2m2
t̃1

3s
+

m4
t̃1

6s2

 log
(

1 − β1

1 + β1

) (6.2)

where
√

s is the center of mass energy of the subprocess and β1 =
√

1 − 4m2
t̃1
/s. The

cross section for light stop pair production at next-to-leading-order as a function of
mt̃1

at various
√

s is shown in Figure 6.2, calculated using PROSPINO [113] with
CTEQ6.6 [114] parton distribution functions.

The cross section is dominated by the leading order processes and thus only depends
on the mass of the stop particles, as expressed in Equations 6.1 and 6.2. Other SUSY
parameters, such as gluino masses and the stop mixing angle only affect high order
corrections, two of which are shown in Figure 6.3. Note that mixed stop pairs, t̃1

¯̃t2 and
¯̃t1t̃2 cannot be produced at leading order.
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Figure 6.3. Examples of higher order Feynman diagrams contributing to produc-
tion of t̃1 pairs including stop mixing (dotted vertices) [112].

It is important to note that the cross section for stop quark pair production for a stop
quark of the same mass as a top quark is an order of magnitude lower than that of
top pair quark production. This suppression is due to the fact that the stop quark is a
scalar while the top quark is a fermion.

6.2. Light Stop Decay Modes

The light stop can have different decay modes depending on the sparticle mass spec-
trum [115, 116, 117, 118].
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• Two body decay modes
If mt̃1

> mt, there are two possible tree-level two body stop decay modes: either
through the strong interaction, t̃1 → g̃t, if mt̃1

> mt + mg̃; or through the weak
interaction t̃1 → χ̃0

1t, if mt̃1
> mt + mχ̃0

1
. Both of these decays modes are strongly

suppressed due the large top mass. Otherwise, if mt̃1
> mχ̃±1

+ mb, the two body
decay t̃1 → χ̃+

1 b becomes available. For mt̃1
< mt and mt̃1

< mχ̃±1
+ mb, the only two

body decay available is the loop decay, t̃1 → χ̃0
1c.

In the parameter space where the transition t̃1 → χ̃+
1 b is dominant, the decay

modes of the lightest chargino become important. It has five possible tree-level
two body decay modes: χ̃+

1 → χ̃0
1W+, χ̃+

1 → χ̃0
1H+, χ̃+

1 → ¯̃dLu, χ̃+
1 → d̄ũL and χ̃+

1 →
d̄ũR where u denotes up-type fermions (the neutrinos and the u,c,t quarks) with
superpartners ũL, ũR and similarly d denotes down-type fermions (the charged
leptons and the d,s,b quarks) and their superparters. It also has the three body
decay mode: χ̃±1 → χ̃0

1 f f̄ ′ where f is a light quark or lepton through either
a virtual W+ or H+. The branching fractions of each decay mode depends on
relative masses of the virtual and real particles involved [119].

• Three body decay modes
If mχ̃±1

> mt̃1
− mb, that is all two body decays at tree-level are kinematically

forbidden, the three body tree-level stop decays become relevant: t̃1 → χ̃0
1W+b,

t̃1 → χ̃0
1H+b, t̃1 → ˜̀+ν`b and t̃1 → ν̃``+b where `=e,µ,τ; where the branching

fractions of each decay mode depends on the relative masses of the virtual and
real particles involved.

• Four body decay modes
If the sleptons and sneutrinos are heavier than the stop quark, the four body
tree-level stop decay becomes relevant: t̃1 → χ̃0

1b f f̄ ′.

6.3. Light Stop Search Topology

The relevant stop and chargino decay modes for the search presented in this thesis are
listed in Table 6.1, with the corresponding Feynman diagrams in Figures 6.4 and 6.5.
It is assumed that the only particles involved in the decays are the lightest stop quark,
the lightest chargino, the lightest neutralino, the top quark, the W boson and their
decay products. These decays then all produce the same final state: bχ0

1 f f̄ ′ where the
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Figure 6.4. Relevant t̃1 decay modes.
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Table 6.1. Relevant t̃1 and χ̃±1 decay modes for various mass differences.

Mass difference Decay mode

mt̃1
≥ mχ̃0

1
+ mt t̃1 → χ̃0

1t

mt̃1
≥ mχ̃±1

+ mb t̃1 → χ̃±1 b

mχ̃± −mχ̃0 ≥ mW± χ̃±1 → χ̃0
1W±

mχ̃±1
< mχ̃0

1
+ mW± χ̃±1 → χ̃0

1 f f̄ ′

mχ̃±1
+ mb + mW+ ≥ mt̃1

< mχ̃±1
+ mb t̃1 → χ̃0

1bW+

mt̃1
< mχ̃±1

+ mb + mW+ t̃1 → χ̃0
1b f f̄ ′

fermion flavour is determined by the W boson. The W boson decays about one third
of the time into a charged lepton and corresponding neutrino and in the remaining
two thirds of the time, it decays into a quark-antiquark pair.

From an experimental point of view, stop pair decays can be characterised by the decay
modes of the W bosons:

• Fully leptonic: is about one ninth of the t̃ ¯̃t events. Both W bosons decay into
a lepton-neutrino pair, resulting in a final state with two charged leptons, two
neutrinos, two neutralinos and two b quarks. This mode can be identified by
requiring two high pT leptons, two jets and the presence of missing transverse
energy.

• Fully hadronic: is about four ninths of the t̃ ¯̃t events. Both W bosons decay hadron-
ically, which results in two neutralinos and six quarks in the final state, two b
quarks and four light quarks from the W boson decay. In this case, there are no
high pT leptons to trigger on, and the signal is not easily distinguishable from the
abundant SM QCD multijet production, which is orders of magnitude larger than
the signal.

• Semileptonic: is about four ninths of the t̃ ¯̃t events. One W boson decays into a
lepton-neutrino pair, while the other decays hadronically. This results in a final
state of two neutralinos, two b quarks, one neutrino, one charged lepton and two
light jets. This mode can be identified by requiring one high pT lepton, four jets
and the presence of missing transverse energy.
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In this thesis, stop pair production is studied in the semileptonic and fully leptonic
(dileptonic) decay modes, where the charged leptons are electrons or muons.

The kinematics of the visible observables depends on the sparticle masses mt̃1
, mχ̃±1

and mχ̃0
1
, as demonstrated in Figures 6.6, 6.7, and 6.8 where the generated lepton pT,

b quark pT and Emiss
T spectra are shown for different sparticle mass combinations.

Kinematic variations deriving from different mt̃1
, mχ̃±1

and mχ̃0
1

combinations are studied
by keeping all other SUSY parameters constant. It can be seen that lepton pT and Emiss

T
spectra are sensitive to mt̃1

− mχ̃0
1
, whereas the b quark pT spectrum is sensitive to

mχ̃±1
−mχ̃0

1
. A larger mass difference means a harder pT spectrum while a smaller mass

difference denotes a softer pT spectrum.

Analyses will need to take the varying particle spectra into account as different mt̃1
, mχ̃±1

and mχ̃0
1

combinations are explored. The sparticle masses probed should also cover
the LSS parameter space. Figure 6.9 displays the neutralino relic density in the LSS
parameter space projected onto mt̃1

, mχ̃±1
and mχ̃0

1
and their differences. It can be seen

that the range of the sparticle masses is quite restricted, and thus will be easily covered
in the following analyses.

6.3.1. Sources of Background

Top pair events are the most challenging background in the search for light stop pairs
due to their topological similarity. In fact, the decay mode choices for the light stop
and the lightest chargino creates a situation where the decay products of light stop
pairs mimic those from the decay of top quark pairs, but with more missing energy
due to the two neutralinos in the final state. Furthermore, top pair events have a higher
production cross section than light stop pair events for most values of mt̃. This means
that top pair production will be an irreducible background in all stop channels for all
mt̃1

, mχ̃±1
and mχ̃0

1
combinations and will need special treatment in this analysis.

Other important sources of background for the stop signal are single top quark pro-
duction, and Z/γ∗ and W boson production in association with jets (Z/γ∗ or W+jets).
How much these background sources contribute to the background depends on the
stop decay mode.

Single top quarks are produced by three different mechanisms at leading order:
(i) W boson and gluon fusion which includes the t-channel contribution where the
final state is a t quark and an associated b or light quark, (ii) associated production
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Figure 6.6. Truth lepton pT distributions for various mt̃1
, mχ̃±1 and mχ̃0

1
. Subfigure

(a) demonstrates stop mass dependence, mt̃1
= 95 (solid line), 105

(dashed line) and 115 GeV (dotted line) for mχ̃±1 = 95 GeV and
mχ̃0

1
= 45 GeV; (b) demonstrates a shift of the neutralino mass from

45 GeV to 85 GeV; and (c) demonstrates a shift of the chargino mass
from 95 GeV to 135 GeV. All distributions have been normalised to
unit area.
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Figure 6.7. Truth b quark pT distributions for various mt̃1
, mχ̃±1 and mχ̃0
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. See

Figure 6.6 for a description of the subfigures.
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6.3. Light Stop Search Topology

 (GeV)charginom

50 100 150 200

 (
G

e
V

)
s
to

p
m

95

100

105

110

115

 (GeV)neutralinom

20 40 60 80 100 120

 (
G

e
V

)
s
to

p
m

95

100

105

110

115

(a) Neutralino relic density projected in terms of mt̃1
, mχ̃±1 and mχ̃0

1

 (GeV)chargino ­ mstopm

­100 ­50 0 50

 (
G

e
V

)
n

e
u

tr
a

lin
o

 ­
 m

c
h

a
rg

in
o

m

0

50

100
 > 0.1292h

χ∼
Ω

 0.129≤ 2h
χ∼

Ω ≤0.095 

 < 0.0952h
χ∼

Ω

 (GeV)neutralino ­ mstopm

0 20 40 60 80

 (
G

e
V

)
n

e
u

tr
a

lin
o

 ­
 m

c
h

a
rg

in
o

m

0

50

100
 > 0.1292h

χ∼
Ω

 0.129≤ 2h
χ∼

Ω ≤0.095 

 < 0.0952h
χ∼

Ω

(b) Neutralino relic density projected in terms of the differences between mt̃1
, mχ̃±1 and mχ̃0

1

Figure 6.9. Neutralino relic density in the LSS parameter space projected onto
mt̃1

, mχ̃±1 and mχ̃0
1

and their differences. The green crosses correspond
to where the relic density is consistent within two standard deviations
with WMAP data, red asterisks is where the relic density is too high
while yellow pluses is where it is too low.

of a t quark and a W boson and (iii) s-channel production, where the final state is a
t quark and associated b quark. All three production mechanisms contribute to the
background of the semileptonic search channel. The t- and s-channels only contribute
to the background of the dileptonic search channel if one of the jets is misidentified as
an isolated lepton.

W+jets production where the W boson decays leptonically contain one isolated lepton
and thus contribute more to the background of the semileptonic channel. In the
dileptonic channel, W+jets production contribute to the background only if one of the
jets is misidentified as an isolated lepton.

Z/γ∗+jets production where the Z/γ∗ boson decays leptonically contain two isolated
leptons and thus contribute more to the background of the dileptonic search channel
rather than the semileptonic one.
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Chapter 6. The Light Stop

Smaller contributions to the background arise from QCD multijet events and diboson
(WW, ZZ and WZ) production. The contribution from diboson events is negligible
due to the small production cross sections. QCD multijet events only contribute when
one or more of the jets in the event is misidentified as an isolated lepton. While the
lepton identification fake rate is low, the large cross section for this process means
that additional selection criteria is required to reduce this background, particularly
events which contain b quarks that decay leptonically. Fortunately the topology of
QCD multijet events is quite distinct from stop pair events, hence this background is
predicted to be small in the signal regions.

In the SUSY parameter space studied in this thesis, the stop is one of the lightest
sparticles, hence other SUSY production cross sections are generally much lower than
the light stop signal, and thus the background contribution from other SUSY processes
can be neglected.

6.4. Experimental Limits on Light Stop Production

Searches for sparticles have been conducted at LEP and Tevatron, where the lack of any
evidence has set direct constraints on their masses. Table 6.2 shows the most general
limits on the relevant sparticle masses to the search conducted in this thesis.

In more detail, experiments at LEP searched for the light stop in the t̃1 → χ̃0
1c and

t̃1 → ˜̀+ν`b decay channels [120, 121, 122, 123]. Lower limits on mt̃1
have been set at

95% CL for two different values of θt, 0◦ and 56◦ using a combination of data from
different LEP experiments. These limits correspond to the highest and lowest cross
section scenarios (maximum and minimum t̃1 − Z coupling). For the t̃1 → χ̃0

1c decay
channel, stop masses in the range 96 to 99 GeV, depending on the neutralino mass, are

Table 6.2. t̃1, χ̃±1 and χ̃0
1 mass limits [4]. Relevant assumptions include that the

χ̃0
1 is the LSP, R-parity is conserved and gaugino masses unify at the

grand unification scale.

Limit Conditions

mt̃ > 95.7 GeV, CL=95% all θt̃, mt̃ −mχ̃0
1
> 10 GeV

mχ̃±1
> 94 GeV, CL=95% tan β < 40, mχ± −mχ̃0

1
> 3 GeV, all m0

mχ̃0
1
> 46 GeV, CL=95% all tan β, all mχ̃±2 −mχ̃±1

, all m0
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6.4. Experimental Limits on Light Stop Production

excluded as long as mt̃1
− mχ̃0

1
− mc > 5 GeV. In the t̃1 → ˜̀+ν`b decay channel, a stop

mass lower limit of 96 GeV was obtained for sneutrino masses smaller than 86 GeV.
Both of these limits are for the lowest cross section scenario, θt = 56◦.

At the Tevatron, both CDF and DØ collaborations have searched for the light stop in
the t̃1 → χ̃0

1c, t̃1 → ˜̀+ν`b and t̃1 → χ̃+
1 b decay channels [124, 125, 126, 127, 128, 129].

The most recent search in the t̃1 → χ̃0
1c decay channel, based on 2.6 fb−1 of data by

CDF, excludes mt̃1
< 180 GeV for mχ̃0

1
= 95 GeV at 95% CL [124]. Using 5.4 fb−1 of data,

DØ excludes stop pair production in the t̃1 → ˜̀+ν`b decay channel for mt̃1
< 210 GeV

when mν̃ < 110 GeV and the difference mt̃1
−mν̃ > 30 GeV at 95% CL [127]. Finally, in

the t̃1 → χ̃+
1 b decay channel, the one studied in this thesis, CDF excludes stop masses

between 128 and 135 GeV for mχ̃±1
= 105.8 GeV and mχ̃0

1
= 47.6 GeV at 95% CL using

2.7 fb−1 of data [128]. Figure 6.10 shows the exclusions set in the three stop search
channels by LEP, CDF and DØ collaborations. These limits only cover a restricted
region of the mt̃1

, mχ̃±1
and mχ̃0

1
phase space. At the LHC, with its higher collision

energies and higher resolution detectors, it will be possible to cover almost all the
available phase space.
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The only object of theoretical physics is to calculate results that can be
compared with experiment.

− Paul Dirac

7
Light Stop Simulation and Data Samples

The analysis presented in this thesis was prepared and optimised using simulated
data at

√
s = 10 TeV. The distributions of the quantities used for disentangling signal

from background was then compared between
√

s = 7 TeV simulation and data. This
chapter describes how the simulated samples for signal and background processes at√

s = 10 and 7 TeV are produced followed by the details of the data sample recorded
at
√

s = 7 TeV.

7.1. Simulation

The generation of events is a multistep process which proceeds roughly as: initial state
parton generation, final state parton generation, showering, radiation and hadronisa-
tion of the final state partons.

The momentum carried by the partons which interact in the proton-proton collisions
varies collision to collision. This variation is described by parton distribution functions
which are functions of the type and flavour of the parton and the momentum transfer
in the interaction, Q2. Event generation begins with picking initial state partons
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Chapter 7. Light Stop Simulation and Data Samples

probabilistically according to the parton distribution functions. CTEQ [130] parton
distribution functions were used to describe the substructure of the proton for all
simulated samples.

Once the initial state partons have been generated, the hard scattering process must
then be simulated to create final state partons. The event generators employed in
this thesis are PYTHIA [131], HERWIG [132], ALPGEN [133], AcerMC [134] and
MC@NLO [135]. Apart from MC@NLO, which includes next-to-leading order pro-
cesses, these programs all use leading order matrix elements.

To obtain the final state hadrons of a process, the showering, radiation and hadroni-
sation of the final state partons also needs to be simulated. Parton showering consists
of adding initial and final state radiation as well as effects from beam remnants and
multiple scatterings to a given matrix element. The radiation consists of emissions
of gluons from the parent partons, with initial state radiation starting from small Q2

and increasing as the hard scattering approaches, while final state radiation starts at
larger Q2 and decreases away from the hard scattering. Shower generation is based
on probabilistically choosing which partons will split into a pair of child partons. This
process is repeated until all partons reach a predefined energy threshold at which
point hadronisation takes place. Hadronisation, or fragmentation, describes the pro-
cess of coloured partons being transformed into colourless hadrons. Parton level
generators ALPGEN, MC@NLO and AcerMC use either PYTHIA or HERWIG/JIMMY
for hadronisation. HERWIG hadronisation is complemented by JIMMY [136]. These
processes are non-perturbative and modelled by phenomenological models tuned to
experimental data [137]. QED radiation is treated specially using PHOTOS [138].

7.1.1. Simulation of the Light Stop Signal

The light stop signal was generated in several steps. The LHS2 mass spectrum was
produced using DarkSUSY [139] with a modified version of ISAJET [140] using the
parameters in Table A.1. The program SDecay [141] was then used to calculate the
decay widths and branching ratios of the SUSY particles, as shown in Table 7.1. The full
set of supersymmetric masses and the decay table were input to either HERWIG [142]
or PYTHIA.

The
√

s = 10 TeV analysis is based on the LHS2 benchmark point, for which 50 000
events were simulated using the HERWIG event generator and the full ATLAS detecter
simulation, and 100 000 events generated using HERWIG and the ATLFAST-II detector
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7.1. Simulation

Table 7.1. Decay table for t̃1 benchmark point LHS2. Only non-zero entries rele-
vant to t̃1 decay are shown. Note that mχ̃±1 < mχ̃0

1
+ mW± so the χ̃±1 decay

proceeds through an off-shell W.

Particle
Mass Width

Decay
Branching

(GeV) (GeV) Ratio

t̃ 137 7.63 × 10−3 t̃→ χ̃±1 + b 1.00

χ̃±1 111 9.69 × 10−6 χ̃±1 → χ̃0
1 + u + d̄ 0.33

χ̃±1 → χ̃0
1 + c + s̄ 0.33

χ̃±1 → χ̃0
1 + e+ + νe 0.11

χ̃±1 → χ̃0
1 + µ+ + νµ 0.11

χ̃±1 → χ̃0
1 + τ+ + ντ 0.11

χ̃0
1 58 0 - -

simulation. The cross section of stop pair production of the LHS2 benchmark point
at
√

s = 10 TeV where mt̃ = 137 GeV at
√

s = 10 TeV is (199 ± 2) pb as calculated at
next-to-leading order by PROSPINO with CTEQ6.6 parton distribution functions.

To study the sensitivity of the analysis to different final state particle kinematics, events
were also generated with various stop, chargino and neutralino masses using the
PYTHIA event generator1 and the ATLFAST-II detector simulation, with the remaining
parameters set to those of the LHS2 benchmark point.

At
√

s = 10 TeV, two separate mass grids were generated, with 50 000 events per
point, with mt̃1

, mχ̃±1
and mχ̃0

1
as given in Equation 7.1. For the neutralino to be a dark

matter candidate, an additional condition that the neutralino is the LSP was imposed,
meaning mt̃1

> mχ̃0
1

and mχ̃±1
> mχ̃0

1
, resulting in 22 and 12 points each for the two

grids. The grid points covered all the various allowed decay processes and mass
differences. The cross section of each of the points was calculated at next-to-leading
order by PROSPINO with CTEQ6.6 parton distribution functions and depends only

1PYTHIA is used since it can simulate four body decays.
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on the stop mass. The cross section values are given in Table 7.2.
mt̃1

= 120, 150, 180, 240

mχ̃±1
= 95, 155, 215

mχ̃0
1

= 45, 105, 165

 ,


mt̃1

= 95, 105, 115

mχ̃±1
= 95, 135

mχ̃0
1

= 45, 85

 (7.1)

At
√

s = 7 TeV, the LHS2 benchmark point and one mass grid were generated with
20 000 events per point after the application of a single lepton filter. The sparticle
masses for this grid are given in Equation 7.2; these were chosen to cover the region
with the highest discovery potential in early data as determined by the 10 TeV analysis.
The LHS2 benchmark point was generated using HERWIG, while the mass grid was
generated using PYTHIA and all events were simulated using the full ATLAS detector
simulation. The cross section of stop pair production of the LHS2 benchmark point at√

s = 7 TeV is (84.4 ± 0.7) pb while the cross section of each of the grid points is given
in Table 7.2. All cross sections are calculated at next-to-leading order by PROSPINO
with CTEQ6.6 parton distribution functions.

mt̃1
= 95, 115, 135, 155

mχ̃±1
= 95, 155

mχ̃0
1

= 45, 60, 75, 90

 (7.2)

Table 7.2. Cross sections of the mt̃ grid of t̃ signal samples as calculated at next-to-
leading order by PROSPINO with CTEQ6.6 parton distribution func-
tions.

10 TeV High Mass Grid

mt̃1
(GeV) σ (pb)

120 360

150 129

180 60

240 12

10 TeV Low Mass Grid

mt̃1
(GeV) σ (pb)

95 1040

105 668

115 443

7 TeV Mass Grid

mt̃1
(GeV) σ (pb)

95 490

115 306

135 90

155 45
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7.1. Simulation

7.1.2. Generation of Light Stop Background Sources

The background samples used for the analyses at
√

s = 10 and 7 TeV were simulated
using the full ATLAS detector simulation.

Top pair events at
√

s = 10 and 7 TeV were generated using MC@NLO [143] interfaced
with HERWIG for the hadronisation step. MC@NLO uses hard scattering processes at
next-to-leading order in QCD perturbation theory. The next-to-leading order top pair
cross sections calculated by MC@NLO were normalised to the next-to-next-to-leading
order predictions of References [144, 145] using k factors.

The production of single top quarks at
√

s = 10 TeV was simulated using AcerMC
interfaced with PYTHIA for the hadronisation phase. AcerMC is a leading order
event generator for SM processes in proton-proton collisions. The single top quark
cross sections were normalised to next-to-leading order predictions using MCFM [146,
147]. Single top production at

√
s = 7 TeV was simulated using MC@NLO [148, 149]

where HERWIG was used for the hadronisation process, to take advantage of the
greater accuracy of the next-to-leading order calculations compared to the leading
order calculations of AcerMC.

Details of the 10 TeV top pair and single top data samples is given in Table 7.3, while
details for the 7 TeV top pair and single top data samples is given in Table 7.4.

Additional top pair and single top datasets were simulated at
√

s = 10 TeV to study
the systematic effects of different event generators, hadronisation methods, and initial
and final state radiation effects. The details of these datasets are given in Table 7.5.

Table 7.3. Details of 10 TeV top background samples. Note the s-channel single
top process is not listed as its cross section is negligible.

Process Generator
σ × εF k Events
(pb)

tt̄: ` inclusive MC@NLO + HERWIG/JIMMY 202.86 1.07 1 990 000
tt̄: hadronic MC@NLO + HERWIG/JIMMY 170.74 1.07 748 000

t: Wt channel: ` inclusive AcerMC + PYTHIA 14.41 0.99 4 000
t: t channel: ` inclusive AcerMC + PYTHIA 41.12 1.05 30 000
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Table 7.4. Details of 7 TeV top background samples. All samples were gener-
ated using MC@NLO + HERWIG/JIMMY. Quoted cross sections are
calculated at next-to-next-to-leading order.

Process
σ × εF Events
(pb)

tt̄: ` inclusive 89.40 200 000
tt̄: hadronic 71.39 150 000

t: t channel W → eνe 7.0 10 000
t: t channel W → µνµ 7.0 10 000
t: t channel W → τντ 7.0 10 000

t: s channel W → eνe 0.47 10 000
t: s channel W → µνµ 0.47 10 000
t: s channel W → τντ 0.47 10 000

t: Wt channel, all W decays 13 15 000

The W/Z/γ∗+jets production at
√

s = 10 and 7 TeV was simulated using ALPGEN
interfaced with HERWIG. ALPGEN produces final states with different jet multi-
plicites, using the parton showering and matrix element matching technique in Refer-
ence [150]. The Z/γ∗+jets sample was filtered using the invariant mass of the fermion
pair, 40 GeV < m(`±, `∓) < 2 TeV, so that production was dominated by Z boson prop-
agators. The cross sections were normalised using the calculations in Reference [151]
through k factors. Details of the W+jets data samples are given in Table 7.6 while
details of the Z/γ∗+jets data samples are given in Table 7.7.

For the
√

s = 10 TeV dataset, ALPGEN interfaced with HERWIG was used for di-
boson and QCD multijet production. Details of these data samples are given in Ta-
bles 7.8 and 7.10 respectively.

For the
√

s = 7 TeV dataset, HERWIG was used for diboson production with details
given in Table 7.11. For QCD multijet production, PYTHIA was used with filters for the
generation of heavy flavour quarks decaying to electrons to increase the QCD contri-
bution in signal regions. Details for this dataset are given in Table 7.12. An additional
sample for Z/γ∗+jets was generated using PYTHIA with 8 GeV < m(`±, `∓) < 60 GeV,
to include γ propagators with details in given Table 7.13.

For the
√

s = 7 TeV simulated samples, to match the luminosity conditions of the√
s = 7 TeV data sample, events were generated with an average of two primary

interactions per event for the primary datasets - top pair, single top and W/Z/γ∗+jets.
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Table 7.5. Details of 10 TeV top background samples used for studying systematic
uncertainties.

Process Generator Simulation
σ × εF k Events
(pb)

tt̄: ` inclusive AcerMC+PYTHIA Full 108.64 2.01 392 000
tt̄: ` inclusive AcerMC+PYTHIA Fast 108.64 2.01 400 000
tt̄: ` inclusive AcerMC+Herwig Full 108.64 2.01 394 000

tt̄: ` inclusive + ISR AcerMC+PYTHIA Fast 108.64 2.01 399 000
tt̄: ` inclusive + FSR AcerMC+PYTHIA Fast 108.64 2.01 390 000

t: t channel W → eνe MC@NLO+HERWIG Full 14.46 1.00 50 000
t: t channel W → µνµ MC@NLO+HERWIG Full 14.46 1.00 50 000
t: t channel W → τντ MC@NLO+HERWIG Full 14.46 1.00 50 000

Table 7.6. Details of W+jets background samples. All samples were generated
using ALPGEN + HERWIG/JIMMY.

Process
10 TeV 7 TeV

σ × εF k Events
σ × εF k Events

(pb) (pb)
W → eνe + 0 j 10 006.58 1.22 1 221 000 6 913.3 1.199 1 382 000
W → eνe + 1 j 2 003.50 1.22 262 000 1 293.0 1.199 258 000
W → eνe + 2 j 623.31 1.22 776 000 377.1 1.199 189 000
W → eνe + 3 j 179.01 1.22 224 000 100.9 1.199 50 000
W → eνe + 4 j 46.58 1.22 59 000 25.3 1.199 13 000
W → eνe + 5 j 13.56 1.22 17 000 6.9 1.199 4 000

W → µνµ + 0 j 10 226.12 1.22 418 000 6 913.3 1.199 1 386 000
W → µνµ + 1 j 2 017.48 1.22 262 000 1 293.0 1.199 255 000
W → µνµ + 2 j 625.76 1.22 780 000 377.1 1.199 188 000
W → µνµ + 3 j 172.47 1.22 223 000 100.9 1.199 50 000
W → µνµ + 4 j 46.77 1.22 59 000 25.3 1.199 13 000
W → µνµ + 5 j 13.37 1.22 17 000 6.9 1.199 4 000

W → τντ + 0 j 10 117.47 1.22 1 326 000 6 913.3 1.199 1 365 000
W → τντ + 1 j 2 004.41 1.22 247 000 1 293.0 1.199 255 000
W → τντ + 2 j 634.27 1.22 793 000 377.1 1.199 188 000
W → τντ + 3 j 174.34 1.22 223 000 100.9 1.199 50 000
W → τντ + 4 j 47.77 1.22 59 000 25.3 1.199 13 000
W → τντ + 5 j 13.22 1.22 17 000 6.9 1.199 4 000

W + bb̄ + 0 j: W → `ν` 5.13 1.22 16 000 3.2 1.22 7 000
W + bb̄ + 1 j: W → `ν` 5.01 1.22 15 000 2.6 1.22 6 000
W + bb̄ + 2 j: W → `ν` 2.89 1.22 9 000 1.4 1.22 3 000
W + bb̄ + 3 j: W → `ν` 1.61 1.22 5 000 0.6 1.22 2 000
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Table 7.7. Details of Z+jets background samples. Dileptons have invariant mass
40 GeV < m(`±, `∓) < 2000 GeV. All samples were generated using
ALPGEN + HERWIG/JIMMY.

Process
10 TeV 7 TeV

σ × εF k Events
σ × εF k Events

(pb) (pb)
Z→ ee + 0 j 898.44 1.22 269 000 664.1 1.25 304 000
Z→ ee + 1 j 197.80 1.22 62 000 133.0 1.25 62 000
Z→ ee + 2 j 62.26 1.22 217 000 40.23 1.25 19 000
Z→ ee + 3 j 18.76 1.22 63 000 11.14 1.25 5 000
Z→ ee + 4 j 4.97 1.22 18 000 2.899 1.25 1 000
Z→ ee + 5 j 1.43 1.22 6 000 0.753 1.25 500

Z→ µµ + 0 j 895.27 1.22 270 000 664.1 1.25 304 000
Z→ µµ + 1 j 198.59 1.22 62 000 133.0 1.25 63 000
Z→ µµ + 2 j 63.49 1.22 197 000 40.23 1.25 19 000
Z→ µµ + 3 j 18.70 1.22 65 000 11.14 1.25 5 000
Z→ µµ + 4 j 4.99 1.22 18 000 2.899 1.25 1 000
Z→ µµ + 5 j 1.37 1.22 5 000 0.753 1.25 500

Z→ ττ + 0 j 893.00 1.22 271 000 664.1 1.25 303 000
Z→ ττ + 1 j 97.71 1.22 63 000 133.0 1.25 63 000
Z→ ττ + 2 j 62.63 1.22 210 000 40.23 1.25 19 000
Z→ ττ + 3 j 18.86 1.22 63 000 11.14 1.25 5 000
Z→ ττ + 4 j 4.98 1.22 19 000 2.899 1.25 1 000
Z→ ττ + 5 j 1.39 1.22 5 000 0.753 1.25 500

Table 7.8. Details of 10 TeV diboson background samples. Note ZZ processes
are not listed as their cross sections are negligible. All samples were
generated using ALPGEN + HERWIG/JIMMY.

Process
σ × εF k Events
(pb)

WW + 0 j, W → `ν` 3.23 1.21 31 000
WW + 1 j, W → `ν` 1.71 1.21 17 000
WW + 2 j, W → `ν` 0.87 1.21 8 000
WW + 3 j, W → `ν` 0.32 1.21 4 000

WZ + 0 j, Z→ `` 1.05 1.21 9 000
WZ + 1 j, Z→ `` 0.73 1.21 6 000
WZ + 2 j, Z→ `` 0.43 1.21 5 000
WZ + 3 j, Z→ `` 0.20 1.21 2 000
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Table 7.9. The pT slices used in QCD production. Values are given in GeV.

Name pT(min) pT(max)

J0 8 17

J1 17 35

J2 35 70

J3 70 140

J4 140 280

J5 280 560

J6 560 1 120

J7 1 120 2 240

J8 2 240 ∞

Table 7.10. Details of 10 TeV QCD multijet background samples. JX refers to
the pT slices given in Table 7.9. All samples were generated using
ALPGEN + HERWIG/JIMMY.

Process
σ × εF Events
(pb)

QCD +2 j J2 30 114 236.6 3 002 000
QCD +3 j J2 9 835 389.5 978 000
QCD +4 j J2 1 494 832.2 149 000
QCD +5 j J2 249 184.8 25 000

QCD +2 j J3 1 116 548.7 1 115 000
QCD +3 j J3 1 486 726.3 1 483 000
QCD +4 j J3 552 311.1 551 000
QCD +5 j J3 189 793.0 188 000

QCD +2 j J4 31 872.0 318 000
QCD +3 j J4 65 508.9 654 000
QCD +4 j J4 49 028.2 489 000
QCD +5 j J4 24 249.3 242 000
QCD +6 j J4 11 571.7 116 000

QCD +2 j J5+ 750.2 334 000
QCD +3 j J5+ 1 944.8 579 000
QCD +4 j J5+ 2 149.9 642 000
QCD +5 j J5+ 1 392.8 417 000
QCD +6 j J5+ 972.6 291 000

Process
σ × εF Events
(pb)

QCD bb̄ + 0 j J2 137 665.3 137 000
QCD bb̄ + 1 j J2 193 821.1 193 000
QCD bb̄ + 2 j J2 53 806.5 54 000
QCD bb̄ + 3 j J2 13 470.9 13 000

QCD bb̄ + 0 j J3 5 398.1 5 000
QCD bb̄ + 1 j J3 27 239.6 27 000
QCD bb̄ + 2 j J3 18 592.0 18 000
QCD bb̄ + 3 j J3 9 460.5 9 000

QCD bb̄ + 0 j J4 147.9 1 000
QCD bb̄ + 1 j J4 1 078.6 11 000
QCD bb̄ + 2 j J4 1 430.0 15 000
QCD bb̄ + 3 j J4 1 021.2 10 000
QCD bb̄ + 4 j J4 706.5 8 000

QCD bb̄ + 0 j J5+ 3.2 1 000
QCD bb̄ + 1 j J5+ 25.2 7 000
QCD bb̄ + 2 j J5+ 50.0 15 000
QCD bb̄ + 3 j J5+ 52.9 16 000
QCD bb̄ + 4 j J5+ 55.5 17 000
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Table 7.11. Details of 7 TeV diboson background samples. All samples were
generated using HERWIG. Quoted cross sections are calculated at
next-to-leading order.

Process
σ × εF Events
(pb)

WW: 1 lepton filter 17.43 250 000
ZZ: 1 lepton filter 1.265 250 000
WZ: 1 lepton filter 5.553 250 000

Table 7.12. Details of 7 TeV QCD multijet background sample. Sample was
generated using PYTHIA.

Process
σ × εF Events
(pb)

QCD bb̄ pT(e) > 15 GeV 75 126.6 4 448 000

Table 7.13. Details of 7 TeV γ∗+jets background samples. All samples were gen-
erated using PYTHIA.

Process
σ × εF Events
(pb)

γ∗ → µµ 15 GeV < m(`±, `∓) < 60 GeV 1 252.9 1 000 000
γ∗ → ee 15 GeV < m(`±, `∓) < 60 GeV 1 253.0 1 000 000
γ∗ → µµ 8 GeV < m(`±, `∓) < 15 GeV 4 407.0 500 000
γ∗ → ee 8 GeV < m(`±, `∓) < 15 GeV 4 406.1 500 000

7.2. Data

The data used in the preliminary results presented in these thesis were collected at√
s = 7 TeV between the 22nd of September and the 28th of October, 2010 corresponding

to a total luminosity of
∫
L = (41.4±4.6) pb−1. For this analysis, the data was required to

satisfy basic beam, detector and data quality requirements. These requirements include
optimal detector high voltage and nominal solenoid and toroid settings. It is also
mandatory that the status of the subdetectors be sufficiently good that electron, muon,
and jet identification as well as energy and momentum computations do not deviate
significantly from expectation. This includes the systems needed for missing transverse
momentum reconstruction, as well as the lepton trigger systems. These basic data
quality requirements reduced the total integrated luminosity to

∫
L = (31.7±3.5) pb−1.

The uncertainty on the luminosity determination is estimated to be 11% [152].

Page 104



7.2. Data

7.2.1. Vertex Reweighting

With the instantaneous luminosity varying between 1030 cm−2s−1 to 1032 cm−2s−1

during the data taking period, the number of interactions per event fluctuated; there
is typically between one and four interactions. The simulated samples were generated
with an average of two interactions per event. The number of interactions per event
can be determined by the number of good vertices per event, where a good vertex is
defined as a vertex associated with at least five tracks. Figure 7.1 compares the number
of good vertices per event in data to simulation for events passing event and dielectron
selection criteria. As expected, the two distributions are quite different.

The discrepancies between data and simulation are corrected by reweighting the pri-
mary vertex multiplicity distribution in simulation to match that in data. The weights
are shown in Figure 7.2 as a function of the number of good primary vertices. A single
weight is used for events with≥ 7 primary vertices due to the increased statistical error
on the weight when considering numbers of primary vertices beyond this. Figure 7.3
presents the corrected simulation primary vertex multiplicity distribution compared to
data. Note that while the corrected simulation distribution is very similar to that seen
in data, it does not match exactly. This is because the primary vertex distributions are
not exactly identical for each sample, however they are similar enough that a sample
by sample reweighting is not necessary for this study.

For the simulated samples generated without any extra interactions, that is the diboson,
low mass γ∗+jets and QCD multijet samples, no pileup weights are applied.
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Figure 7.1. Number of good primary vertices in data (solid line) and simulation
(dashed line). Individual simulated sample distributions are also
shown for comparison (different shaped points). All distributions
have been normalised to unit area.
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Figure 7.2. Weights to be applied to 7 TeV simulated samples generated with
multiple interactions per event as a function of the number of good
primary vertices. Due to the increasing statistical errors, a single
weight of ∼0.57 was used for events with ≥ 7 primary vertices.
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before (solid circles) and after (solid squares) reweighting.
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Whether you can observe a thing or not depends on the theory which
you use. It is the theory which decides what can be observed.

− Albert Einstein

8
Dileptonic Light Stop Search

This chapter presents a feasibility study of a search for light stop quark pair production
in the dileptonic final state topology in 1 fb−1 of data at

√
s = 10 TeV as presented by

the author in Reference [153]. An example of a decay scenario leading to a dileptonic
final state is shown in Figure 8.1. The event signature of such a final state is two high
pT isolated leptons, two b jets and transverse missing energy from the two neutrinos
and two neutralinos. This analysis only considers the cases where the lepton is an
electron or muon. While this search channel has a lower branching ratio than both the
semileptonic and fully hadronic channels, it has the advantage of relatively low and
well controlled backgrounds.

8.1. Particle Selection Criteria at
√

s = 10 TeV

To detect the stop dileptonic final state, well reconstructed electrons, muons and jets
are required. These final state particles need to be within detector acceptance and
isolated from other particles for good momentum and energy measurements. The
particle selection criteria required to meet these requirements are collectively referred
to as ‘preselection’ criteria and are summarised in Table 8.1. Details of the preselection
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Figure 8.1. Possible t̃1
¯̃t1 production and decay scenario leading to the dileptonic

final state.

Table 8.1. Summary of
√

s = 10 TeV preselection criteria.

Electrons Muons Jets

pT > 10 GeV > 10 GeV > 10 GeV

η
0 ≤ |η| ≤ 1.37 or |η| < 2.5 |η| < 2.5
1.37 ≤ |η| ≤ 2.5

Energy ET < 6 GeV ET < 6 GeV −
Isolation in ∆R < 0.2 in ∆R < 0.2

criteria for each of the particle types and their efficiency for LHS2 stop pair events are
provided below.

Additionally, to aid in identifying stop events, flavour tagging is used, as well as
measurements of missing and total transverse energy. Details of the algorithms used
and their performance is given in the following.

8.1.1. Electron Selection Criteria for
√

s = 10 TeV

The electron candidates are required to have pT > 10 GeV and pseudorapidity in the
range 0 ≤ |η| ≤ 2.5 to match the coverage of the inner detector, and not be found in
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Figure 8.2. Electron reconstruction efficiencies for electrons originating from stop
decays in the LHS2 benchmark point at

√
s = 10 TeV as a function

of electron pT (left) and η (right). The hashed histograms show the
pT and η distributions of true electrons. Reconstructed electrons are
matched to true electrons within ∆R < 0.1.

the calorimeter crack region 1.37 < |η| < 1.52. The candidates are also required to be
isolated: the additional transverse energy ET in a cone ∆R < 0.2 around the electron
axis is required to be less than 6 GeV.

The reconstruction efficiency for electrons with these requirements in LHS2 stop pair
events is shown in Figure 8.2. The plots are produced by taking all true electrons from
a chargino, and counting how many are matched with ∆R < 0.1 to good reconstructed
electrons. The efficiency is the ratio of the two numbers. True electrons were not
required to pass the pT or η selection criteria and hence Figure 8.2 also includes detector
acceptance.

8.1.2. Muon Selection Criteria for
√

s = 10 TeV

Muon candidates are defined as the best match combination from information attained
from the muon chambers and tracking system, have pT > 10 GeV, be in the |η| < 2.5
range and are required to be isolated based on the same criteria as that for electrons.
Muons which are close to the jets defined below, within a cone of radius ∆R < 0.3,
are rejected to remove those muons which arise from decays of hadrons inside jets
which have the potential to degrade resolution in invariant mass combinations. The
reconstruction efficiency, including detector acceptance, for muons in LHS2 stop pair
events is shown in Figure 8.3.
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Figure 8.3. Muon reconstruction efficiencies for muons originating from stop
decays in the LHS2 benchmark point at

√
s = 10 TeV as a function of

muon pT (left) and η (right). The hashed histograms show the pT and
η distributions of true muons. Reconstructed muons are matched to
true muons within ∆R < 0.1.

8.1.3. Jet Selection Criteria for
√

s = 10 TeV

Jets are reconstructed with the seeded fixed cone algorithm. Their energy is calibrated
cell by cell using weights based on cell energy density and location in the calorimeter,
then summed using weighting functions which account for detector effects. An extra
correction factor depending on pT and η is then applied to account for the different
parameters of the seeded fixed cone algorithm used compared to that used to extract
the calibration constants.

The jets are restricted to the pseudorapidity region |η| < 2.5 and must have pT > 10 GeV.
Since many electron candidates are also reconstructed as jets, if a jet overlaps with
an electron within ∆R < 0.2, the jet is removed. The jet reconstruction efficiencies,
including detector acceptance, for jets with these requirements in LHS2 stop pair
events is shown in Figure 8.4.

8.1.4. Flavour Tagging Performance at
√

s = 10 TeV

Jets originating from b quarks are identified using the IP3D+SV1 algorithm and are
used to define both signal and background control regions. Reference [78] quotes a
light jet rejection, defined as the inverse of the light jet misidentification rate, of 633± 7
for an efficiency of 50% using a weight threshold of > 6 for top pair events with this
algorithm. To ensure maximal acceptance of the softer b quarks from light stop decays,
while applying a threshold of pT > 15 GeV, a flavour weight threshold of > 3 was used.
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Figure 8.4. Jet reconstruction efficiencies for jets originating from stop decays
in the LHS2 benchmark point at

√
s = 10 TeV as a function of jet

pT (left) and η (right). The hashed histograms show the pT and η
distributions of true jets. Reconstructed jets are matched to true jets
within ∆R < 0.1.
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Figure 8.5. Flavour tagging efficiencies for heavy flavour jets originating from
stop decays in the LHS2 benchmark point at

√
s = 10 TeV as a function

of jet pT (left) and η (right). The hashed histograms show the pT and
η distributions of true jets. Reconstructed jets are matched to true jets
within ∆R < 0.1.

Lowering the threshold further would increase the fake b jet contribution of W+jet and
QCD multijet backgrounds. The flavour tagging efficiencies for b jets in LHS2 stop
pair events is shown in Figure 8.5. It can be seen that the efficiency of identifying b jets
in light stop events is fairly low, even with the loosening of the weight threshold.

8.1.5. Emiss
T

Reconstruction Performance at
√

s = 10 TeV

The refined cell-based Emiss
T reconstruction algorithm, where cells are calibrated ac-

cording to the reconstructed particle they are assigned to, is used in this analysis. The
performance and resolution of the algorithm for LHS2 stop pair events is shown in
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Figure 8.6. Emiss
T reconstruction performance in stop decays in the LHS2 bench-

mark point for
√

s = 10 TeV.

Figure 8.6. It can be seen that the performance of the algorithm is as expected, with the
reconstructed distribution being a little broader than the true and the Emiss

T resolution
degrading and plateauing as ΣET increases.

8.2. Trigger Selection at
√

s = 10 TeV

Considering the relatively soft jet pT and Emiss
T in light stop events, it is anticipated

that efficient triggering on dileptonic light stop events can only be provided by single
and double lepton triggers. It is expected that for a 1 fb−1 data sample, the lowest
pT thresholds on single lepton triggers will be 20 GeV and 10 GeV for double lepton
triggers. The exact thresholds will depend on detector running conditions.

Figure 8.7 shows the 10 GeV single lepton trigger efficiencies as a function of the
reconstructed lepton pT and η for LHS2 stop pair events. The efficiencies are measured
with respect to the offline preselections described above. As can be seen, the 10 GeV
single lepton trigger efficiencies are at plateau for pT &12 GeV and are relatively flat in
η. The efficiencies for the 20 GeV single lepton triggers are similar but with a higher
pT turn on, plateauing at pT & 22 GeV. The efficiencies for the 10 GeV double lepton
triggers are the product of the single lepton triggers since the triggers are independent
in events with isolated leptons.

Page 112



8.3. Dileptonic Event Selection at
√

s = 10 TeV

 (GeV)
T

p

0 20 40

E
ff
ic

ie
n
c
y

0

0.5

1

T
Reconstructed Electron p L1 Efficiency

L2 Efficiency EF Efficiency

η

­2 0 2

E
ff
ic

ie
n
c
y

0

0.5

1

ηReconstructed Electron L1 Efficiency

L2 Efficiency EF Efficiency
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Figure 8.7. Single lepton trigger efficiencies at L1 (solid circles), L2 (open squares)
and EF (open triangles) for 10 GeV electron (upper) and muon (lower)
triggers as a function of reconstructed lepton pT (left) and η (right) in
LHS2 stop pair events at

√
s = 10 TeV. The hashed histograms show

the pT and η distributions of reconstructed leptons that match true
leptons within ∆R = 0.1. The efficiencies are measured with respect
to the offline lepton preselections described above the exception of
the pT selection.

8.3. Dileptonic Event Selection at
√

s = 10 TeV

Signal selection must take into account the varying signal topologies caused by the
many possible stop-chargino-neutralino mass differences; for example, a small stop-
chargino mass difference will produce very soft b jets, while a large stop-neutralino
mass difference will give rise to high pT leptons. Therefore multiple signal regions
must be identified to clearly isolate as many stop signatures as possible.

The main challenge is to use appropriate selection criteria that do not incur large
systematic uncertainties from detector effects such as the energy resolution of the
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Figure 8.8. Dileptonic observables at 10 TeV normalised to 1 fb−1 for high pT SM
backgrounds (solid, filled histograms) superimposed with the LHS2
benchmark point (hollow, dashed histogram) after lepton selection.

calorimeters, or from model effects on the shape of the backgrounds, but still maintain
sufficiently high signal to background ratio.

In this thesis, two signal regions have been studied, covering two different situations:
(i) large stop-chargino mass differences, giving rise to high pT b jets (b-jet region), and
(ii) large stop-neutralino mass differences, giving rise to high pT leptons and large
Emiss

T (high Emiss
T region). Herein the selection criteria used is described in detail, and

summarised in Table 8.2.

Events are first selected by requiring two opposite sign leptons with pT > 12 GeV. The
lepton pT thresholds are chosen to be as low as is allowed by the trigger to maximise
efficiency. Missing transverse energy Emiss

T and its significance defined as Emiss
T /

√∑
ET,

clean up a large fraction of Z+jets and QCD multijet events. These criteria are used in
combination to improve background suppression at low Emiss

T . The angular separation
between the two oppositely charged leptons ∆φ(`±1 , `

∓
2 ) < (π − 0.4), has been used to
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Figure 8.9. More dileptonic observables at 10 TeV normalised to 1 fb−1 for high
pT SM backgrounds (solid, filled histograms) superimposed with the
LHS2 benchmark point (hollow, dashed histogram) after lepton se-
lection.

separate the more back-to-back W/Z+jets events from the more spherical signal events.
A minimum dilepton invariant mass threshold on the oppositely charged lepton pair
is imposed m(`±1 , `

∓
2 ) > 5 GeV, to suppress backgrounds arising from two calorimeter

clusters pointing to the same inner detector track leading to a double counting of the
same electron in the event. This requirement also removes backgrounds originating
from photon conversions and Dalitz decay. A further selection of m(`±1 , `

∓
2 ) not being

within the Z mass window mZ ± 10 GeV, is applied to remove Z+jets. To further
suppress QCD multijet backgrounds, a requirement is placed on the minimum angular
separation between the missing energy and the first two or three jets in the event, in
the φ plane. Figures 8.8 and 8.9 show a comparison of some of these observables after
dilepton requirements for the LHS2 benchmark point, top and other other high pT SM
(W+jets, Z+jets, diboson) background samples normalised to an integrated luminosity
of 1 fb−1.
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Chapter 8. Dileptonic Light Stop Search

Table 8.2. Summary of the 10 TeV dileptonic event selection criteria.

Criterion b jet region high Emiss
T

region

pT(`±1 ), pT(`∓2 ) > 12 GeV > 12 GeV

Emiss
T > 20 GeV > 20 GeV

Emiss
T /

√∑
ET > 2.0 GeV1/2 > 7.0 GeV1/2

∆φ(`±1 , `
∓
2 ) < (π − 0.4) < (π − 0.4)

m(`±1 , `
∓
2 ) > 5 GeV, 3 mZ ± 10 GeV > 5 GeV, 3 mZ ± 10 GeV

pT(bjet1) > 15 GeV −
pT(jet1) − > 20 GeV

pT(jet2) > 10 GeV > 10 GeV

∆φ(jet1,2,3,E
miss
T )(min.) > 0.3 > 0.3

mbjet,`(max.) < 85 GeV −
mbjet,`(min.) < 55 GeV −

LT < 170 GeV −
HT < 250 GeV −

The differences in the selection criteria of the two signal regions are as follows:

• b jet region: require at least one b jet with pT > 15 GeV and a secondary jet
with pT > 10 GeV. The latter is to suppress background processes with low jet
multiplicities. Upper thresholds are enforced on the maximum and minimum
invariant masses formed between the b jet and the leptons, and on the transverse
scalar sums LT ≡ ∑

` pT + Emiss
T and HT ≡ ∑

jets pT. The maximum invariant
mass has a greater resolution for the heavier background top events, whereas the
minimum invariant mass has a better resolution for the softer stop events. This
is because the angle between the b jet and lepton depends on the virtuality of the
W boson; in the stop decay, the W boson is virtual and so the b jet and lepton are
closer together and the minimum invariant mass is smaller, while in top events
the W boson is real.

• Emiss
T

region: require a leading jet with pT > 20 GeV, and a subleading jet with

pT > 10 GeV. Tighter selection on Emiss
T /

√∑
ET.

The event yield expectations are shown for the b jet and high Emiss
T signal regions

in Table 8.3 for the LHS2 benchmark point, top and other other SM (W+jets, Z+jets,
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8.3. Dileptonic Event Selection at
√

s = 10 TeV

Table 8.3. Dileptonic event yields at 10 TeV for the b jet and high Emiss
T signal

regions for 1 fb−1 with the LHS2 benchmark point and SM backgrounds.
Errors are statistical only.

Process b jet region high Emiss
T

region

tt̄ 279 ± 6 432 ± 7

single t 45 ± 3 38 ± 2

W → eν + j 6 ± 2 8 ± 3

W → µν + j 1 ± 1 17 ± 4

W → τν + j 0 5 ± 2

W → `ν + b 3 ± 1 0

Z→ ee + j 0 0

Z→ µµ + j 0.4 ± 0.4 30 ± 5

Z→ ττ + j 10 ± 3 34 ± 4

Diboson 1.6 ± 0.4 28 ± 2

QCD 0 0

QCD bb 0 0

Signal 220 ± 30 50 ± 10

Backgrounds 345 ± 7 590 ± 10

Table 8.4. Dileptonic event yields at 10 TeV for the b jet and high Emiss
T signal

regions with 1 fb−1 for selected mt̃1
, mχ̃±1 , mχ̃0

1
grid points. Errors are

statistical only.

mt̃1
/mχ̃±

1
/mχ̃0

1
(GeV) b jet region high Emiss

T
region

95/95/45 90 ± 50 1 000 ± 200
95/135/45 50 ± 30 800 ± 100

105/95/45 70 ± 30 480 ± 80
105/135/45 20 ± 20 500 ± 90

115/95/45 380 ± 60 390 ± 60
115/135/45 10 ± 10 420 ± 60

120/95/45 450 ± 60 320 ± 50
120/215/45 20 ± 10 320 ± 50

150/95/45 59 ± 9 60 ± 10
150/215/45 10 ± 5 270 ± 30

180/95/45 5 ± 4 270 ± 30
180/215/45 0 150 ± 10

240/95/45 3 ± 1 27 ± 3
240/215/45 6 ± 1 62 ± 4
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Figure 8.10. Dileptonic observables at 10 TeV for the b jet (left) and high Emiss
T

(right) signal regions for 1 fb−1 with the LHS2 benchmark point
(hollow histogram) and SM backgrounds (patterned histograms).
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8.4. Dileptonic Background Estimation

diboson, QCD multijet, including bb̄) background samples for an integrated lumi-
nosity of 1 fb−1. Top pair production dominates the background contribution to
both signal regions. Note the differing LHS2 event yields in the two signal re-
gions; in this benchmark point, the relatively large stop-chargino mass difference,
mt̃1
− mχ̃±1

' 25 GeV � mb, implies observable b jets, while the chargino-neutralino
mass difference, mχ̃±1

− mχ̃0
1
' 50 GeV� mW, implies relatively low Emiss

T significance.
This is clearer in Figure 8.10, where the same observables are displayed for both sig-
nal regions. Table 8.4 shows the event yield expectations for the b jet and high Emiss

T
signal regions for selected stop grid points for an integrated luminosity of 1 fb−1.
Unfortunately, these numbers are dominated by statistical errors after luminosity nor-
malisation, particularly for points with low mt̃1

. Note the varying event yields for the
different sparticle masses and signal regions.

8.4. Dileptonic Background Estimation

Data driven approaches were developed to estimate normalisation of the major back-
grounds. This approach was taken due to the difficulties associated with modelling
possible instrumental effects and involving tails of distributions.

The contribution from W+jets production is an example of a background which could
be challenging to simulate, as these events only mimic the dileptonic stop signal
if a jet has been misidentified as a lepton. Consequently, this contribution will be
controlled by direct measurements from data using the method described in detail in
Section 10.4. For this analysis, the assumption was made that the W+jets background
could be determined with 50% accuracy at 200 pb−1, dominated by statistical errors,
and 20% accuracy at 1 fb−1, dominated by systematic effects.

The contribution of the QCD multijet and bb̄ processes is also difficult to assess. As can
be seen in Table 8.3, no simulated events from these backgrounds survive the signal
region selection criteria. Note that due to large simulation scaling factors, this result is
not very meaningful.

An estimation for the contributions from these processes can be made under the
assumption of ‘factorisable’ efficiencies for the selection criteria. The event selection
can be broken into three components, lepton, jets (and b jets) and Emiss

T selection. The
probability for finding two leptons (ε2`), two jets (ε2jet), one b jet (εbjet), and Emiss

T and
its significance (εEmiss

T
) in an event are determined from the simulated samples. Criteria
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Chapter 8. Dileptonic Light Stop Search

pertaining to angular separation and invariant masses between leptons of the same
type are also considered in these efficiencies. The minimum azimuthal angle between
the jets and Emiss

T is correlated with the Emiss
T criteria and included that efficiency.

Based on the factorised efficiencies, the expected yield for QCD multijet and bb̄ back-
grounds is calculated as:

b jet region : Nexpected(2` + bjet + Emiss
T ) = σ × L × ε2` × εbjet × εEmiss

T

= 35 ± 8 events

high Emiss
T region : Nexpected(2` + 2jets + Emiss′

T ) = σ × L × ε2` × ε2jet × εEmiss′
T

= 0.4 ± 0.2 events

This yield is relatively insignificant and thus QCD multijet and bb̄ backgrounds are
neglected for the remainder of this analysis. The normalisation and shapes of these
backgrounds will ultimately be determined directly from data using a method similar
to Reference [154] which was developed for similar lepton selection criteria.

The shape of the expected contribution from the top backgrounds (tt̄ and single t) is
determined using simulation. The normalisation of the background will be derived
from data using the ratio of expected top events in a sideband region defined for each
of the signal regions. For the b jet signal region, the top sideband region is defined by
mbjet,`(max.) > 110 GeV as shown in Figure 8.11(a), while all the other selection criteria
remain the same as the signal region. For the high Emiss

T signal region, the top sideband
is defined by the presence of a b jet with pT > 15 GeV, as depicted in Figure 8.11(b).
This is done to enhance the top contribution which is characterised by high pT b jets.

To estimate Z → ee and Z → µµ backgrounds deriving from Z events with invariant
mass outside the Z mass window, the simulation contribution is normalised to the
measured yield inside the Z mass window, shown in Figure 8.11(c), after subtracting
the top background. Typically only a few Z events lie within the signal regions, but
this technique is used to ensure control over this background.

Table 8.5 displays the yields in the top and Z sidebands for the LHS2 benchmark signal
point and all SM background samples, excluding QCD multijet backgrounds. Note
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Figure 8.11. Dilepton top and Z sideband region selection variables at 10 TeV
for the b jet and high Emiss

T signal regions for 1 fb−1 with the LHS2
benchmark point (hollow histogram) and SM backgrounds (pat-
terned histograms).

the insignificant contribution of the LHS2 signal to each of these regions. This can
also be seen in Figure 8.11 where relevant selection variables in each of the sideband
regions is shown. It is clear that the estimation of the Z background must follow
the top background due to contamination. Selected stop signal grid points are given
in Table 8.6. Points with high stop-chargino mass differences will contaminate the
top sideband region while points with high chargino-neutralino mass differences will
contaminate the Z sideband region.

The remaining backgrounds are primarily from Z → ττ, Wbb̄, and diboson events.
These backgrounds are estimated using simulation. These processes have two recon-
structed opposite sign high pT prompt leptons. The calculated number of expected
background events from a process is given by: Nexpected = σprocess × L × ε where the
acceptance, ε = Npassed/Ntotal, is the fraction of events that passed the selection criteria.
For data, the differences in particle selection efficiencies between simulation and data
will need to be taken into account.
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Table 8.5. Dileptonic event yields at 10 TeV for the top and Z sideband regions
for both signal regions for 1 fb−1 with the LHS2 benchmark point and
SM backgrounds.

Process
b jet signal region high Emiss

T
signal region

t sideband Z sideband t sideband Z sideband

tt̄ 699 ± 9 720 ± 9 343 ± 6 687 ± 9

single t 59 ± 3 96 ± 5 19 ± 1 125 ± 5

W → eν + j 0 1 ± 1 0 38 ± 9

W → µν + j 0 0 0 21 ± 6

W → τν + j 0 0 0 2 ± 2

W → `ν + b 0 8 ± 2 1 ± 1 6 ± 2

Z→ ee + j 0 2 020 ± 30 0 327 000 ± 900

Z→ µµ + j 5 ± 3 1 640 ± 30 1 ± 1 310 300 ± 900

Z→ ττ + j 8 ± 2 1 ± 1 2 ± 1 50 ± 10

Diboson 2 ± 1 93 ± 3 2 ± 1 1 040 ± 10

Signal 30 ± 10 50 ± 10 16 ± 8 150 ± 20

Background 772 ± 9 41 000 ± 5 000 367 ± 6 760 000 ± 20 000

Table 8.6. Dileptonic event yields at 10 TeV for the top and Z sideband regions
for both signal regions with 1 fb−1 for selected mt̃1

, mχ̃±1 , mχ̃0
1

grid points.

mt̃1
/mχ̃±

1
/mχ̃0

1
b jet signal region high Emiss

T
signal region

(GeV) t sideband Z sideband t sideband Z sideband
95/95/45 20 ± 20 0 110 ± 50 310 ± 80
95/135/45 50 ± 30 20 ± 20 50 ± 30 500 ± 100

105/95/45 30 ± 20 60 ± 30 70 ± 30 240 ± 60
105/135/45 20 ± 20 20 ± 20 60 ± 30 320 ± 70

115/95/45 10 ± 10 120 ± 30 90 ± 30 330 ± 60
115/135/45 10 ± 10 20 ± 10 0 310 ± 60

120/95/45 20 ± 10 100 ± 30 110 ± 30 150 ± 30
120/215/45 7 ± 7 0 10 ± 10 210 ± 40

150/95/45 70 ± 9 35 ± 7 23 ± 5 35 ± 7
150/215/45 3 ± 3 0 217 ± 7 150 ± 20

180/95/45 5 ± 4 5 ± 4 10 ± 5 140 ± 20
180/215/45 2 ± 2 2 ± 2 7 ± 3 90 ± 10

240/95/45 17 ± 2 7 ± 1 18 ± 2 7 ± 1
240/215/45 1 ± 1 6 ± 1 20 ± 2 17 ± 2
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8.5. Dileptonic Background Subtraction

8.5. Dileptonic Background Subtraction

Once the background yields and shapes are determined, they are subtracted from the
signal following the procedure described here. The results from the factorisation study
in the previous section suggests that the QCD multijet contribution is small and can be
neglected in this analysis in both signal regions. The top background is determined as
described previously and subtracted from the signal and Z sideband regions. The
Z contribution is then subtracted after rescaling as described above. Finally, the
backgrounds estimated from simulation are subtracted, that is, backgrounds due to
jets misidentified as leptons, and the backgrounds from Z → ττ, Wbb̄, and diboson
production. Table 8.7 shows the breakdown of the different backgrounds using the
LHS2 benchmark as the signal. The presence of signal in the sideband region causes
some overestimate of the top background in the signal region.

8.6. Systematic Uncertainties

The sources of systematic error which can affect the analysis presented in these thesis
are outlined here, with their expected uncertainties taken from Reference [78] unless
otherwise stated. The systematics are generally considered to be uncorrelated.

Table 8.7. Dileptonic background breakdowns at 10 TeV for both signal regions
for 1 fb−1 with LHS2 as the signal component after background esti-
mation. Statistical errors are derived from sideband rescaling.

Component Yield b jet region Yield high Emiss
T

region

Total Background 370 ± 10 620 ± 10

t Background 320 ± 20 490 ± 30

Z Background 9 ± 4 63 ± 9

Fake Background 59 ± 8 22 ± 5

Other Background 4 ± 4 27 ± 6

Total Estimate 390 ± 20 600 ± 30
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8.6.1. Leptons

For electrons, the uncertainty on the identification efficiency is expected to be of the
order of 0.5% and assumed to be pT independent. For muons with pT < 100 GeV, a 1%
uncertainty on identification efficiency is estimated. Both lepton identification uncer-
tainties include the uncertainty on trigger identification efficiency and are independent
of η. In this analysis, identification and efficiency uncertainties are determined by ran-
domly removing the respective particles according to their nominal uncertainties.

The uncertainty on the electron energy scale is estimated to be 0.2% and resolution to be
1%, independent of pT and η. For muons, the uncertainty on the pT scale is estimated to
be 0.2% and on the pT resolution is estimated to be 4% for pT < 100 GeV, independently
of η. Since the energy scale uncertainties are global changes to the overall energies of
the particles, all particles of a given type are varied simultaneously. The uncertainties
deriving from the resolution are derived by smearing the respective quantities with a
single Gaussian.

8.6.2. Jets

The determination of the jet energy scale is rather challenging as it depends on a variety
of detector and physics effects including nonlinearities in the calorimeter response due
to the noncompensating nature of hadronic calorimeter, energy loss in inactive material
and energy lost outside the jet cone.

To estimate the sensitivity of the analyses to the jet energy scale uncertainty, the
energies of reconstructed jets are scaled by 5%. To account for jet energy resolution,
the energy of each jet is smeared by 60%/

√
E⊕5%. These uncertainties are assumed to

be independent of pT and η. Jet energies are modified prior to the selection of analysis
objects in order to mimic the situation with real data. The resulting variation in the
measurement from the analyses gives a good measure of the systematic uncertainty
due to the jet energy scale.

This systematic is one of the largest ones contributing to the analysis due to the multiple
jets in the signal region and use of jet combinations in selection criteria.
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8.6. Systematic Uncertainties

8.6.3. Missing Transverse Energy

The Emiss
T can be affected by a number of causes. It is expected that the cell-based Emiss

T
reconstruction algorithm, is affected primarily by the jet and lepton energy scales and
resolution. In this analysis, Emiss

T is recalculated according to the systematic variations
for the jet and lepton energy scales and resolutions. An additional rescaling is also
necessary to account for the uncertainty in the measurement of the low pT contribution
to the Emiss

T calculation. A 10% rescaling on this low pT contribution is applied.

This dependence of the Emiss
T calculation on the jet and lepton energy scales and

resolution means that uncertainties on these measurements will affect analyses in
multiple ways, increasing their associated systematic errors.

8.6.4. Flavour Tagging

The efficiency of the identification of b jets and related rejection of light favour jets
depends on the performance of the tracking algorithms in reconstructing the impact
parameter and secondary vertex. For integrated luminosities of 1 fb−1, the relative
error on the b tagging efficiency is assumed to be 5% while the light flavour rejection
relative error is assumed to be 10%. As b jets are used in event selection, analyses
will be very sensitive to uncertainties in flavour tagging. The b jet efficiency and light
quark rejection variations are implemented by randomly rejecting b tagged jets or by
randomly changing the tag of light flavour jets.

8.6.5. Jets Misidentified as Leptons

The largest systematic uncertainty associated with jets faking leptons arises from mea-
suring the fake rate in control samples and extrapolating it to the signal region. Based
on the of this background in References [155, 156], conservative estimates of the error
on the fake rates from muons and electrons are taken to be 20% at 1 fb−1 and 50% at
200 pb−1.
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8.6.6. Background Simulation and Estimation

The uncertainties on top pair and single top quark production will affect the analysis
the most, and thus were studied in detail. To estimate the uncertainty on predicted
kinematic distributions, predictions from different generators were compared. It was
found that only the rate of background processes was affected and not the shapes, and
thus this uncertainty can be neglected. To evaluate the systematic effect of initial and
final state QCD radiation (ISR and FSR), which impact the jet multiplicity and trans-
verse momenta of particles in an event, studies were performed varying ΛQCD from
0.192 GeV to 0.096 GeV (ISR) and 0.0384 GeV (FSR) in top background samples [157].

The uncertainties on the background cross sections used in the normalisation of the
background processes will affect the signal to background ratios and propagate into the
estimated signal yields. Following Reference [157], these cross section uncertainties
were estimated to be: 10% for top pair, 20% for single top quark, W+jets and Z+jets
and 100% for diboson and QCD multijet events.

8.6.7. Total Systematic Error

The total systematic error on the background estimation is 14% for the b jet region
and 8% for the high Emiss

T region. The results are mostly insensitive to the choice of
signal hypothesis considered. A breakdown of the systematic uncertainties on the
background estimation for both signal regions is given in Table 8.8. The systematic
uncertainties are larger in the b jet signal region due to numerous selection criteria based
on jet kinematics and flavour tagging weights. This tight selection window incurs
dependence on the jet energy scale, allowing migration of top events between signal
and sideband regions. The very tight requirement on the missing energy significance
in the high Emiss

T region results in relatively small error contributions. Further studies
will need to be performed to reduce the systematics associated with the choices of
signal region.

Page 126



8.7. Dileptonic Search Results

Table 8.8. Dileptonic systematic errors in % on background estimation at 10 TeV
for 1 fb−1 for both signal regions.

Systematic Error b jet region Error high Emiss
T

region

Ee scale 0.51 0.13

Ee resolution 0.80 0.00

e identification efficiency 0.01 0.05

pµ scale 0.16 0.03

pµ resolution 0.42 1.00

µ identification efficiency 0.86 0.07

Ejet scale 8.50 4.41

Ejet resolution 3.92 0.42

flavour tagging efficiency 6.11 2.69

flavour tagging rejection 1.48 2.66

tt̄ generation 1.74 1.14

tt̄ fragmentation 5.21 3.36

tt̄ ISR/FSR 5.25 1.14

single−t generation/fragmentation 0.75 0.39

σ(tt̄) 0.30 0.23

σ(single−t) 0.60 0.46

σ(z) 0.00 0.00

σ(QCD), σ(Diboson) 0.98 4.53

Fake rate 3.02 0.71

Total 14.09 8.41

8.7. Dileptonic Search Results

The discovery potential for 1 fb−1 of integrated luminosity for the b jet and high Emiss
T

signal regions in various sparticle mass scenarios is shown in Figure 8.12, calculated
following the procedure in Reference [158]. The signal significance taking into account
statistical and systematic errors for the LHS2 benchmark and selected grid points is
given in Tables 8.9 and 8.10. The two signal regions are sensitive to different signal
points, with many points above 3σ in significance. Signal points with stop masses
. 120 GeV and stop-neutralino mass differences & 60 GeV have the greatest discovery
potential. The signal points with significance & 10 have the potential for exclusion
with ∼ 200 pb−1 of data.

Page 127



Chapter 8. Dileptonic Light Stop Search

Table 8.9. Discovery potential at 10 TeV for the b jet signal region with 1 fb−1 for
LHS2 and selected mt̃1

, mχ̃±1 , mχ̃0
1

grid points.

Signal Yield Statistical Systematic Significance
(events) Error (%) Error (%)

LHS2 212 14 26 3.1

95/95/45 90 29 61 1.4
95/135/45 45 57 130 0.6

105/95/45 74 35 74 1.1
105/135/45 15 170 360 0.2

115/95/45 374 8.3 14 10.4
115/135/45 10 250 540 0.1

120/95/45 451 7.2 12 12.4
120/215/45 22 120 250 0.3

150/95/45 61 40 95 0.9
150/215/45 10 240 515 0.1

180/95/45 5 470 1 000 0.0
180/215/45 0 − − −
240/95/45 2 1 000 2 200 0.0
240/215/45 6 410 890 0.0

Table 8.10. Discovery potential at 10 TeV for the high Emiss
T signal region with 1

fb−1 for LHS2 and selected mt̃1
, mχ̃±1 , mχ̃0

1
grid points.

Signal Yield Statistical Systematic Significance
(events) Error (%) Error (%)

LHS2 53 74 100 0.8

95/95/45 697 7.1 8.6 12.1
95/135/45 562 8.2 9.9 10.6

105/95/45 238 18 24 3.2
105/135/45 360 12 16 4.7

115/95/45 268 17 22 3.5
115/135/45 239 17 22 3.4

120/95/45 180 25 33 2.4
120/215/45 209 20 26 3.0

150/95/45 36 110 150 0.5
150/215/45 215 19 25 3.1

180/95/45 214 19 25 3.1
180/215/45 131 31 41 1.9

240/95/45 20 190 270 0.3
240/215/45 44 90 130 0.6
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Figure 8.12. Discovery potential at 10 TeV for the b jet and high Emiss
T signal

regions in various sparticle mass scenarios with 1 fb−1.

8.8. Stop Contribution to Top Analyses

In the investigated light stop decay scenarios, the light stop decay products are identical
to those from the decay of top quarks, but with two extra neutralinos in the final state
(compare Figure 8.13 to Figure 8.1). Therefore, if nature allows this possibility, stop
quark events affect the measurement of the top quark cross section. This section
explores the possible contribution of the stop signal to the semileptonic and dileptonic
top cross section analyses detailed in References [155] and [156] respectively.

The basic top event selections consist of a series of kinematic requirements on the
reconstructed particles, which are listed in Table 8.11. The event yield expectations
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Figure 8.13. tt̄ production and decay.
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Table 8.11. Summary of 10 TeV basic top selection criteria.

Criterion
Semileptonic Dileptonic

Selection Selection

Leptons pT(`±1 ) > 20 GeV
pT(`±1 ), pT(`∓2 ) > 20 GeV

m(`±1 , `
∓
2 ) 3 mZ ± 5 GeV

Jets
pT(jet1), pT(jet2), pT(jet3) > 40 GeV

pT(jet1), pT(jet2) > 20 GeV
pT(jet4) > 20 GeV

Missing Transverse
Emiss

T > 20 GeV
Emiss

T > 35 GeV (ee, µµ)

Energy Emiss
T > 20 GeV (eµ)

Table 8.12. Top basic selection event yields at 10 TeV 1 fb−1 with the LHS2 bench-
mark point and SM backgrounds. Errors are statistical only.

Process
Semileptonc Dileptonic

Selection Selection

tt̄ 28 570 ± 10 3 620 ± 20

single t 2 500 ± 200 292 ± 6

W → eν + j 4 550 ± 40 75 ± 10

W → µν + j 5 020 ± 40 110 ± 10

W → τν + j 780 ± 20 8 ± 3

W → `ν + b 268 ± 2 1 ± 1

Z→ ee + j 340 ± 3 16 ± 3

Z→ µµ + j 268 ± 2 117 ± 7

Z→ ττ + j 296 ± 2 190 ± 9

Diboson 57 ± 1 110 ± 4

Signal 240 ± 20 280 ± 30

Backgrounds 42 600 ± 200 4 560 ± 30

are shown for both analyses in Table 8.12 for the LHS2 benchmark point together with
top and other other high-pT SM background processes for an integrated luminosity of
1 fb−1. Top pair production is the dominant contribution, being 67% and 75% of the
events passing the semileptonic and dileptonic selections respectively, while the LHS2
contribution is insignificant, making up 0.56% and 5.8% of the events.
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Figure 8.14. Top signal selection variables at 10 TeV for the semileptonic search
channel (left) and the dileptonic search channel (right) normalised to
1 fb−1 for high pT SM backgrounds (solid, filled histograms) superim-
posed with the LHS2 benchmark point (hollow, dashed histogram)
after basic top selections.

In the top analyses, further selection criteria are used to increase the proportion of
top events. These include selections on reconstructed quantities such as hadronic top
mass (defined as the invariant mass of the three jet combination whose total pT is the
highest amongst all three jet combinations) in the semileptonic analysis [155] shown in
Figure 8.14(a), or HT ≡ ΣjetspT in the dileptonic analysis [156] shown in Figure 8.14(b).
These particular variables have an effect on the stop events, further reducing their
contribution to the top cross section. This implies that the stop signal will not be
seen in top cross section measurements for most of the sparticle masses explored in
this thesis, as shown in Table 8.13. This result motivates the necessity of specialised
analyses to search for light stop signatures.

8.9. Dileptonic Stop Search Summary

Light stop events have highly varied final state kinematics depending on the stop,
neutralino and chargino masses and mass differences. Despite the decay products of
light stop pairs being identical to those from the decay of top quark pairs, due to either
the low production cross sections or the low pT of the final state products, stop pair
events will not be seen in top cross section measurements. Thus, specialised analyses
are necessary for light stop signatures.
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Table 8.13. Top basic selection event yields at 10 TeV with 1 fb−1 for selected mt̃1
,

mχ̃±1 , mχ̃0
1

grid points. Errors are statistical only.

mt̃1
/mχ̃±

1
/mχ̃0

1
Semileptonic Dileptonic

(GeV) Selection Selection
95/95/45 5 000 ± 1 000 1 000 ± 200
95/135/45 100 ± 200 900 ± 100

105/95/45 100 ± 200 800 ± 100
105/135/45 800 ± 100 700 ± 100

115/95/45 900 ± 300 780 ± 90
115/135/45 2 940 ± 70 680 ± 80

120/95/45 1 120 ± 40 780 ± 10
120/215/45 23 ± 7 530 ± 60

150/95/45 1 390 ± 5 230 ± 20
150/215/45 570 ± 3 450 ± 30

180/95/45 6 000 ± 8 000 440 ± 30
180/215/45 70 ± 900 240 ± 20

240/95/45 5 000 ± 4 000 57 ± 4
240/215/45 300 ± 500 88 ± 5

In this thesis, two signal regions were defined to take into account the varying signal
topologies. Two sideband regions were defined for each signal region for data driven
background estimation of Z boson and top quark backgrounds. For proton-proton
collision energies of 10 TeV and an integrated luminosity of 1 fb−1 it was determined
that signal points with low stop mass and high stop-neutralino mass differences had the
greatest discovery potential. These signal points also have the potential for exclusion
with ∼ 200 pb−1 of data.

Future studies must look towards refining the techniques used for background sub-
traction from sideband information and on ensuring the analysis be robust against
systematic uncertainties from the selection criteria for the signal region. Significance
may also be improved through studies of the expected shape of a null signal hypothesis
in the signal region.
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What we observe is not nature itself, but nature exposed to our method
of questioning

−Werner Heisenberg

9
Semileptonic Light Stop Search

This chapter presents a feasibility study of extracting a signal for light stop pair produc-
tion in the semileptonic final state topology in 1 fb−1 of data at

√
s = 10 TeV. Figure 9.1

shows a possible light stop production and decay scenario leading to the semileptonic
final state, characterised by an isolated high pT lepton, two b jets, two light quark jets
and missing transverse energy.

The semileptonic channel has a higher branching ratio than the dileptonic channel and
if the light stop is discovered, it offers the possibility of extracting the stop, neutralino
and chargino masses by measuring kinematic endpoints of various quantities, as de-
tailed in Appendix D. The shortcoming of this channel is the very large irreducible top
background.

Note that this analysis uses the same particle preselection criteria as the previously
discussed dileptonic analysis and these details will not be repeated here.
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Figure 9.1. Possible t̃1
¯̃t1 production and decay scenario leading to the semilep-

tonic final state.

Table 9.1. Summary of the 10 TeV semileptonic event selection criteria.

Criterion Selection

Leptons pT(`±1 ) > 20 GeV

Jets
pT(jet1), pT(jet2) > 10 GeV

pT(bjet1), pT(bjet2) > 15 GeV

HT < 300 GeV

Missing Transverse
Emiss

T > 20 GeV
Energy

9.1. Semileptonic Event Selection

Due to the similarity of stop pair decay to top pair decay, event selection is based
on that defined for the measurement of the top cross section in the semileptonic
channel in Reference [155], but with softer requirements on the kinematics to match
the stop signal. Table 9.1 provides the stop event selection criteria. Both the top
and stop analyses begin by requiring at least one lepton with pT > 20 GeV. This
requirement reduces the signal efficiency, but is necessary due to trigger requirements;
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9.1. Semileptonic Event Selection

it is expected for 1 fb−1 of integrated luminosity, the lowest single lepton trigger will
have a pT threshold of 20 GeV. Figure 9.2 shows a comparison of some of the basic event
observables after trigger and lepton requirements for the LHS2 benchmark point, and
top and other other SM (W+jets, Z+jets, diboson) background processes normalised to
an integrated luminosity of 1 fb−1. Of note is the missing transverse energy distribution
in Figure 9.2(e). Unlike the canonical SUSY collider signature of a number of high pT

jets and large missing transverse energy, stop pair events tend to be more spherical in
shape, meaning the neutralinos in the final state balance one another and the missing
transverse energy is not large. The missing transverse energy selection is therefore left
at 20 GeV to suppress Z and QCD multijet backgrounds. Thus the jet pT thresholds are
the only selections to be lowered for the softer signal kinematics. However, lowering
the required jet pT thresholds allows more QCD multijet events to pass selections and
so the additional requirement of two b tagged jets is added to improve signal purity.
To decrease the higher energy top pair background, an upper threshold is placed
on the scalar sum of the pT of the jets passing preselection criteria, HT ≡ ∑

jets pT <

300 GeV, shown in Figure 9.2(f). The event yield expectations after event selection are
shown for the signal region in Table 9.2 for the LHS2 benchmark point, and top and
other SM (W+jets, Z+jets, diboson) background processes normalised to an integrated
luminosity of 1 fb−1.

Table 9.2. Semileptonic signal region event yields at 10 TeV for 1 fb−1 with the
LHS2 benchmark and SM backgrounds. Errors are statistical only.

Process Yield

tt̄ 10 762 ± 6

single t 1 200 ± 100

W → eν + j 150 ± 20

W → µν + j 140 ± 30

W → τν + j 20 ± 10

W → `ν + b 222 ± 2

Z→ ee + j 4 ± 1

Z→ µµ + j 18 ± 5

Z→ ττ + j 10 ± 1

Diboson 3 ± 1

Signal 300 ± 20

Backgrounds 12 500 ± 100
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Figure 9.2. Semileptonic observables at 10 TeV normalised to 1 fb−1 for high pT
SM backgrounds (solid, filled histograms) superimposed with the
LHS2 benchmark (hollow, dashed histogram) after lepton trigger and
selection.
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9.2. Semileptonic Background Estimation

9.2. Semileptonic Background Estimation

After event selection, the expected dominant background to the light stop pair signal
is still top pair production. Smaller contributions to the background arise from single
top quark, W/Z+jets and QCD multijet production. Single top quark events are the
most similar to the light stop signal, requiring only the mistagging of a light favour jet
as a b jet to mimic the signal. W+jets events only contribute to the background if two
jets are identified as b jets while Z+jets events only contribute to the background if at
least 20 GeV of Emiss

T is reconstructed, one of the leptons is not identified and two jets
are identified as b jets. QCD multijet events only constitute a background if at least
20 GeV of Emiss

T is reconstructed and if a jet is mistakenly identified as a lepton or if it
contains a semileptonic decay of a heavy quark, as well as two jets that are identified as
b jets. Given the substantial uncertainty in the theoretical prediction of QCD multijet
processes with heavy flavour quarks and the difficulty in reliably modelling lepton
misreconstruction and flavour mistagging, data driven estimation is required for all
these backgrounds. In this analysis, the contributions from single top quark, W/Z+jets
and QCD multijet backgrounds will be neglected since the contribution from top pair
production is an order of magnitude higher, as seen in Table 9.2.

9.2.1. Semileptonic Top Background Estimation

The top pair background can be estimated from data by exploiting the fact that one of
the W bosons decays into two light jets and the other decays into a charged lepton and
its corresponding neutrino, tt̄→ bb̄W+W− → bb̄q̄q`ν`. Two pure top samples can thus
be selected, with minimum contribution from the stop signal, by separately applying
strict selection criteria on each of the two branches.

An essential step to estimate this background is to reconstruct all selected events
assuming a semileptonic top pair hypothesis. The hadronic top candidate is defined
as the combination of one tagged b jet and two light jets those combined total pT is the
highest. The reconstruction of the leptonic top candidate is a little more complicated
due to the neutrino in the final state. However since the neutrino is the only source of
missing energy, it can be assumed that the transverse missing momentum measured
belongs to the neutrino. The longitudinal momentum of the neutrino can then be
calculated by assuming that the W-boson which the neutrino and lepton decayed from
was on-shell, and applying the W mass constraint. For mT ≡ 2|p`T ||Emiss

T | − 2~p`T · ~Emiss
T ≤
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Chapter 9. Semileptonic Light Stop Search

mW, there is a quadratic equation and two solutions for pνz exist1. Simulation studies
show that the solution closest to the truth kinematics is the one with the smallest
absolute value, hence is the one chosen in this analysis. For mT > mW, p`z = Emiss

T /p`T

is used. This calculated pνz is combined with the x and y components of Emiss
T , the

remaining b jet and highest pT lepton in the event to create the leptonic top candidate.
This method associates the correct b jet with the appropriate decay branch 87% of the
time in top events and 79% in stop pair events.
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Figure 9.3. Reconstructed hadronic and leptonic top masses for semileptonic top
(solid line, hashed histogram) and LHS2 stop (dashed line, hollow
histogram) pairs for 1 fb−1 at 10 TeV.
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Figure 9.4. Reconstructed hadronic and leptonic top masses for semileptonic top
(left) and LHS2 stop (right) pairs for 1 fb−1 at 10 TeV. Dashed lines
show top sample selections from Reference [159].

1Details of this calculated can be found in Appendix E.
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9.2. Semileptonic Background Estimation

The distributions of the reconstructed hadronic and leptonic top masses, m(bj j) and
m(b`ν`), are shown in Figures 9.3 and 9.4 for semileptonic top and LHS2 stop pairs.
The top mass peak at ≈ 175 GeV is clearly visible in the top sample, while the stop
contributes only to the lower mass regions. The leptonic top mass distribution is
narrower than the hadronic top mass as a consequence of the neutrino momentum
calculation.

Top pair background estimation will nominally proceed as follows. A hadronic top
sample is chosen in data using selections on the leptonic branch, the sample is then
normalised to the number of events in the background, and finally the scaled sample is
subtracted from the observed hadronic top distribution to extract the signal. Similarly
for a leptonic top sample selected using the hadronic branch. In a previous ATLAS
semileptonic stop pair analysis [159], the hadronic top sample was chosen to satisfy
the following conditions on the leptonic branch: m(b`ν`) = (175±25) GeV and m(b`) >
60 GeV, while the leptonic top sample was chosen to satisfy the following conditions on
the hadronic branch: m(bj j) = (175±25) GeV and m( j j) > 60 GeV. However the bracket
selection criteria around the top mass are too narrow and would bias the background
samples as can be seen in Figure 9.4(a). Moreover, due to the broad jet resolution,
the leptonic top sample does not include most of the events in the hadronic top peak.
If the background sample distribution is not representative of the full background
distributions, the estimate of the background under the stop signal is incorrect. As
shown in Reference [159], the background subtraction will result in a distribution that
does not reproduce the real signal, biasing the endpoint measurements.

In this analysis, top pair background estimation will thus proceed as follows. A
top sample is selected using the leptonic branch of the event, requiring m(b`ν) >
150 GeV. This top sample is then used to estimate the shape of the hadronic background
distribution, m(bj j). Figure 9.5(a) displays the sample distribution compared to the
background distribution for semileptonic top pair events and all high pT background
(single top, W/Z+jets and diboson) processes. The sample distributions have been
rescaled so that the integral of the sample and background distributions are the same. It
can be seen that the top sample matches the background distribution well, as expected.
Including the other background samples introduces a bias in the low mass region,
due to the contributions of single top quark and W+jets events, which can be seen
quantitively in Table 9.3. Further work will be required to reduce the bias. In this
analysis it is assumed that the shape of the contribution of the single top and W+jets
events is well reproduced by the simulation and this background can be accounted
for by using the fitted linear function, shown in Figure 9.5(b). Thus the background
estimation method will contain an extra step, where the sample in data will be corrected
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Figure 9.5. Semileptonic top estimation samples (solid points) compared to back-
ground distributions (hashed histograms) for 1 fb−1 at 10 TeV. Sample
distributions have been rescaled to match the background distribu-
tions. The lower half of the figures presents the ratio of the sample to
the background (hollow points).

using the fit from simulation. The corrected distribution will then be scaled to match
the number of events in the background distribution, using the integral of the upper
halves of the distributions, 300 GeV < m(bj j) < 600 GeV, where there is no signal
expected as seen in Figure 9.3(a). Finally, the sample will be subtracted from the
observed distribution to extract the signal.

9.3. Semileptonic Background Estimation Results

To test the sensitivity of the above background estimation method , the detector system-
atic uncertainties were applied as explained in the previous chapter. The percentage
change in the event yield in the background samples is shown in Table 9.4. As can
be seen, the method is very sensitive to systematic uncertainties related to jet recon-
struction with a 40% change in event yield due to jet energy scale and a 13% change
due to jet energy resolution. Inaccuracies in measuring jet energy affect the analysis in
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Table 9.3. Semileptonic top sample region event yields at 10 TeV for 1 fb−1 with
the LHS2 benchmark and SM backgrounds. Errors are statistical only.

Process Yield

tt̄ 4 809 ± 4

single t 640 ± 70

W → eν + j 61 ± 8

W → µν + j 54 ± 8

W → τν + j 11 ± 15

W → `ν + b 97 ± 1

Z→ ee + j 2 ± 1

Z→ µµ + j 8 ± 4

Z→ ττ + j 3 ± 1

Diboson 1 ± 1

Signal 90 ± 10

Backgrounds 5 680 ± 70

multiple ways, the most obvious way being the jet related particle, event and sample
selections. More subtly, changes in jet energies also affect missing transverse energy
measurements which this method relies on to reconstruct the leptonic top candidate.
The dependence on energy scale could be reduced by explicitly reconstructing the
hadronic W boson and quantifying the energy shift from the expected mass peak and
correct for this. The dependence on energy resolution could be reduced by fitting for
the top peak. Thus while there is potential in the semileptonic stop pair decay channel,
it is not a viable analysis until the experiment is mature and some light stop signal has
been discovered using the dileptonic channel as the detector and backgrounds need to
be well understood, particularly as some of the variations in the background estimation
due to systematic uncertainties are greater than the LHS2 signal expectation.

9.4. Semileptonic Stop Search Summary

If evidence for new physics is found following the dileptonic search procedure detailed
in the previous chapter, it will not necessarily indicate the presence of a light stop.
Further information about the mass scale and nature of the underlying physics in the
event must be extracted from measurements of the kinematic endpoints for example
in the semileptonic decay mode.
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Table 9.4. Semileptonic systematic errors in % on semileptonic background esti-
mation at 10 TeV for 1 fb−1.

Systematic Background Estimation

Ee scale 0.089

Ee resolution 0.005

e identification efficiency 0.436

pµ scale 0.088

pµ resolution 0.780

µ identification efficiency 0.531

Ejet scale 40.454

Ejet resolution 13.363

flavour tagging efficiency 4.209

flavour tagging rejection 0.300

Total 42.825

This chapter investigated a simple method for data driven background estimation for
the semileptonic stop search channel exploiting the two different decay branches to
select pure top samples by reconstructing events assuming a semileptonic top pair
hypothesis. It was found that for an integrated luminosity of 1 fb−1 at

√
s = 10 TeV, the

semileptonic decay channel is overwhelmed by backgrounds and requires detailed un-
derstanding of the detector and backgrounds in order to extract a signal. In particular,
jet resolution and energy scale need to be known at an accuracy of 1%.

The light stop semileptonic decay mode is thus not a discovery channel, and only
worth pursuing after some sort of new physics signal is seen using in the more sensitive
dileptonic decay mode.
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Although we often hear that data speak for themselves, their voices can
be soft and sly.

− Frederick Mosteller

10
Preliminary Data Studies

The amount of good quality data recorded by ATLAS at
√

s = 7 TeV in 2010 is in-
sufficient to perform a complete light stop study, particularly with the reliance of the
analysis on lower pT electrons, muons and jets compared to the published ATLAS SM
W, Z/γ∗ and top cross sections [160, 161] and SUSY one lepton search [162]. The busy
LHC collision environment and material heavy ATLAS detector means that lower pT

particles are more challenging to identify and their properties are more difficult to
determine accurately. This chapter presents some preliminary results, focusing on un-
derstanding the selection variables and backgrounds in the dileptonic search channel
where both leptons are electrons.

10.1. Particle Selection Criteria at
√

s = 7 TeV

The preselection criteria used to select electrons, muons and jets for analysis at
√

s =

7 TeV and the algorithms used for flavour tagging and missing transverse energy
reconstruction are described in this section. The preselection criteria and algorithms
used are based on those used in the SUSY dilepton search [163]. These criteria are
different than those at

√
s = 10 TeV due to the updated reconstruction algorithms
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and the modifications required to match the
√

s = 7 TeV detector running conditions
of 2010. Of note is the increase in the lepton pT thresholds to 15 GeV to ensure that
selected events are not affected by trigger turn on.

10.1.1. Electron Selection Criteria for
√

s = 7 TeV

The electron candidates are required to have pT > 15 GeV and pseudorapidity in the
range 0 ≤ |η| ≤ 2.47. The pseudorapidity range has been restricted slightly compared
to the preselection at

√
s = 10 TeV as it was found that energy measurements of

electrons near the transition region of the electromagnetic calorimeter were not well
measured. Candidate electrons are discarded if there are any problematic cells within
their electromagnetic cluster; due to hardware issues [101], the signal cannot be read
out from ∼2% of the electromagnetic calorimeter cells. The reconstruction efficiency
for the electrons passing these requirements in LHS2 stop pair events is shown in
Figure 10.1. The effect of the problematic electromagnetic calorimeter regions can be
seen in the asymmetry in the η efficiency.

For the final selection in the signal and control regions, the electron candidates are
required to pass additional requirements based on: at least one hit in the first pixel
layer, the number of TRT hits, the ratio of high threshold TRT hits to the total number of
TRT hits and the ratio of cluster energy to track momentum. These additional selections
remove secondary electrons from photon conversions as well as hadrons misidentified
as electrons. To reduce the number of fakes electron and electrons imbedded in jets, the
electron candidates are also required to be isolated based on calorimeter energy: the
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Figure 10.1. Electron reconstruction efficiencies for electrons originating from
stop decays in the LHS2 benchmark scenario at

√
s = 7 TeV as a

function of electron pT (left) and η (right). The hashed histograms
show the pT and η distributions of true electrons. Reconstructed
electrons are matched to true electrons within ∆R < 0.1.
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ratio of the additional transverse energy ET in a cone ∆R < 0.2 around the electron axis
to electron pT is required to be less than 0.15. Simulated events containing electrons are
reweighted using η dependent event weights which correct for differences in electron
reconstruction efficiencies between data and simulation.

10.1.2. Muon Selection Criteria for
√

s = 7 TeV

Muon candidates at
√

s = 7 TeV are required to be identified either in both the muon
spectrometer and the inner detector, or as a match between an extrapolated inner
detector track and one or more segments in the muon spectrometer, as opposed to
muon candidates at

√
s = 10 TeV, which had to be identified in both subdetectors. This

new approach is used to recover efficiency losses in detector regions with poor muon
spectrometer coverage. The inner detector track is required to have a at least 1 pixel
and 6 SCT hits, and an η dependent number of TRT hits. For combined muons, the χ2

of the match between the inner detector and muon spectrometer tracks must be < 150,
and the difference between the pT estimates must be compatible within the resolution
of the subdetector systems. The track quality selections are designed to reject both
muons originating from cosmic rays and inflight decays of π and K mesons, while
the isolation requirement reduces both these and the contribution from b and c quark
decays.

All muon candidates are also required to to be less then 10 mm in the z coordinate
from the primary vertex to discriminate against muons from cosmic rays. Only muons
with pT > 15 GeV and |η| < 2.4 are considered. In simulated events, each component
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Figure 10.2. Muon reconstruction efficiencies for muons originating from stop
decays in the LHS2 benchmark scenario at

√
s = 7 TeV as a function

of muon pT (left) and η (right). The hashed histograms show the
pT and η distributions of true muons. Reconstructed muons are
matched to true muons within ∆R < 0.1.
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of the muon pT is shifted and smeared in order to reproduce the pT resolution in
data [164]. The resolution in data is worse than in simulation because both the muon
spectrometer and inner detector do not yet have the ultimate alignment and calibration
constants. The reconstruction efficiency for muons in LHS2 stop pair events is shown
in Figure 10.2. For the final selection in the signal and control regions, the muon
candidates are required to be isolated based on surrounding track momentum: the
sum of the transverse momenta of tracks in a cone ∆R < 0.2 around the muon axis is
required to be less than 1.8 GeV.

10.1.3. Jet Selection Criteria for
√

s = 7 TeV

Jets are reconstructed with the anti-kT sequential algorithm with parameters R = 0.4
and k = −1 [99]. Their energy is measured at the electromagnetic scale and corrected
for the effects of calorimeter non-compensation and inhomogeneities by using pT and
η dependent calibration factors [165].

Only jets with pT > 15 GeV and |η| < 2.5 are considered. If a jet and an electron are
both identified within a distance ∆R < 0.2, the jet is discarded. Furthermore, identified
electrons or muons are only considered if they satisfy ∆R > 0.4 with respect to the
closest jet. This helps to remove leptons which arise from decays of hadrons inside
jets. The jet reconstruction efficiencies for jets with these requirements in LHS2 stop
pair events is shown in Figure 10.3.
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Figure 10.3. Jet reconstruction efficiencies for jets originating from stop decays
in the LHS2 benchmark scenario at

√
s = 7 TeV as a function of jet

pT (left) and η (right). The hashed histograms show the pT and η
distributions of true jets. Reconstructed jets are matched to true jets
within ∆R < 0.1.
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Figure 10.4. Flavour tagging efficiencies for heavy flavour jets originating from
stop decays in the LHS2 benchmark scenario at

√
s = 7 TeV as a

function of jet pT (left) and η (right). The hashed histograms show
the pT and ηdistributions of true jets. Reconstructed jets are matched
to true jets within ∆R < 0.1.

10.1.4. Flavour Tagging Performance at
√

s = 7 TeV

Jets originating from b quarks are identified using the SV0 algorithm for this analysis
and it is anticipated for early results to be used only to define the top control region.
A jet is considered a b jet if it has pT > 15 GeV and contains a secondary vertex with
L/σ(L) > 5.72. This operating point yields a 50% efficiency in simulated top pair
events [166]. The tagging efficiencies for b jets in LHS2 stop pair events is shown in
Figure 10.4. The efficiency is overall much lower than at

√
s = 10 TeV due to the

operating point chosen and the simpler, more robust algorithm used.

10.1.5. Emiss
T

Reconstruction Performance at
√

s = 7 TeV

A simpler version of the refined cell-based Emiss
T reconstruction algorithm is used in this

analysis, where jets are calibrated as described above and the low pT energy deposits
are calibrated at the electromagnetic scale. The performance and resolution of the
algorithm for LHS2 stop pair events is shown in Figure 10.5. The resolution is larger
than that seen at

√
s = 10 TeV due to the simpler energy calibrations used.
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Figure 10.5. Emiss
T reconstruction performance in stop decays in the LHS2 bench-

mark scenario for
√

s = 7 TeV.

10.2. Trigger Selection at
√

s = 7 TeV

In the 7 TeV data running period in 2010, the lowest pT thresholds on single and double
electron triggers evolved with the luminosity. The single electron trigger began on a
threshold of pT = 10 GeV and evolved to a threshold of pT = 15 GeV. The double electron
trigger began on thresholds of pT = 3 GeV for both leptons, evolved to thresholds of
pT = 5 GeV and ended with thresholds of pT = 10 GeV. For this analysis, events were
selected using a dielectron trigger with a threshold of pT = 10 GeV on both electrons.
This trigger is operational for the entire data taking period used in this study. The
electron trigger efficiency plateaued at pT ∼ 15 GeV which is the pT threshold used in
the study presented here.

Table 10.1 gives the overall efficiency for reconstructed electrons with pT > 10, 15, 20
and 25 GeV while Figure 10.6 shows the 15 GeV single electron trigger efficiencies as a
function of the reconstructed electron pT and η for data and simulation. Unfortunately
the 10 GeV single electron trigger was not operational during this period due to high
trigger rates. However, the performance of the 10 GeV trigger can be inferred by
studying the 15 GeV trigger, as both triggers rely on the same underlying algorithm.

The trigger efficiencies were measured with the ‘tag and probe’ method using Z→ e+e−

events. The tag and probe electrons are defined as the two highest pT leptons in the
events. They must have opposite sign and are required to be reconstructed according
to the basic electron preselection criteria. The invariant mass of the two electrons is
required to be in the interval 80 − 100 GeV. The tag offline electron is required to be
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Table 10.1. Single 15 GeV electron trigger efficiencies in percentage with respect
to the given number of reconstructed electrons with pT > 10, 15, 20
and 25 GeV in data and simulation. Errors are statistical.

Data Simulation

Efficiency # of Electrons Simulation # of Electrons

pT > 10 GeV 92.6 ± 1.3 10 825 ± 104 92.3 ± 0.4 8 504 ± 27

pT > 15 GeV 95.2 ± 1.3 10 529 ± 103 93.9 ± 0.4 8 358 ± 27

pT > 20 GeV 96.5 ± 1.4 9 815 ± 99 94.8 ± 0.5 7 846 ± 26

pT > 25 GeV 96.6 ± 1.4 9 115 ± 95 94.9 ± 0.5 7 283 ± 25

 (GeV)
T

p

10 20 30 40

E
ff
ic

ie
n
c
y

0

0.5

1

L1 Efficiency

L2 Efficiency

EF Efficiency

η

­2 0 2

E
ff
ic

ie
n
c
y

0.6

0.7

0.8

0.9

1

L1 Efficiency

L2 Efficiency

EF Efficiency

(a) 15 GeV single electron trigger efficiency in simulation

 (GeV)
T

p

0 10 20 30 40

E
ff
ic

ie
n
c
y

0

0.5

1

L1 Efficiency

L2 Efficiency

EF Efficiency

 (GeV)
T

p

­2 0 2

E
ff
ic

ie
n
c
y

0.6

0.7

0.8

0.9

1

L1 Efficiency

L2 Efficiency

EF Efficiency

(b) 15 GeV single electron trigger efficiency in data

Figure 10.6. Single electron trigger efficiencies at L1 (solid circles), L2 (open
squares) and EF (open triangles) for the 15 GeV electron trigger
as a function of reconstructed lepton pT (left) and η (right) in data
(below) and simulation (above) at

√
s = 7 TeV. Errors are statistical.
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matched to a trigger electron passing the 15 GeV threshold. For the selected events, the
efficiency of the 15 GeV trigger is evaluated by measuring the rate at which the probe
offline electron is matched to a trigger electron passing the 15 GeV threshold. It can be
seen that the trigger plateaus at pT ∼ 20 GeV and the efficiencies in data and simulation
are in excellent agreement within statistics. Note that the number of electrons differs
so drastically between data and simulation since this comparison is performed before
the event preselection is applied.

10.3. Dileptonic Event Selection at
√

s = 7 TeV

Before any requirements are made on the number of leptons in the event, the following
event preselection criteria are applied:

• If any jet with pT > 20 GeV fails basic quality selection criteria against detector
noise and non-collision backgrounds [167], the event is discarded. These selec-
tions consider the energy fractions in the electromagnetic and hadronic endcap
calorimeters, the maximum energy fraction in one calorimeter layer, the number
of cells containing at least 90% of the jet energy, the fraction of cells with good
quality pulse shapes and the jet mean energy averaged time.

• If any electron candidate is found in the calorimeter crack region 1.37 < |η| < 1.52,
the event is vetoed since the subsequent Emiss

T and ΣET measurements can not be
trusted.

• If the distance of any muon candidates to the primary vertex is more than 10 mm
in the z coordinate, the event is rejected to remove cosmic ray events.

• All events must have at least one primary vertex associated to at least five tracks
to discriminate against non-collision backgrounds.

After the preselection, events are required to have exactly two electrons of opposite
sign. Both electrons must be isolated and pass the additional electron preselection
criteria described in Section 10.1.1. Additionally, the dielectron invariant mass m(e±1 , e

∓
2 )

must exceed 10 GeV.
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Figure 10.7. Dileptonic opposite sign observables at 7 TeV in data (solid circles)
and simulation (patterned histograms) for 31.7 pb−1. Data errors are
purely statistical. No errors are shown for simulation. Ratio errors
are statistical.
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Figure 10.8. More dileptonic opposite sign observables at 7 TeV in data (solid
circles) and simulation (patterned histograms) for 31.7 pb−1. Data
errors are purely statistical. No errors are shown for simulation.
Ratio errors are statistical.
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Table 10.2. Dileptonic opposite sign event yields at 7 TeV in data and simulation
for 31.7 pb−1. Errors are purely statistical.

Dataset Yield

Data 6770 ± 80

Simulation 6490 ± 30

tt̄ 19.3 ± 0.7

single t 1.6 ± 0.2

W → `ν + j 2.8 ± 0.6

Z→ `` + j 6220 ± 20

γ∗ → `` + j 154 ± 6

Diboson 13.0 ± 0.1

QCD multijet 64 ± 6

Table 10.2 compares the number of events passing this selection in data to expectations
from simulation, while Figures 10.7 and 10.8 show comparisons between data and sim-
ulation of event variables that are important for the stop search. Results for events with
two electrons of same sign can be found in Appendix F. The agreement between data
and simulation is good, especially since systematic uncertainties have not been consid-
ered. The most important systematic uncertainties are jet energy scale and resolution,
lepton energy scale and resolution, cross section and luminosity uncertainties.

The selection is dominated by Z/γ∗+jets events as expected using the above event
selection criteria. The contribution of these events can easily be reduced by further
selections on the invariant mass of the electrons, missing transverse energy and the
number of jets, however, this reduces the statistics such that data and simulation
comparisons are uninformative.

10.4. Background Determination

There are two main backgrounds to an opposite sign dielectron search, events with two
real opposite sign electrons and events with jets misidentified as electrons or electrons
where the charge has been misidentified. Events with two real opposite sign electrons
include Z/γ∗+jets and dileptonic top pair events. Data driven methods to estimate
these backgrounds have already been discussed in Section 8.4. This section describes
and tests data driven methods to estimate backgrounds from misidentified electrons
and electrons where the charge has been misidentified.
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10.4.1. Electron Misidentification Rate

The probability for a jet to fake an electron can be determined using Z+jets and QCD
multijet events by defining a loose and tight electron selection, and measuring the
probabilities r and f that a real or fake loose electron will pass tight criteria in the two
data samples, one dominated by real leptons (Z+jets) and the other by fake leptons
(QCD multijet).

A loose electron is defined as one which has passed the basic electron preselection
with the additional requirement of one hit in the first pixel layer and the ratio of
the additional transverse energy ET in a cone ∆R < 0.2 around the electron axis to
electron pT to be less than 0.5. A tight electron must pass the basic and additional
electron preselection criteria and the ratio of the additional transverse energy ET in a
cone ∆R < 0.2 around the electron axis to electron pT must be less than 0.15.

The Z + jets (real control) region is defined by two opposite sign electrons with invariant
mass between 80 to 100 GeV, where at least one of the electrons passes the tight
selection criteria. The QCD (fake control) region is identified by requiring two same
sign electrons with invariant mass outside 80 to 100 GeV and at least one jet where at
least one of the electrons fails the tight selection criteria. Events in both regions must
pass the event preselection criteria and have Emiss

T < 20 GeV. Figures 10.9 and 10.10
show both regions prior to the invariant mass selection. As can be seen the dominant
contributions to both the real and fake control regions are either Z+jets events or QCD
multijet events.
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Figure 10.9. Invariant mass distributions of dielectron pairs at 7 TeV in data (solid
circles) and simulation (patterned histograms) for 31.7 pb−1 in the
real control region prior to invariant mass selection. Data errors are
purely statistical. No errors are shown for simulation.
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Figure 10.10. Invariant mass distributions of dielectron pairs at 7 TeV in data
(solid circles) and simulation (patterned histograms) for 31.7 pb−1

in the fake control region prior to invariant mass selection. Data
errors are purely statistical. No errors are shown for simulation.

Events in both control regions can be classified based on how many electrons are tight
or loose. At reconstruction level, there are four different types of events: events with
two tight electrons (NTT), events with two exclusively loose electrons (NLL), events
where the leading electron is tight and subleading electron is exclusively loose (NTL)
and vice versa (NLT). At truth level, there are also four different types of events: events
with two real electrons (NRR), events with two fake electrons (NFF) and events where
the leading electron is real and subleading electron is fake (NRF) and vice versa (NFR).
These two sets of events are related to each other by the efficiency matrix:

NTT

NTL

NLT

NLL


=



rr r f f r f f

r(1 − r) r(1 − f ) f (1 − r) f (1 − f )

(1 − r)r (1 − r) f (1 − f )r (1 − f ) f

(1 − r)(1 − r) (1 − r)(1 − f ) (1 − f )(1 − r) (1 − f )(1 − f )





NRR

NRF

NFR

NFF


This 4 × 4 matrix can be reduced to 3 × 3 since the pT ordering of the electrons is not
important.

The single electron efficiency r is extracted from the real control region using:

r̃ =
NTT

NTL + NLT + NTT

where r̃ is the pseudo-efficiency calculated using electron pairs. Using the efficiency
matrix, NTT = rr · NRR and NTL = NLT = r(1 − r) · NLL; assuming all the electrons in
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Table 10.3. Electron efficiency and misidentification rate in percentage at 7 TeV
in data and simulation for 31.7 pb−1. Errors are purely statistical.

Data Simulation

Efficiency 77 ± 2 74 ± 1

Fake Rate 34 ± 8 57 ± 9
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Figure 10.11. Electron real identification efficiencies at 7 TeV from data (open
squares) and simulation (solid circles) for 31.7 pb−1 as a function of
pT, η and Emiss

T . Errors are purely statistical.
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Figure 10.12. Electron fake identification efficiencies at 7 TeV from data (open
squares) and simulation (solid circles) for 31.7 pb−1 as a function of
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the real control region are real and should therefore pass the tight selection criteria.
Hence:

r̃ =
rr

2r(1 − r) + rr
=⇒ r =

2r̃
1 + r̃

Similarly, the single electron fake rate can be extracted from the fake control region,
where the assumption is that none of the electrons are real and thus should fail the
tight selection criteria:

f̃ =
NLT + NTL

NLL + NLT + NTL
=

2 f (1 − f )
(1 − f )(1 − f ) + 2 f (1 − f )

=⇒ f =
f̃

2 − f̃

Table 10.3 shows the total efficiency and fake rate for data and simulation, while
Figures 10.11 and 10.12 show the efficiency and fake rate as a function of pT and η for
data and simulation. It can be seen that the electron efficiency is well modelled by
simulation and is around 76%. This efficiency is somewhat lower than what is seen for
other ATLAS analyses. This is due to the lower pT electron and jet thresholds. The fake
rate is less well modelled by simulation giving a result of 55% compared to 32% from
data. This is expected due to the complexity of accurately simulating the intricacies of
the detector. It is very encouraging to see that the fake rate derived from data is lower
than that derived from simulation.

10.4.2. Electron Charge Misidentification Rate

The electron charge identification can be measured in a data driven approach using
Z → e+e− events. Z candidate events are identified by two electrons with invariant
mass between 60 and 120 GeV passing the basic and additional electron preselection
criteria described in Section 10.1.1. Additionally, the two electrons are required to be in
opposite hemispheres of the detector, such that the azimuthal difference is ∆φ > 3/4π.
To remove background contamination from W+jets and top events, Emiss

T < 20 GeV is
also required.

The invariant mass of the selected lepton pair is then fitted using a Gaussian distribu-
tion convoluted with a Breit-Wigner plus an exponential function. The Breit-Wigner
distribution is used to describe the Z → e+e− resonance, while the Gaussian accounts
for detector resolution and the exponential for QED bremsstrahlung. The charge
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Figure 10.13. Dielectron opposite sign (left) and same sign (right) invariant mass
distributions with fits used in electron charge misidentification rate
determination at 7 GeV in data (below) and simulation (above) for
31.7 pb−1. Errors are purely statistical.

misidentification rate is given by the ratio N1/(N1 + N2), where N1 is the number of
same sign events and N2 is the number of opposite sign events.

Figure 10.13 compares the opposite sign and same sign invariant mass distributions in
data and simulation. While invariant mass distributions of the same sign distribution
differ visibly between data and simulation, the derived charge misidentification rates
of 1.18 ± 0.018 from data and 1.00 ± 0.16 from simulation, agree within error.

10.5. Preliminary Data Studies Summary

After years of preparation and anticipation, the LHC is operational and providing
proton-proton collisions at

√
s = 7 TeV. This chapter studied 31.7 pb−1 of data, test-

ing the prepared analysis machinery, focusing on understanding the stop selection
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variables and testing some of the data driven background estimation methods in the
dileptonic search channel where both leptons were electrons.

It was found that the data were well modelled by simulation, although small dis-
crepancies were observed in some distributions. However, this study did not take
systematic effects into account, which are quite large considering the infancy of the
experiment.

Data driven estimation techniques for backgrounds from misidentified electrons and
electrons where the charge has been misidentified were also investigated. It was
pleasant to discover that the electron identification efficiency in data was a little higher
than that determined from simulation as well as the electron misidentification rate
being lower. The electron charge misidentification rate in data matched that calculated
from simulation.

The studies presented here provide a solid starting point for a full fledged light stop
search at ATLAS in the dileptonic decay mode.
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There are two possible outcomes: if the result confirms the hypothe-
sis, then you’ve made a measurement. If the result is contrary to the
hypothesis, then you’ve made a discovery.

− Enrico Fermi

11
Conclusions and Outlook

The SM of particle physics provides an excellent description of three of the four fun-
damental forces of nature. However, its failure to account for two major cosmological
observations, namely the existence of dark matter and the matter-antimatter asymme-
try of the universe suggests that it is an incomplete theory. One popular extension
of the SM is SUSY, in which a new symmetry between bosons and fermions is intro-
duced. If SUSY is to provide a solution to both these aformentioned problems then it
should also provide observable phenomenology in the TeV energy range accessible at
the LHC, in particular a light stop quark which is lighter than the top quark.

This thesis began by exploring the bounds of the MSSM parameter space in which
the matter-antimatter asymmetry of the universe is dynamically generated through
electroweak baryogensis by executing a random MSSM parameter space scan using
micrOmegas. It was found that the parameter space region is highly constrained by
experimental limits on the EDM of the electron and the b → sγ branching ratio. If
the additional requirement of matching the observed dark matter abundance by the
relic density of the LSP is necessitated, the allowed MSSM parameter space is further
reduced by results from direct dark matter detection experiments, though not ruled
out.
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The focus of the thesis then moved to the investigation of the collider phenomenology
of supersymmetric electroweak baryogenesis, in particular, the evaluation of the dis-
covery potential of light stop quark pair production at the ATLAS experiment. The
analysis of light stop decays is a prime candidate for early supersymmetry searches at
the LHC, due to its high production cross section and clean lepton based event topolo-
gies. The study assumed a light stop decay topology involving the lightest chargino
and neutralino where the visible final state products mimic those from top quark
pair production. Both the dileptonic and semileptonic decay modes were considered,
where the charged leptons were electrons or muons.

For the dileptonic decay mode, two signal regions were defined to take into account
the varying signal topologies caused by the numerous stop-chargino-neutralino mass
difference possibilities. For proton-proton collisions at

√
s = 10 TeV and an integrated

luminosity of 1 fb−1, it was determined that signal points with low stop mass and
high stop-neutralino mass differences had the greatest discovery potential. Future
studies must look towards refining the techniques used for background subtraction
from sideband information and on ensuring the analysis be robust against systematic
uncertainties from the selection criteria for the signal region.

If evidence for new physics is found following the dileptonic search procedure, it
will not necessarily indicate the presence of a light stop. Further information about
the mass scale and nature of the underlying physics in the event must be extracted
from measurements of the kinematic endpoints for example. This can be done using
the semileptonic decay mode. However, it was concluded that for an integrated
luminosity of 1 fb−1 at

√
s = 10 TeV, the semileptonic decay channel is overwhelmed

by backgrounds and requires detailed understanding of the detector and backgrounds
in order to extract a signal.

The final chapter of this thesis presented preliminary results for an integrated luminos-
ity of 41.4 pb−1 of data collected at

√
s = 7 TeV. The study focused on understanding

the selection variables and backgrounds in the dileptonic search channel where both
leptons were electrons. It was found that the data were well modelled by simulation.

The studies presented provide a solid starting point for a full fledged light stop search
at ATLAS in the dileptonic decay mode. With the LHC on track to provide experiments
with over 1 fb−1 at collision energies of

√
s = 7 TeV by the end of 2011 and continuing to

run through 2012, possibly at higher collision energies, there is much to look forward
to.
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A
Light Stop Benchmark Parameters

Table A.1. MSSM parameters of the t̃1 benchmark point LHS2 [56].

Squark Mass Parameters Slepton Mass Parameters

mQ̃,Ũ,D̃1,2
= 10 000 GeV mL̃1,2

= 10 000 GeV

mQ̃3
= 1 500 GeV mL̃3

= 1 000 GeV

mŨ3
= 0 GeV mẼ1,2

= 10 000 GeV

mD̃3
= 1 000 GeV mẼ3

= 1 000 GeV

Higgs Sector Parameters Trilinear Interaction Parameters

|µ| = 400 GeV |At| = 643 GeV

φµ = π
2 φAt = −π2

tan β = 7 Ab = 0

mA = 1000 GeV Ae,µ,τ = 0

Gaugino Mass Parameters

M1 = 60 GeV

M2 = 121 GeV

M3 = 948 GeV
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B
Missing Energy Reconstruction

Events with large /ET are a key signature for new physics such as supersymmetry. An
accurate measurement of missing transverse energy (/ET in this chapter) is a crucial
requirement for the study these events in ATLAS. This chapter describes a study of the
expected performance of /ET reconstruction in minimum bias events at

√
s = 14 TeV,

performed by the author and published in Reference [78].

B.1. Missing Transverse Energy Reconstruction Algorithm

The calculation of /ET is performed by imposing energy conservation: /ET = −Evisible
T .

However, complications arise from calorimeter coverage, calibration and noise which
affect visible energy measurements. Therefore, the most important effects on good /ET

reconstruction in ATLAS are [77]: the accurate tuning of electronic noise suppression;
the use of all calorimeters cells; and accurate calorimeter calibration and intercalibra-
tion.

The cell-based /ET algorithm takes all these factors into account. The algorithm is
based on the energy deposited in each calorimeter cell calibrated to an associated
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Chapter B. Missing Energy Reconstruction

reconstructed particle and an estimate of energy lost by particles entering the cryostat
between the electromagnetic and hadronic calorimeters. An additional correction is
required for muons, which are minimum ionising particles and thus do not deposit
much energy in the calorimeters. The x and y components of the final /ET can be defined
as:

/EFinal
x,y = /ECaloCalib

x,y + /ECryo
x,y + /EMuon

x,y (B.1)

In the following, the three terms in the above equation will be referred as the calorime-
ter, cryostat and muon terms respectively. They will be described in the following
subsections.

Complementary to the reconstruction of the /ET is total transverse energy, ΣET, which
is the scalar sum of the transverse energy and is calculated using the same quantities:

ΣEFinal
T = ΣECaloCalib

T + ΣECryo
T + ΣEMuon

T

B.1.1. Missing Transverse Energy Calorimeter Term

The ATLAS calorimeter has a large number of readout channels, so electronic and
pileup noise can be significant contributions to energy measurements. Thus it is
crucial to have a good calorimeter noise suppression algorithm. By only using cells in
topoclusters, the /ET algorithm takes advantage of the 4/2/0 topocluster noise thresholds
which are optimised to suppress electronic noise and pileup from minimum bias
events, while keeping the single pion efficiency as high as possible [97].

The x and y components of the non-calibrated calorimeter /ET term are derived from
the transverse energies deposited in calorimeter cells in topoclusters:

/ECalo
x,y = −

∑
cells

Ex,y (only cells in topoclusters)

As the ATLAS calorimeter is non-compensating, its energy response to electromagnetic
and hadronic showers is different, so calorimeter cells must be calibrated accordingly.
The calibration method used for the calorimeter /ET term is the so-called Refined Cali-
bration where each calorimeter cell is calibrated according to the reconstructed particle
it belongs to.
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B.1. Missing Transverse Energy Reconstruction Algorithm

To apply this calibration method, the calorimeter cells selected have to be associated
with reconstructed and identified physics objects in the event. This method begins with
a loop over the reconstructed particles in the event in the following order: electrons/γs,
tauons, b jets, jets and muons.

The association of calorimeter cells to particles is performed by filling an association
map, starting from reconstructed particles in the chosen order, navigating back to their
component clusters (sliding window clusters for electrons/γs, combined clusters for
taus and topoclusters for jets and b jets) and back again to their cells. If a cell belongs
to more than one kind of reconstructed particle, the first association is taken, in the
chosen order of the reconstructed objects. If a cell belongs to more than one object of
the same kind, all associations are taken and the geometrical weights are also included.
Cells within topoclusters, but which are not associated to any reconstructed particle
are calibrated using jet weights.

The contribution to /ET of all cells associated to the same kind of particles is saved
separately and the Refined Calibrated /ET is calculated by summing all the separate
contributions, for x component:

/ECaloCalib
x = /ERefFinal

x

= /ERefEM
x + /ERefTau

x + /ERefBjet
x + /ERefJet

x + /ERefMuo
x + /ECellOut

x (B.2)

and similarly for the y component, where each term is calculated from the sum of
calibrated cells for a specific particle type.

B.1.2. Missing Transverse Energy Cryostat Term

The thickness of the cryostat between the liquid argon barrel electromagnetic calorime-
ter and the tile barrel hadronic calorimeter is about half an interaction length. The /ET

reconstruction recovers energy loss in the cryostat using the correlation between ener-
gies of the third layer of the liquid argon calorimeter and the first layer of the hadronic
calorimeter. A similar correction is applied for the endcap cryostats.

The cryostat correction term in the /ET calculation in Equation B.1 is defined as:

/ECryo
x,y = −

∑
jets

ECryo
jetx,y
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Chapter B. Missing Energy Reconstruction

where the sum is done on all the reconstructed jets in the event, and:

ECryo
jet = wCryo ×

√
EEM3 × EHAD

where wCryo is the cryostat correction factor, and EEM3 and EHAD are the jet energies
in the third layer of the electromagnetic calorimeter and the first layer of the hadronic
calorimeter respectively.

This correction term is non-negligible for pT jets; it represents a ∼5% contribution per
jet for pT > 500 GeV.

B.1.3. Missing Transverse Energy Muon Term

The /ET muon term in the /ET calculation in Equation B.1 is calculated as:

/EMuon
x,y = −

∑
muons

Emuon
x,y

which is a sum over all reconstructed muons where the energies are taken from the
muon spectrometer only. This insures that energy lost by muons in the calorimeter is
not double counted since that is already taken into account in the calorimeter term.

The request of having an actual reconstructed muon, with a matching track in the inner
detector reduces the probability of having fake muons. To decrease the possibility of
double muons or muons with bad associations between the inner and the external
muon spectrometer detector only good quality muons are used, applying a cutoff on
the combination χ2.

The /ET resolution is dominated by the calorimeter term; the muon term does not con-
tribute much to the /ET resolution, but unmeasured, badly measured and misidentified
muons can be a source of fake /ET.

B.2. Evaluating Missing Transverse Energy Reconstruction

The /ET reconstruction performance is evaluated by comparing the final reconstructed
/EFinal

T with /ETrue
T , calculated from the momentum of the stable and non-interacting

particles, such as neutrinos, in terms of resolution, tails and bias.
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B.3. Missing Transverse Energy Performance in Minimum Bias Events

The final /ET performance is evaluated from the distribution:

/EFinal
T − /ETrue

T or /EFinal
x,y − /ETrue

x,y (for each component) (B.3)

The /ET resolution is defined as the σ of a Gaussian fit to the distribution of Equation B.3.
The calorimeter /ET resolution is well described by the simple formula a× √ΣET where
the parameter a quantifies the resolution. As the final /ET resolution is dominated by
calorimeter measurements, in events where the activity outside η coverage is not very
large, that formula is also valid for the final /ET resolution. /ET resolution is affected
mainly affected by calorimeter noise suppression and calibration.

The /ET tail is defined as the fraction of events outside 3σ of the distribution of Equa-
tion B.3. Tails in /ET are caused by abnormalities in energy measurements, such as
hot or dead calorimeter cells, large losses in inactive detector material or jet energy
fluctuations.

The /ET bias is the mean value of the distribution of Equation B.3. In events without
/ETrue

T , a positive bias is expected by definition.

B.3. Missing Transverse Energy Performance in Minimum
Bias Events

The validation of the /ET reconstruction and calibration in ATLAS described in the
previous sections can be performed using minimum bias events. These can be used to
verify the /ET reconstruction procedure and to estimate the /ET resolution of low energy
events.

B.3.1. Simulation of Minimum Bias Events

This study has been performed using fully simulated non-diffractive minimum bias
events which have been generated with PYTHIA where the underlying event has
been tuned to fit previous experiments. Details of the data sample used are given in
Table B.1.
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Table B.1. Details of the minimum bias dataset used in the minimum bias /ET
study. Events were generated using PYTHIA.

Process Events σ (mb)
∫
L (pb−1)

Non-Diffractive 4 016 250 80 5.0 × 10−5

Minimum bias events are also comprised of inelastic single diffractive and double
diffractive events. Their contributions and the backgrounds of beam gas and halo
are expected to be negligible after trigger and event selection and thus have not been
included in this study.

B.3.2. Selection of Minimum Bias Events

In the early stages of the experiment, minimum bias events will be selected by three
types of trigger: random L1 trigger only, random L1 trigger with additional track
trigger requirement, and L1 scintillator trigger with possible verification at the HLT.
During initial running these triggers will be used in a 1:50:50 ratio. The output of each
of the triggers will be prescaled such that the total minimum bias trigger rate at the
EF will either be 1, 10 or 20 Hz. These triggers have been chosen to reduce any bias
introduced in the event selection.

For the study of /ET in minimum bias events, high signal efficiency and background
rejection is required, while the composition of the signal, meaning the fraction of
non-diffractive, single diffractive and double diffractive events in the sample is unim-
portant. The selection criteria for such events is:

1. The number of SCT spacepoints greater than 40 to reject empty events; and

2. At least one good reconstructed track to reject beam gas and halo events. The
standard selection of a good track is N(SCT+pixel) spacepoints ≥ 7, |d0| < 2 mm
and |z0 sinθ| < 10mm. No cut is applied on the number of hits on the innermost
pixel layer.

Figure B.1 shows event selection efficiency as a function of ΣET. The efficiency of the
SCT spacepoint selection is almost 100% for ΣET > 20 GeV. Overall spacepoint efficiency
is 96.8% and track selection is 80.6%, respectively and total selection efficiency is 78.0%.
To keep enough statistics, all plots shown hereafter are made without selection since
no clear selection bias is seen.
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B.3. Missing Transverse Energy Performance in Minimum Bias Events

Figure B.1. Event selection efficiency as a function of ΣET in minimum bias
events. Closed circles show the SCT spacepoint selection efficiency
and the open circles display the track selection efficiency.

B.3.3. Characteristics of Minimum Bias Events

Minimum bias interactions at the LHC are dominated by soft interactions of the two
proton beams. These low energy interactions produce spherically distributed low pT

hadrons, the majority being pions, the lightest known meson. These particles are
produced with very low momentum, in fact so low that most of these hadrons will not
be identified within ATLAS, since there is a minimum pT cut on reconstructed particles
of the order of 5 GeV.

Figure B.2 shows the number of reconstructed jets and their pT for different ΣET

regions. Note that jets are the only particles reconstructed in minimum bias events as
only hadrons are produced in the interactions. It is clear that there is a lower limit on
the pT of a reconstructed jet of 5 GeV and that jets are rarely reconstructed depending
on ΣET.

The /ET and ΣET distributions of the non-diffractive minimum bias events are depicted
in Figure B.3. The /ET in the events is fairly low as expected, with a mean of 4.3 GeV.
Fake /ET is mainly caused by the calorimeter energy resolution (82%) and acceptance
(18%) and while the truth /ET originates from the inflight decays of K or π mesons and
the decay of charm and bottom quarks, and is 0.06 GeV on average. The non-diffractive
minimum bias events are comparatively of low energy with a mean ΣET of 49.0 GeV.
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Figure B.2. Jet reconstruction in minimum bias events for different ΣET regions,
50 GeV < ΣET < 60 GeV (solid lines), 80 GeV < ΣET < 120 GeV
(dashed lines) and 200 GeV < ΣET < 240 GeV (dotted lines).
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Figure B.3. The /ET (left) and ΣET (right) distributions for minimum bias events.
The solid lines are the reconstructed distributions while the dashed
lines are the true distributions. No event selection is applied.
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Figure B.4. The fraction of reconstructed /ET coming from jets (solid squares) and
cells outside of objects (solid circles) in minimum bias events.

Figure B.4 shows the fraction of the reconstructed /ET coming from jets and cells outside
of objects, (/ERefJets

x and /ERefOut
x in Equation B.2). As minimum bias events are dominated

by soft interactions and jets are rarely reconstructed, the /ET will be dominated by the
/ERefOut

x for low ΣET.

B.3.4. Missing Transverse Energy Performance in Minimum Bias Events

The /ET performance is evaluated comparing the final reconstructed /EFinal
T with the /

ETrue
T , in terms of bias, resolution and tails, as mentioned earlier. As minimum bias

events contain very little /ET, looking at the bias does not describe /ET performance, only
resolution and tails will be discussed.

Figure B.5(a) depicts the difference /EFinal
T − /ETrue

T in minimum bias events for different
ΣET regions. These distributions are well fitted by Gaussian functions, with offsets of
zero and resolutions which increase with ΣET, σx,y = 3.92 (5.10) (7.08) GeV for ΣET = 0 -
40 (100-140) (200-240) GeV. Note the lack of tails on the distributions, which means the
/ET in minimum bias events is not very affected by fake muons, jets pointing to cracks
or losses in dead materials.

The /ET resolution in minimum bias events is expected to scale as
√

ΣET. This is because
the stochastic term of the calorimeter resolution is dominant for low ΣET regions. The /
Ex,y resolution as a function of ΣET is shown in Figure B.5(b). This distribution is fitted
by functions of the forms: p1

√
ΣET and p0 + p1

√
ΣET, where p1 and p0 represent
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Figure B.5. The /ET resolution in minimum bias events.

the stochastic and noise terms of the calorimeter energy resolution, respectively. The
scaling is well-described with a stochastic term of 0.51 and noise term of ∼ 0 GeV.

Figure B.6 shows the validity of /ET resolution evaluated by this study in a higher ΣET

region (300 GeV < ΣET < 600 GeV). The /ET resolution in QCD multijet events are
well on the the resolution curve obtained by minimum bias events. Details of the
QCD multijet datasets used in this comparison can be found in Table B.2. For direct
evaluation of /ET performance in higher ΣET regions, more statistics or other schemes
using well known physics processes are required.
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Figure B.6. The /ET resolution in QCD multijet events (solid squares, triangles
and stars) are shown together with a /ET resolution obtained from this
study (solid circles) and obtained resolution curve (solid line) as a
function of ΣET.

Table B.2. Details of QCD multijet datasets used in the minimum bias /ET study.
Datasets were all generated using PYTHIA.

Process pT Range Events σ (pb)
QCD Multijet 8 − 17 GeV 147 000 1.7 × 1010

17 − 35 GeV 135 000 1.4 × 109

35 − 70 GeV 320 000 9.3 × 107

70 − 140 GeV 231 000 5.9 × 106
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C
Dileptonic Light Stop Grid Results

This chapter provides results for the full signal grid from the dileptonic stop analysis
at
√

s = 10 TeV. Table C.1 links the full result tables in this chapter to their summarised
versions in Chapter 8.

Table C.1. Dileptonic 10 TeV signal grid result tables.

Summarised Table Full Table

8.4 C.2

8.6 C.3

8.9 C.4

8.10 C.5

8.13 C.6
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Table C.2. Dileptonic event yields at 10 TeV for the b jet and high Emiss
T signal

regions for 1 fb−1 with the signal grid points. Errors are statistical
only.

mt̃1
/mχ̃±

1
/mχ̃0

1
(GeV) b jet region high Emiss

T
region

95/95/45 90 ± 50 1 000 ± 200
95/95/85 0 0
95/135/45 50 ± 30 800 ± 100
95/135/85 0 0

105/95/45 70 ± 30 480 ± 80
105/95/85 10 ± 10 60 ± 30
105/135/45 20 ± 20 500 ± 90
105/135/85 10 ± 10 130 ± 40

115/95/45 380 ± 60 390 ± 60
115/95/85 0 70 ± 30
115/135/45 10 ± 10 420 ± 60
115/135/85 20 ± 20 270 ± 60

120/95/45 450 ± 60 320 ± 50
120/155/45 0 470 ± 60
120/155/105 0 10 ± 10
120/215/45 20 ± 10 320 ± 50
120/215/105 0 40 ± 20

150/95/45 59 ± 9 60 ± 10
150/155/45 220 ± 20 140 ± 20
150/155/105 5 ± 4 150 ± 20
150/215/45 10 ± 5 270 ± 30
150/215/105 0 190 ± 30

180/95/45 5 ± 4 270 ± 30
180/155/45 60 ± 9 180 ± 20
180/155/105 76 ± 10 130 ± 10
180/215/45 0 150 ± 10
180/215/105 0 140 ± 10
180/215/165 0 4 ± 2

240/95/45 3 ± 1 27 ± 3
240/155/45 7 ± 1 40 ± 3
240/155/105 13 ± 2 32 ± 2
240/215/45 6 ± 1 62 ± 4
240/215/105 15 ± 2 56 ± 4
240/215/165 17 ± 2 34 ± 3
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Table C.3. Dileptonic event yields at 10 TeV for the t and Z sideband regions for
both signal regions for 1 fb−1 with the signal grid points. Errors are
statistical only.

mt̃1
/mχ̃±

1
/mχ̃0

1
b jet signal region high Emiss

T
signal region

(GeV) t sideband Z sideband t sideband Z sideband
95/95/45 20 ± 20 0 110 ± 50 310 ± 80
95/95/85 0 0 0 0
95/135/45 50 ± 30 20 ± 20 50 ± 30 500 ± 100
95/135/85 0 0 0 0

105/95/45 30 ± 20 60 ± 30 70 ± 30 240 ± 60
105/95/85 0 10 ± 10 10 ± 10 10 ± 10
105/135/45 20 ± 20 20 ± 20 60 ± 30 320 ± 70
105/135/85 0 0 0 10 ± 10

115/95/45 10 ± 10 120 ± 30 90 ± 30 330 ± 60
115/95/85 0 20 ± 10 20 ± 10 0
115/135/45 10 ± 10 20 ± 10 0 310 ± 60
115/135/85 10 ± 10 0 20 ± 20 20 ± 20

120/95/45 20 ± 10 100 ± 30 110 ± 30 150 ± 30
120/155/45 10 ± 10 20 ± 10 40 ± 20 280 ± 50
120/155/105 0 0 7 ± 7 0
120/215/45 7 ± 7 0 10 ± 10 210 ± 40
120/215/105 0 0 7 ± 7 0

150/95/45 70 ± 9 35 ± 7 23 ± 5 35 ± 7
150/155/45 50 ± 10 40 ± 10 40 ± 10 40 ± 10
150/155/105 5 ± 4 0 10 ± 5 34 ± 9
150/215/45 3 ± 3 0 217 ± 7 150 ± 20
150/215/105 0 0 4 ± 4 360 ± 10

180/95/45 5 ± 4 5 ± 4 10 ± 5 140 ± 20
180/155/45 13 ± 4 41 ± 7 47 ± 8 90 ± 10
180/155/105 4 ± 2 17 ± 5 40 ± 7 42 ± 7
180/215/45 2 ± 2 2 ± 2 7 ± 3 90 ± 10
180/215/105 0 1 ± 1 10 ± 3 36 ± 6
180/215/165 0 0 0 0

240/95/45 17 ± 2 7 ± 1 18 ± 2 7 ± 1
240/155/45 13 ± 2 15 ± 2 25 ± 2 16 ± 2
240/155/105 11 ± 2 5 ± 1 20 ± 2 6 ± 1
240/215/45 1 ± 1 6 ± 1 20 ± 2 17 ± 2
240/215/105 2 ± 1 8 ± 1 17 ± 2 16 ± 2
240/215/165 2 ± 1 5 ± 1 11 ± 1 8 ± 1
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Table C.4. Discovery potential at 10 TeV for the b jet signal region with 1 fb−1 for
the signal grid points.

mt̃1
/mχ̃±

1
/mχ̃0

1
Yield Statistical Systematic Significance

(GeV) (events) Error (%) Error (%)
95/95/45 90 29 61 1.4
95/95/85 0 − − −
95/135/45 45 57 130 0.6
95/135/85 0 − − −
105/95/45 74 35 74 1.1
105/95/85 14 170 370 0.2
105/135/45 15 170 360 0.2
105/135/85 15 170 360 0.2

115/95/45 374 8.3 14 10.4
115/95/85 0 − − −
115/135/45 10 250 540 0.1
115/135/85 11 220 480 0.1

120/95/45 451 7.2 12 12.4
120/155/45 0 − − −
120/155/105 0 − − −
120/215/45 22 120 250 0.3
120/215/105 0 − − −
150/95/45 61 40 95 0.9
150/155/45 210 14 27 3.0
150/155/105 5 470 1 030 0.0
150/215/45 10 240 515 0.1
150/215/105 0 − − −
180/95/45 5 470 1 000 0.0
180/155/45 57 45 95 0.9
180/155/105 74 35 72 1.2
180/215/45 0 − − −
180/215/105 0 − − −
180/215/165 0 − − −
240/95/45 2 1 000 2 200 0.0
240/155/45 7 350 740 0.0
240/155/105 12 200 440 0.1
240/215/45 6 410 890 0.0
240/215/105 15 170 360 0.2
240/215/165 17 150 320 0.2
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Table C.5. Discovery potential at 10 TeV for the high Emiss
T signal region with 1

fb−1 for the signal grid points.

mt̃1
/mχ̃±

1
/mχ̃0

1
Yield Statistical Systematic Significance

(GeV) (events) Error (%) Error (%)
95/95/45 697 7.1 8.6 12.1
95/95/85 0 − − −
95/135/45 562 8.2 9.9 10.6
95/135/85 0 − − −
105/95/45 238 18 24 3.2
105/95/85 29 140 190 0.4
105/135/45 360 12 16 4.7
105/135/85 29 130 180 0.4

115/95/45 268 17 22 3.5
115/95/85 30 130 180 0.4
115/135/45 239 17 22 3.4
115/135/85 193 21 28 2.8

120/95/45 180 25 33 2.4
120/155/45 303 14 18 4.1
120/155/105 7 530 740 0.1
120/215/45 209 20 26 3.0
120/215/105 22 175 240 0.3

150/95/45 36 110 150 0.5
150/155/45 83 49 67 1.2
150/155/105 109 36 50 1.6
150/215/45 215 19 25 3.1
150/215/105 130 31 41 1.9

180/95/45 214 19 25 3.1
180/155/45 128 32 44 1.8
180/155/105 78 52 72 1.1
180/215/45 131 31 41 1.9
180/215/105 100 39 54 1.5
180/215/165 5 780 1 100 0.0

240/95/45 20 190 270 0.3
240/155/45 31 130 180 0.4
240/155/105 23 170 240 0.3
240/215/45 44 90 130 0.6
240/215/105 39 100 140 0.6
240/215/165 22 180 250 0.3
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Chapter C. Dileptonic Light Stop Grid Results

Table C.6. Top basic selection event yields at 10 TeV for 1 fb−1 with the signal grid
points. Errors are statistical only.

mt̃1
/mχ̃±

1
/mχ̃0

1
Semileptonic Dileptonic

(GeV) Selection Selection
95/95/45 5 000 ± 1 000 1 000 ± 200
95/95/85 4 000 ± 1 000 0
95/135/45 100 ± 200 900 ± 100
95/135/85 4 000 ± 1 000 0

105/95/45 100 ± 200 800 ± 100
105/95/85 4100 ± 300 10 ± 10
105/135/45 800 ± 100 700 ± 100
105/135/85 2 900 ± 200 10 ± 10

115/95/45 900 ± 300 780 ± 90
115/95/85 2 900 ± 200 0
115/135/45 2 940 ± 70 680 ± 80
115/135/85 2 570 ± 70 90 ± 30

120/95/45 1 120 ± 40 780 ± 10
120/155/45 1 910 ± 60 710 ± 70
120/155/105 1 010 ± 40 0
120/215/45 23 ± 7 530 ± 60
120/215/105 1 020 ± 4 7 ± 7

150/95/45 1 390 ± 5 230 ± 20
150/155/45 681 ± 4 360 ± 30
150/155/105 760 ± 3 100 ± 20
150/215/45 570 ± 3 450 ± 30
150/215/105 250 ± 2 80 ± 20

180/95/45 6 000 ± 8 000 440 ± 30
180/155/45 0 370 ± 20
180/155/105 5 000 ± 8 000 160 ± 10
180/215/45 70 ± 900 240 ± 20
180/215/105 5 000 ± 4 000 180 ± 20
180/215/165 400 ± 1 000 0

240/95/45 5 000 ± 4 000 57 ± 4
240/155/45 600 ± 1 000 131 ± 6
240/155/105 5 000 ± 2 000 48 ± 3
240/215/45 300 ± 500 88 ± 5
240/215/105 5 000 ± 2 000 85 ± 5
240/215/165 1 000 ± 1 000 32 ± 3
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D
Sparticle Mass Calculation

For particular sparticle mass spectra and light stop decay modes, it may be possible to
extract the sparticle masses by measuring the kinematic endpoints of invariant mass
distributions from the semileptonic decay channel.

The light stop decay mode in which this may be possible is shown in Figure D.1,
where the light stop undergoes a two body decay into a b quark and a chargino, which
subsequently undergoes a three body decay via a virtual W boson into a neutralino
and fermion pair.

By taking different combinations of the visible decay products, the following invariant
masses can be formed: mqq, mbqq and mb`. These will have maxima resulting from
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Figure D.1. Light stop decay chain allowing for sparticle mass extraction.

Page xxi



Chapter D. Sparticle Mass Calculation
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Figure D.2. Light stop hadronic decay branch and rest frame involved in invariant
mass kinematic endpoint calculation.

kinematic limits whose position is given by a function of mt̃1
, mχ̃±1

and mχ̃0
1
, each of

which will be derived below using the formalism of Reference [168].

For the hadronic branch t̃1 → bχ̃+
1 → bχ̃0

1W+ → bχ̃0
1qq̄′, the endpoint of the mqq

distribution results from the three body decay of the χ̃±1 and is trivially given by the
mass difference between the χ̃± and the χ̃0

1:

mmax
qq = mχ̃±1

−mχ̃0
1

(D.1)

In calculating the mbqq endpoint, the three body χ̃±1 decay is treated as a two body
decay where the quarks are combined into a single particle, Q, as shown in Figure D.2.
The mass of this Q particle, mQ ≡ mqq must lie in within a specific range:

mQ = λ(mχ̃±1
−mχ̃0

1
), λ ∈ [0, 1] (D.2)

To evaluate the maximum invariant mass which may be attained by the b quark and
Q particle, it is best to move into the rest frame of the decaying χ̃±1 , also shown in
Figure D.2. In this frame, it is clear that the only kinematic freedom is the angle θ
between the b quark and Q particle. The momenta and energies of the particles may
be obtained by four-momentum conservation, and are given by:

Q2 = (χ̃0
1)2 = [m2

Q,m
2
χ̃±1
,m2

χ̃0
1
]

b2 = (t̃1)2 = [m2
b,m

2
χ̃±1
,m2

t̃1
]

E2
Q = m2

Q + Q2

E2
b = m2

b + b2
(D.3)

where

[x, y, z] ≡ x2 + y2 + z2 − 2(xy + xz + yz)
4y
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Figure D.3. Light stop leptonic decay branch and rest frames involved in invari-
ant mass kinematic endpoint calculation.

The invariant mass of the b quark and Q particle is given by:

m2
bQ = (b + Q)2

= m2
b + m2

Q + 2bµQµ

= m2
b + m2

Q + 2(EbEQ − |b||Q| cosθ)

' m2
Q + 2|b|(EQ − |Q| cosθ) ; taking mb ' 0

The maximum of mbQ will occur when cosθ = −1, that is, the b quark and Q particle
are back to back in the χ̃±1 rest frame. Combining this with Equation D.3, an expression
for the endpoint of mbqq distribution can be obtained in terms of mq:

(mbqq)2 = m2
Q +

mt̃1
−mχ̃±1

2mχ̃±1

[
m2

Q − (mχ̃0
1
−mχ̃±1

) +
√

((mχ̃±1
+ mχ̃0

1
) −mQ)2 − 4mχ̃±1

mχ̃0
1

]
The maximum of mbqq can be found by considering the boundaries of possible mQ

values given by Equation D.2, that is, where λ = 0 and λ = 1. This gives two possible
expressions:

(mmax
bqq )2 =


(mt̃1
−mχ̃0

1
)2 ; if m2

χ̃±1
> mt̃1

mχ̃0
1

(m2
t̃1
−m2

χ̃±1
)(m2

χ̃±1
−m2

χ̃0
1
)/m2

χ̃±1
; otherwise

(D.4)

For the leptonic branch t̃1 → bχ̃+
1 → bχ̃0

1W+ → bχ̃0
1`

+νl, the two sequential reference
frames under consideration are shown in Figure D.3. Any maximum in the mb` invari-
ant mass must arise from the b quark and charged lepton being back to back in the χ̃±1
rest frame. This configuration can occur in two different ways:
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Chapter D. Sparticle Mass Calculation

1. The neutralino is produced at rest, and the charged lepton is antiparallel to the
b quark; or

2. None of the particles from the three body decay is produced at rest, but the
charged lepton is antiparallel to the b quark and the neutrino and neutralino are
travelling in the same direction as the b quark.

The maximum of these two cases provides the mb` endpoint:

(mmax
bl )2 = (m2

t̃1
−m2

χ̃±1
)(m2

χ̃±1
−m2

χ̃0
1
)/m2

χ̃±1
(D.5)

Figure D.4 shows the discussed invariant mass distributions and with corresponding
analytically calculated endpoints for semileptonic LHS2 stop decays using generator
level information. Note that in the LHS2 benchmark, m2

χ̃±1
> mt̃1

mχ̃0
1
, so the first case

for the mbqq endpoint in Equation D.4 applies.

The system of the three endpoint equations, namely Equations D.1, D.4 and D.5,
contains three unknown sparticle masses: mt̃, mχ̃±1

and mχ̃0
1
. This system of three

equations should be solvable for the three sparticle masses assuming that the invariant
mass endpoints can be found from the distributions. However due to the quadratic
nature of both Equations D.4 and D.5, there could be multiple sets of sparticle mass
solutions, and thus additional constraints need to be applied, such as the physical
constraints of mt̃ > mχ̃±1

> mχ̃0
1

and mt̃,mχ̃±1
,mχ̃0

1
> 0 and/or the grand unification

motivated constraint of mχ̃±1
' 2mχ̃0

1
.
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Figure D.4. Truth distributions (solid, hollow histograms) for mqq, mqq and mqq in-
variant masses for semileptonic LHS2 stop decays with correspond-
ing analytically calculated endpoints (dashed lines).
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E
Neutrino Momentum Calculation

For the semileptonic top pair background tt̄ → bb̄W+W− → bb̄q̄qlν, the only missing
energy in the final state comes from the neutrino, and due to the mass difference
between the top and bottom quarks, the W bosons should be created onshell. Thus
it should be possible to calculate the z component of the neutrino momentum pνz ,
by looking at the leptonic leg of the decay t → bW+ → l+ν and using the W mass
constraint.
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Figure E.1. Diagramatic description of neutrino momentum calculation.
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Chapter E. Neutrino Momentum Calculation

This can be seen diagrammatically in Figure E.1, where the system is boosted into a
reference frame where the lepton has a momentum orthogonal to the decaying W boson
direction. Due to energy conservation, the allowed neutrino momentum must lie on
a circle of radius r. From momentum conservation the allowed neutrino momentum
lies on the straight line k. The intersection in the following system of equations yields
two solutions.

Mathematically, this involves manipulating the W mass constraint to become a quadratic
in pνz :

m2
W = E2

W − p2
W

= (E` + E`)2 − (pνx + pνx)2 − (p`y + pνy)2 − (p`z + pνz)2

∴ m2
W + (p`x + pνx)2 + (p`y + pνy)2 − E2

` = 2E`Eν + E2
ν − p2

`z
− 2p`zpνz − p2

νz

∴ α = 2E`Eν + p2
νT

+ p2
νz
− p2

`z
− 2p`zpνz − p2

νz

whereα ≡ m2
W+(p`x +pνx)2+(p`y +pνy)2−E2

` and E2
ν = p2

νT
+p2

νz
since m2

ν = E2
ν−p2

νT
−p2

νz
= 0.

∴
1
2

(α − p2
νT

+ p2
`z

) = E`Eν − p`zpνz

∴ β = E`
√

p2
νT

+ p2
νz
− p`zpνz

where β ≡ 1
2 (α − p2

νT
+ p2

`z
).

∴ β + p`zpνz = E`
√

p2
νT

+ p2
νz

∴ β2 + 2βp`zpνz + p2
`z

p2
νz

= E2
`(p

2
νT

+ p2
νz

)

∴ β2 − E2
`p

2
νT

= −2βp`zpνz + p2
νz

(E2
` − p`z)

∴ 0 = p2
νz
− 2βp`z

E2
`
− p`z

pνz −
β2 − E2

`p
2
νT

E2
`
− p`z

This equation is solvable for pνz if ∆ ≥ 0 where γ ≡ −β
2−E2

`p
2
νT

E2
`
−p`z

and λ ≡ 2βp`z
E2
`
−p`z

and

∆ ≡ λ2 − 4γ. This condition is equivalent to mT ≤ mW, where the transverse mass of
the lepton and the Emiss

T is defined as, mT ≡ 2|p`T ||Emiss
T | − 2~p`T · ~Emiss

T . If this condition
is satisfied then pνz = 1

2 (λ ± √∆) where the smallest absolute value is chosen. If this
condition is not satisfied, then pνz =

p`z pνT
p`T

.
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F
Dileptonic Same Sign Results

This chapter presents supplementary results to those in found in Section 10.3. Those
results were for events containing two electrons of opposite sign. These results are for
events containing two electrons of same sign.

Table F.1. Dileptonic same sign event yields at 7 TeV in data and simulation for
31.7 pb−1. Errors are purely statistical.

Dataset Yield

Data 75 ± 9

Simulation 78 ± 3

tt̄ 0.5 ± 0.1

single t 0.03 ± 0.02

W → `ν + j 1.4 ± 0.4

Z→ `` + j 68 ± 3

γ∗ → `` + j 0.7 ± 0.2

Diboson 0.49 ± 0.02

QCD multijet 6.7 ± 1.9
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Chapter F. Dileptonic Same Sign Results
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Figure F.1. Dileptonic same sign observables at 7 TeV in (solid circles) and sim-
ulation (patterned histograms) for 31.7 pb−1. Data errors are purely
statistical. No errors are shown for simulation. Ratio errors are sta-
tistical.
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Figure F.2. More dileptonic same sign observables at 7 TeV in (solid circles)
and simulation (patterned histograms) for 31.7 pb−1. Data errors are
purely statistical. No errors are shown for simulation. Ratio errors
are statistical.
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