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CHAPTER 1

Introduction

In November 2009, a new era of high-energy physics started. The first proton-proton collisions
were observed at the world’s most powerful particle accelerator, the Large Hadron Collider
(LHC). Since then, a great number of measurements have been accomplished. For the first
time, it was possible to test the Standard Model of particle physics in proton-proton collisions
for centre-of-mass energies up to 8 TeV. The biggest success so far was the discovery of a
particle which appears to be the last missing item of the Standard Model, the Higgs boson.
Another major area of interest at the LHC is the search for physics beyond the Standard
Model. This includes the search for supersymmetric partners of the third generation quarks,
which is the main topic of this thesis.

The Standard Model of particle physics (SM) describes the elementary structure of matter
and the fundamental interactions of the elementary particles. In the past decades, it has
successfully described the observations made in particle physics. A good confirmation of the
SM was obtained by the discovery of the W and Z bosons in 1983 at CERN [1–4] and the
discovery of the top quark in 1995 at Fermilab [5, 6]. In 2012, a particle consistent with the
Higgs boson predicted by the SM was discovered by the ATLAS and CMS experiments [7,8].
So far, no significant deviation from the prediction of the SM is observed. It should be
stressed, however, that the SM contains about 20 free parameters that need to be determined
experimentally. This raises the question if the SM can be embedded in a superior theory that
explains these parameters. Furthermore, the SM only considers the weak, the electromag-
netic and the strong interactions, while it is not possible to describe gravity, and there is no
explanation for the hierarchy between the Planck scale and the electroweak scale which plays
an important role for the stability of the mass of the Higgs boson. In addition, the SM does
not provide an explanation for the large amount of dark matter in the universe that can be
inferred from cosmological measurements. These open questions suggest that the SM is not
the ultimate answer to the fundamental questions of particle physics.
A possible extension of the SM arises from the postulation of a new symmetry between the
fermionic and bosonic states, called Supersymmetry. The supersymmetric extension of the
SM predicts a supersymmetric partner particle for each SM particle. Several of the open
questions of the SM can be resolved by Supersymmetry. However, in order to provide a
solution for the hierarchy problem, the masses of the supersymmetric particles should not
exceed the TeV scale.1

A large class of supersymmetric models predicts that the lightest supersymmetric particle

1 Natural units are assumed within this thesis: c = 1, h̄ = 1.
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(LSP) is stable and only weakly interacting. The stable LSP can provide a candidate for
dark matter. Its experimental signature is missing transverse momentum as it leaves the
detector undetected.
This thesis focuses on the search for supersymmetric partners of third generation quarks, the
sbottom and the stop, with the ATLAS detector. This is motivated by the fact, that these
particles are predicted to be lighter than other supersymmetric particles to provide a natural
solution of the hierarchy problem. Two scenarios for the production of sbottom and stop
particles are considered depending on the mass hierarchy, the direct pair production and the
gluino-mediated production (in cases where the gluino is light). The signatures exploited in
this thesis are based on missing transverse momentum (due to the LSP), b-jets (from the
decays of the sbottoms and stops), and no leptons (a focus is set on the sbottom production,
where no leptons occur in the decay chains).

The thesis is structured as follows:
In Chapter 2, the theoretical foundation for the relevant aspects of particle physics is pre-
sented. This includes a brief description of the Standard Model of particle physics, an intro-
duction to Supersymmetry and a discussion of the phenomenology of proton-proton collisions.
Special emphasis is given on the motivation to search for third generation squarks.
In Chapter 3, an overview of the LHC and the ATLAS detector is given, including a brief
description of the individual subdetectors and the detector simulation.
In Chapter 4, the performance of the ATLAS experiment is described. Within this chapter,
the data taking periods are briefly summarised and methods to reconstruct physical objects
are explained.
In Chapter 5, a general overview of searches for Supersymmetry with the ATLAS detector
is given. It includes a brief introduction to the phenomenology of supersymmetric processes
at the LHC, the various searches performed by the ATLAS collaboration and the common
analysis techniques that are also applied for the analyses presented in the following chapters.
In Chapter 6, an analysis investigating the direct production of sbottom and stop particles
is presented. The main focus is set on the search for pair-produced sbottoms that decay to
a neutralino and a b-quark, including a detailed discussion of the event selection and back-
ground estimation. The results of this search are used to make interpretations for scenarios
with direct stop production, where the stop decays via a chargino to the neutralino for a
small mass splitting between the chargino and neutralino. During the course of this thesis,
major contributions were made to all parts of this analysis, including optimisation studies,
background estimation, estimation of systematic uncertainties and the statistical interpreta-
tion of the results.
In Chapter 7, the gluino-mediated production of sbottom and stop particles is investigated.
Two analyses are presented, that were performed at different stages of the data taking. The
main contributions to these analyses made within this thesis are an alternative method to
validate the background estimation and the estimation of various sources of systematic un-
certainties.
In Chapter 8, the major results of this thesis are summarised.
Two topics that were investigated in addition within this thesis are discussed in the appendix:
a search strategy for h → bb̄ resonances is presented in Appendix A, and a user interface for
the offline data monitoring is presented in Appendix B.



CHAPTER 2

Theoretical Overview

In this chapter, the fundamental theoretical aspects of the presented work are introduced.
The Standard Model (SM) of particle physics is briefly summarised in Section 2.1. It is the
basis of modern particle physics. An extension of the SM is provided by Supersymmetry
(SUSY). Since the search for SUSY is the main topic of this thesis, the general concepts
and relevant details are presented in Section 2.2. A special focus is set in Section 2.3 on the
physics in pp collisions.

2.1 The Standard Model of Particle Physics

The elementary structure and interaction of matter is formulated within the Standard Model
of particle physics, based on the theoretical framework of quantum field theory.
The SM was developed in the 1960-1970s and is able, after fixing the free parameters, to
describe the current experimental data with great success. To begin with, a short overview of
the particle content of the SM is given, followed by an introduction to the particle interactions.
A more comprehensive description of the SM can be found in various textbooks, for example
in Refs. [9, 10].

2.1.1 Particle Content

The particles are described by quantum mechanics and characterised by their quantum num-
bers, as for example the electric charge, colour charge, spin or weak isospin. They are grouped
into two categories: fermions (half-integer spin) as matter constituents and bosons (integer
spin) as force carriers.

Matter Particles
The known fermions are the leptons and quarks, both with spin 1

2 . They are grouped into
three generations. In Table 2.1, the particles are listed together with their electric charge.
For each of the listed particles, also an anti-particle with opposite charge and parity but the
same mass and spin exists. The first generation consists of the electron and the electron-
neutrino (lepton sector) and the up- and down-quarks (quark sector). The visible matter is
built from these particles. The particles of the second and third generation are heavy copies
of the first generation, having the same quantum numbers but a different mass. In principle,
the existence of further generations is possible and direct searches for it are performed by the
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LHC experiments [11, 12].1

A general difference of leptons and quarks is that quarks are colour charged and therefore
cannot be observed as free particles. They are confined to bound states, called hadrons.
Two types of hadrons are known: the mesons formed by a qq̄ pair with integer spin and the
baryons formed by quark triples (qqq or q̄q̄q̄) with half-integer spin.
The lepton masses range from 0.511 MeV for the electron to 1776 MeV for the tau lepton [14].
Neutrinos are implemented in the SM as massless particles even though evidence for massive
neutrinos is given by numerous experiments measuring neutrino oscillations [15].2 Masses for
the quarks, except the top quark, need to be extrapolated with the help of theoretical models
as the hadrons contain a large portion of potential binding energy. They are of the order
of a few MeV for the first generation quarks and increase to about 4.2 GeV for the bottom
quark [14]. The mass of the top quark can be measured directly as the top quark decays after
approximately 4 · 10−25 s, before it can be bound into a hadron. With a mass of 173 ± 0.6
(stat) ±0.8 (syst) GeV [14] it is the most massive particle within the SM.

1st Generation 2nd Generation 3rd Generation Charge [e]

Leptons
νe (electron neutrino) νµ (muon neutrino) ντ (tau neutrino) 0

e (electron) µ (muon) τ (tau) −1

Quarks
u (up) c (charm) t (top) +2

3

d (down) s (strange) b (bottom) −1
3

Table 2.1: Leptons and quarks with their electric charge.

Force Carriers
The gauge bosons are regarded as transmitters of the particle interactions and carry spin 1.
The photon (γ) is the carrier of the electromagnetic force, the W± and Z bosons mediate
the weak interaction and the gluon (g) is associated with the strong interaction. In Table 2.2
the particles are listed together with their electric charge and mass. More information on the
interactions and the meaning of the gauge bosons is given in the next section.

Gauge Boson Charge [e] Mass [GeV]

γ 0 < 10−27

W± ±1 80.385 ± 0.015

Z 0 91.1876 ± 0.0021

g 0 0

Table 2.2: The gauge bosons with their electric charge and mass [14].3

1 The existence of further light neutrinos is ruled out by the decay width of the Z boson [13].
2 The SM Lagrangian density can be extended with a right handed neutrino term to include the neutrino

masses.
3 The photon and gluons are assumed massless and do not carry electric charge. Experimentally only upper

limits can be obtained that are summarised in Ref. [14].
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Higgs Boson
The incorporation of masses for the massive vector bosons into the SM can be achieved
via the Higgs mechanism, described in the next section. An additional field with spin 0,
the Higgs field, is thereby introduced. Up to the start of the LHC, the Higgs boson was
the only undetected particle of the SM. Its discovery therefore was (and still is) one of the
main interests of the LHC. The discovery of a particle consistent with the Higgs boson was
published in 2012 by the ATLAS [7] and CMS [8] collaborations. The mass of the new boson
is measured to be 125.5 ± 0.2 (stat) +0.5

−0.6 (syst) GeV by the ATLAS experiment [16] and
125.8 ± 0.4 (stat) ± 0.4 (syst) GeV by the CMS experiment [17].

2.1.2 Particle Interactions

The SM describes the electromagnetic, the weak and the strong interactions of particles.
Gravitation is the only known force that could not be included so far, but its effect is negligi-
ble compared to the other interactions at the energy ranges of the current particle colliders.
All three interactions are described by quantum field theories. The Quantum Electrody-
namics (QED) is the oldest and simplest formulation of such a theory and describes the
electromagnetic interaction of charged particles. A closed formulation of the weak interac-
tion is only possible in the electroweak unification which was developed by Glashow, Salam
and Weinberg (GSW) [18–20]. Also the Higgs mechanism is implemented within this context.
The strong interaction is described by Quantum Chromodynamics (QCD). In the following,
the theories will be briefly introduced.

Quantum Electrodynamics
The Lagrangian density of a free particle with mass m and spin 1

2 , described by the Dirac
spinor ψ, is given by

L = iψγµ∂µψ −mψψ, (2.1)

where ∂µ (µ = 0, . . . , 3) are the partial space-time derivatives, γµ (µ = 0, . . . ,3) are the
4 × 4 Dirac matrices and ψ = ψ†γ0 is the adjoint of ψ. It is invariant under global gauge
transformations of the form ψ → eiθψ for any real parameter θ. The postulation of local gauge
invariance θ → θ(x) is the main principle to establish QED. The Lagrangian density given
in Eq. (2.1) is not invariant under ψ → eiθ(x)ψ transformations, but invariance is achieved
by replacing the partial derivatives with gauge covariant derivatives: ∂µ → Dµ ≡ ∂µ − iqAµ.
Thereby, a gauge field Aµ is introduced that couples to the Dirac particle of charge q. The
new field can be interpreted as photon field if a free field term of the form FµνF

µν with
Fµν = ∂µAν − ∂νAµ is added to the Lagrangian density. A mass term is not allowed as it
would destroy the invariance again. A new, local gauge invariant Lagrangian density is built:

L = iψγµ∂µψ −mψψ + qψγµAµψ − 1

4
FµνF

µν . (2.2)

It comprises the free Lagrangian density of a Dirac field, the free Lagrangian density of the
massless photon field and the coupling of the photon to the Dirac field.
The phase transitions eiθ belong to the group of unitary 1×1 matrices U(1). Hence, the
underlying symmetry is denoted as U(1) gauge invariance. According to the theorem of
Noether [21], a law of conservation is associated with the symmetry. In QED the conservation
of the electric charge q follows.
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Perturbative Cross-Section Calculation
One of the main theoretical aspects in particle physics is the calculation of probabilities for
scattering processes. In general, the probability for a transition from an initial to a final
state is given by the integration over the Hamiltonian density of the system. As usually no
exact solution for the integral can be found, perturbation theory is applied. Each term of
the perturbation series can be graphically displayed by a so-called Feynman diagram. The
diagrams are built from three ingredients: external lines show the incoming and outgoing
particles, internal lines describe virtual particles that do not obey the energy momentum
relation (E2 = m2 + p2) and vertices are the points of interaction where the external and
internal lines are connected.4 The QED vertex is shown in Fig. 2.1a.

igeγ
µ

(a) QED vertex

µ
−

e
−

(b) e-µ scattering

Figure 2.1: QED interaction vertex (a) and leading order Feynman diagram for electron-muon
scattering (b).

The Feynman diagrams are translated back to mathematical expressions by the Feynman
rules, which are derived from the Lagrangian density. A mathematical term is associated
with each element of the diagram and the expression for the whole diagram corresponds to
one term of the sum of the perturbation series for the transition probability. Each vertex
contributes with a term proportional to the expansion parameter of the series, the coupling
constant5. The order of a diagram is determined by the number of vertices. The contri-
butions of higher orders can often be neglected, assuming the coupling constant is small.
Cross-sections are usually calculated in leading order (LO), next-to-leading order (NLO) or
next-to-next-to-leading order (NNLO).6 In Figure 2.1b, the leading order contribution for
electron-muon scattering is shown.
Corrections to higher-order calculations can contain virtual loops. The loops lead to diver-
gences, because the virtual particles in the loops do not obey the energy momentum relation
and all possible energy-momentum combinations inside the loop need to be integrated over.
The divergences are absorbed by a redefinition of the measurable quantities such as the
coupling constants and masses. This process, referred to as renormalisation, leads to an
energy dependence of the observables and the introduction of a reference energy scale, the
renormalization scale µR.

Quantum Chromodynamics
The strong interaction is binding the quarks to hadrons and is also known for binding the
nucleons in the nucleus. The coupling is connected to the colour charge of the interacting

4 The time axis is chosen vertical within this thesis: the incoming particles are shown at the bottom and
the final state particles at the top of the diagrams.

5 In QED, the coupling constant ge is proportional to the electric charge q of the interacting fermion.
6 In some cases, the expansion is rearranged to include the leading-logarithmic terms, referred to as resum-

mation. The next-to-leading-logarithmic order is denoted as NLL.
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particles, analogous to the electric charge in QED. In contrast to the electric charge, three
colour states exist. Thus, the gauge symmetry is described by the SU(3) group (unitary
3×3 matrices with unity determinant). Each (anti-)quark carries an (anti-)colour, but only
colourless particles are observed in nature. As a consequence, the confinement of quarks into
hadrons is attained: colourlessness is achieved by adding a colour-anticolour pair (meson) or
all colours with equal amounts (baryon). Leptons do not participate in the strong interaction
as they do not carry colour.
The strong interaction is mediated via gluons which carry a colour and anticolour in contrast
to the electrically neutral photons. Nine possible combinations can be built from the colour
and anticolour charges. Under SU(3)c they form a singlet and an octet. Only the colour
singlet could propagate as free particle, but would introduce a long distance interaction with
a strong coupling which is not observed in nature. The eight gluons of the colour-octet are
the known mediators of the strong interaction and change the quark colours when coupling
to them. In Figure 2.2a, the QCD vertex for quark-gluon coupling is shown. The coupling
constant gs is accompanied by a Gell-Mann matrix λα, α = 1, . . . , 8 which form a fundamental
representation of SU(3)c. A further difference to QED is given by the fact that SU(3)c is
a non-Abelian group and therefore self couplings of the gluons are introduced as shown in
Fig. 2.2b.

igs
2
λαγµ

q

q

(a) g-q coupling (b) self couplings of the gluons

Figure 2.2: QCD vertices for the quark-gluon (a) and the gluon self couplings (b).

At the LHC, QCD processes play a fundamental role. A more detailed description of the
hadron-hadron interaction is given in Section 2.3.

Weak Interaction
The weak interaction is mediated via the three vector bosons (W±, Z). In Figure 2.3, the
vertices for the couplings to the matter particles are shown. In addition, there are self
couplings of the vector bosons and couplings to the photon. The couplings to the W± bosons
change the flavour of the interacting fermions. In the lepton sector, a lepton ℓ is converted to
the associated neutrino νℓ or vice versa, as shown in Fig. 2.3a. In the quark sector, any "up-
type" quark (u, c, t) is converted to any "down-type" quark (d, s, b), as shown in Fig. 2.3b.
A mixing of the interacting quarks is thereby introduced, meaning that the mass eigenstates
do not correspond to the eigenstates of the weak interaction. The mixing is described by
the Cabibbo-Kobayashi-Maskawa matrix [22].7 The neutral boson Z couples to any quark or
lepton as shown in Fig. 2.3c. At leading order, the incoming and outgoing fermion is identical.
The existence of flavour changing couplings to the Z boson is strongly restrained by theory
and experimental observations but could occur in higher orders or processes beyond the SM.

7 In the SM, no mixing is allowed for the lepton sector due to the massless neutrinos. However, a mixing of
the weak and mass eigenstates is observed by the neutrino experiments, as reported in Ref. [15].
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i gw√
2
γµ1

2
(1 − γ5)

l

νl

W

(a) W± coupling in
the lepton sector

i gw√
2
γµ1

2
(1 − γ5)

d′

u

W

(b) W± coupling in
the quark sector

igzγ
µ1

2
(cf

V − c
f
Aγ5)

f = q, l, νl

f

Z0

(c) Z coupling to
fermions

Figure 2.3: Vertices for the weak interaction.

A general difference is observed between the weak interaction vertices and the electromagnetic
or strong interaction vertices: the factor (1 − γ5), where γ5 = iγ0γ1γ2γ3. The term ψγµψ
corresponds to a vector, while ψγµγ5ψ is an axial vector that transforms differently under
parity transformations. For the W± interaction vertex, a pure vector-axial vector (V-A)
structure with equal strength is obtained. In case of the Z vertex, the vector and axial-
vector couplings can be different, parametrised by the axial-coupling constant cA and the
vector-coupling constant cV which depend on the fermion type.

Electroweak Unification
Glashow, Salam and Weinberg were able to unify the weak interaction with the electromag-
netic interaction to the electroweak theory [18–20].
Charged currents are obtained by multiplying the W± vertices with the incoming and out-
going spinors. The charge raising current for an incoming lepton and outgoing neutrino is
given by J+

µ = vγµ
1
2(1 − γ5)u, where v and u are the spinors for the neutrino and the lepton.

By splitting the spinors into a right handed and left handed part

u =
1

2
(1 − γ5)u+

1

2
(1 + γ5)u ≡ uL + uR, (2.3)

the current becomes J+
µ = vLγµuL, only involving the left handed components. In general,

it can be shown that only the left handed particles and the right handed anti-particles par-
ticipate in the charged weak interaction. The neutral current is given by JNC

µ = uγµ
1
2(cV −

cAγ
5)u. It includes both, a right handed and a left handed component, unless cV = cA.

The charged currents can be written in a two-component form of J±
µ = χLγµτ±χL, where

χL denotes the isospin doublet for leptons or quarks8 and τ± correspond to the creation and
annihilation operators built from the Pauli matrices τ1/2 (τ± = 1

2 (τ1 ± iτ2)). This suggests
that the underlying symmetry of the weak interaction is described by the SU(2) group. For
an isospin triplet of weak currents, a third neutral current would follow as J3

µ = χLγµτ3χL

that would only couple to left handed particles. It can be split into two components via the
Gell-Mann-Nishijima relation Q = T 3+ 1

2Y : an electromagnetic current for the electric charge
Q (jem

µ = −uLγµuL − uRγµuR) and a current for the hypercharge Y (jY
µ = 2jem

µ − 2J3
µ). An

additional U(1) symmetry is imposed by the hypercharge, denoted as U(1)Y . In total, the

8 The isospin doublets are given by χL =

(
νl

l

)

L

and χL =

(
u
d′

)

L

, where d′ denotes the down-type

quarks mixed by the CKM matrix.



2.1 The Standard Model of Particle Physics 9

symmetry of the electroweak theory is given by:

SU(2)L × U(1)Y . (2.4)

The generators of both groups commute and therefore all particles of an isospin multiplet
carry the same hypercharge. An isospin triplet of fields W i

µ is introduced that couples to the

isospin currents with strength g and a singlet field Bµ is introduced that couples to jY
µ with

strength g′/2. The W± bosons are built from the charged fields: W±
µ = 1

2(W 1
µ ∓ iW 2

µ). The
photon and the Z boson result from a mixture of the neutral fields:

Aµ = Bµ cos θw +W 3
µ sin θw, (2.5)

Zµ = −Bµ sin θw +W 3
µ cos θw. (2.6)

The mixing angle θw is called weak mixing angle and connects the coupling constants g and
g′ via g sin θw = g′ cos θw.

Higgs Mechanism
It is not possible to include mass terms for the massive gauge bosons of the form M2WµW

µ

in the SM Lagrangian density without destroying local gauge invariance. The SM would loose
its predictive power as non renormalisable divergences would be induced.
A way of generating the masses while conserving the gauge invariance is provided by the Higgs
mechanism [23–25]. Scalar fields φi with a potential V = 1

2µ
2φ2

i + 1
4λ(φ2

i )2, where λ > 0 and
µ2 < 0, are introduced. The one-dimensional projection of the potential is shown in Fig. 2.4.
The ground state of the field φi is given by the potential minima which are observed at φi =

±v = ±
√

−µ2

λ and not at the origin φi = 0. By choosing any of the ground states, the explicit
symmetry of the Lagrangian density is broken. This is also denoted as spontaneous symmetry
breaking. The theorem of Goldstone shows that massless scalar particles, the Goldstone
bosons, are generated by the symmetry breaking. These bosons are no real particles and only
show up in the Lagrangian density for certain parametrizations of the fields. Nevertheless,
their degrees of freedom can be absorbed into longitudinal polarisations of the boson fields
to make them massive.

v�v

�
i

V ��
i
�

Figure 2.4: One-dimensional projection of the Higgs potential V (φi) with minima at φi = ±v.

To give mass to the three gauge bosons, W± and Z, the Lagrangian density of the Higgs field
must obey the SU(2)L × U(1)Y symmetry:

LHiggs = |(i∂µ − g~τ · ~Wµ − g′Y
2
Bµ)φ|2 − V (φ), (2.7)
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where V (φ) is of the structure shown above. Four real scalar fields φi are introduced and
usually arranged to an isospin doublet with Y = 1:

φ =
1√
2

(
φ1 + iφ2

φ3 + iφ4

)
. (2.8)

A common choice of the ground state is given by φ0 =
√

1
2

(
0
v

)
, which breaks the local

symmetries of SU(2)L and U(1)Y . When inserting φ0 in the Lagrangian density the following
terms are obtained:

(
1

2
vg

)2

W+
µ W

−µ +
1

8
v2(W 3

µ ,Bµ)

(
g2 −gg′

−gg′ g′2

)(
W 3µ

Bµ

)
. (2.9)

They can be interpreted as mass terms and the matrix of the second term is diagonalised
through a basis transformation from (W 3

µ ,Bµ) to (Zµ,Aµ). A massless photon and massive
W and Z bosons follow:

MW =
1

2
vg, MZ =

1

2
v
√
g2 + g′2 =

MW

cos θw
, Mγ = 0. (2.10)

Also the lepton and quark masses can be generated with the Higgs doublet of Eq. (2.8).
Another term respecting the SU(2)L ×U(1)Y symmetry, denoted as LYukawa, is added to the
Lagrangian density:

LYukawa = −Gij
l L̄

i
Lφl

j
R −Gij

d Q̄
i
Lφd

j
R −Gij

u Q̄
i
LφCu

j
R + hermitian conjugate, (2.11)

where L̄i
L (Q̄i

L) are the lepton (quark) isospin doublets and ljR (dj
R, uj

R) are the corresponding

isospin singlets. The coupling constants are denoted by Gij
l , Gij

d and Gij
u and also account

for the mixing of the weak eigenstates in the quark sector. The field φC ≡ −iτ2φ
∗ is needed

in order to generate masses for the up-type quarks. There is no prediction for the size of the
masses since they appear in the form of free coupling parameters (e.g. me = Gev√

2
).

The Higgs field arises as fluctuation around the ground state: v → v + h(x). It is the only
field left of the four initial fields, as the other three fields are absorbed to give masses to the
vector bosons. The mass of the Higgs boson follows as mh = v

√
2λ.

In addition to the mass terms, various couplings of the Higgs boson to the vector bosons, the
photon and the fermions are obtained from LHiggs and LYukawa. Two examples are shown in
Fig. 2.5: the trilinear vertices for the h-W coupling and the h-e coupling. In general, the
coupling strength is proportional to the mass of the interacting particle. The chirality of a
fermion is changed by the Higgs coupling, as shown for the electron in Fig. 2.5b.

igMw

W

W

h

(a) h-W coupling

−ig
2

me
Mw

eR

eL

h

(b) h-e coupling

Figure 2.5: Trilinear coupling of the Higgs boson to the W boson (a) and the electron (b).
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Summary of the Standard Model
In summary, the gauge symmetry of the SM is described by

SU(3)c × SU(2)L × U(1)Y . (2.12)

The total Lagrangian density of the SM is obtained by adding the different terms for the
previously introduced processes (LSM = LEW + LQCD + LHiggs + LYukawa) and consists of:

• Kinetic terms for the gauge bosons and fermions.

• Couplings of the fermions to the gauge bosons.

• Couplings of the fermions and gauge bosons to the Higgs boson.

• Self interactions of the gauge bosons and the Higgs boson.

• Mass terms for the fermions, gauge bosons and the Higgs boson.

It contains 19 free parameters, like the particle masses, coupling constants and mixing param-
eters. They need to be estimated experimentally which is unsatisfactory from a theoretical
point of view. Attempts are made to unify the interactions at high energies to a grand unified
theory (GUT) that would be described by only one unified coupling parameter.
There are a few problems, or better open questions, within the current version of the SM.
They will be introduced in Section 2.2.1 in order to motivate a supersymmetric extension of
the SM.

2.2 Supersymmetry

Supersymmetry (SUSY) provides a possible extension of the SM by introducing a new sym-
metry between bosonic and fermionic states. In Section 2.2.1, arguments to motivate this
extension of the SM are given. An introduction to the fundamental concepts of the new sym-
metry follow in Section 2.2.2. The minimal supersymmetric extension of the SM (MSSM) is
discussed in Section 2.2.3. An overview of various SUSY models is given in Section 2.2.4. In
this thesis, the focus is set on the search for light third generation SUSY particles. A discus-
sion on the aspects related to this is given in Section 2.2.5. For a more detailed introduction
to SUSY, see for example Refs. [26, 27].

2.2.1 Motivation for an Extension of the SM

By construction, a supersymmetric extension of the SM contains the SM completely and
can also describe the experimental observations made in accordance with the SM. The main
motivation for the supersymmetric extension at the electroweak scale is given by the natural
solution of the hierarchy problem. The hierarchy problem and a number of additional aspects
in favour of a supersymmetric extension are briefly described in the following.

Hierarchy Problem
The hierarchy problem is related to the renormalisation of the mass of the Higgs boson.
There is no symmetry in the SM that would prevent the Higgs boson suffering from radiative
corrections in form of loop diagrams with the matter particles, the electroweak gauge bosons
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and the Higgs boson itself.9 The Higgs boson mass is therefore given as the sum of the
“naked” mass mh,N and the contribution arising from the corrections ∆mh:

m2
h = m2

h,N +∆m2
h. (2.13)

The one-loop correction given by a fermion is shown in Fig. 2.6a and gives a contribution
proportional to the coupling λF :

∆m2
h,fermion =

λ2
F

8π2

[
−Λ2 + 3m2

f ln(Λ/mf ) + . . .
]
, (2.14)

where mf is the fermion mass and Λ denotes a cut-off scale that is introduced to handle the
divergence of the loop integration.10 The coupling λF is proportional to the fermion mass.
Therefore the dominant contribution is given by the top quark. Bosonic loop corrections give
contributions with the opposite sign compared to the fermionic loop corrections. After the
top contribution, the next largest contributions come from the gauge bosons, followed by the
Higgs boson. However, the gauge and Higgs boson contributions cannot cancel out the top
contribution as they are much smaller in size.

h λfλf

f̄

f

h

(a) Fermion loop

S

h hλs

(b) Boson loop

Figure 2.6: Loop corrections for the Higgs boson propagator.

The large radiation contribution has to be balanced by the naked Higgs boson mass (m2
h,N ≃

−∆m2
h for mh ∼ O(100 GeV)). For the cut-off at the Planck scale, this has to happen

with a precision of 34 orders of magnitude, referred to as fine-tuning problem. Theoretically,
the fine-tuning of the Higgs boson mass is possible. However, it appears unnatural from a
physical point of view.
A natural solution of the fine-tuning problem is provided by SUSY: the divergent terms are
cancelled out by additional terms from supersymmetric particles. The contribution of a scalar
loop (Fig. 2.6b) is given by:

∆m2
h,scalar =

λS

16π2

[
Λ2 − 2m2

S ln(Λ/mS) + . . .
]
, (2.15)

where λS is the coupling of the scalar to the Higgs boson and mS the mass of the scalar
particle. An exact cancellation of the quadratic divergences can be achieved by adding a
boson of the same mass for each fermion. There is no exact SUSY (see below), but the
cancellation is still possible, provided that the masses of the SUSY particles are not too large
(mS ∼ O(100 GeV − 1 TeV)).

9 For fermions, equivalent corrections are forbidden by chiral symmetry.
10 The cut-off represents the energy scale at which the theory breaks down (no longer describes the reality).

It is typically placed at the Planck energy scale, at which gravity begins to play an important role. The
Planck scale is about 17 orders of magnitude above the electroweak scale (MP ∼ 1019).
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Dark Matter
The visible matter, described by the SM, only contributes a small portion to the total energy
density of the universe. Only about 4.9% consist of baryonic matter, while the rest is made
of so-called dark energy (68.3%) and dark matter (26.8%) [28]. Dark energy is postulated to
describe cosmological phenomena like the time dependence of the expansion of the universe.
The existence of dark matter is anticipated because of gravitational effects: the rotational
velocity of galaxies and gravitational lensing of background galaxies by foreground galaxies
yield higher mass accumulations than the observed visible matter. Different sources to explain
the missing matter were considered, like for example brown dwarfs or neutrinos, but the
contributions from these known objects were found to be too small. One possible explanation
for the dark matter contribution is the existence of a weakly interacting massive particle
(WIMP). A number of experiments target the direct detection of those particles [29].
A good WIMP candidate is provided by the lightest supersymmetric particle, under the
assumption of R-parity conservation (see below).

Unification
It may be possible to unify the SM interactions at high energies to a GUT. A GUT is usually
described by a larger symmetry group, as for example SO(10), which breaks down to the SM
symmetry groups at lower energies. As a result the three SM couplings would be unified to
only one coupling constant. However, the evolution of the SM coupling constants shows that
they do not meet at a common energy scale. The energy evolution of the inverse coupling
constants is shown in Fig. 2.7. In case of a supersymmetric extension, it is possible to unify the
three couplings at one energy scale: the unification for a MSSM scenario (see Section 2.2.3)
at ∼ 1016 GeV is also shown in Fig. 2.7.

Figure 2.7: The evolution of the inverse coupling constants of the interactions with energy
for the SM (dashed lines) and SUSY (solid lines) [26]. The SUSY model is based on a MSSM
scenario, varying the masses of the supersymmetric particles between 500 GeV and 1.5 TeV and
assuming α3(Z) to lie between 0.117 and 0.121.

Gravity
On cosmological scales, gravity is well described by Einstein’s general theory of relativity [30].
However, it is the only known force not contained in the SM. A consistent formulation as
a quantum field theory is not feasible, since it would introduce non-renormalisable terms.
Also, gravity does not follow from the postulation of local gauge invariance within the SM.
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The effect of gravity is negligible at the energy scales of current accelerator experiments, but
needs to be taken into account at the latest at the Planck-scale (MP ∼ 1019 GeV).
The postulation of local gauge invariance under SUSY transformations leads to the introduc-
tion of a graviton-gravitino pair. Though, to make the theory renormalisable, it has to be
embedded in a greater theory, as for example string theory.

2.2.2 Introduction to Supersymmetric Extensions of the SM

In SUSY, a transition from fermionic states to bosonic states and vice versa is introduced:

Q|Boson〉 ∝ |Fermion〉 (2.16)

Q|Fermion〉 ∝ |Boson〉, (2.17)

where Q is the generator of the SUSY transformations.11 A generalisation of the Coleman-
Mandula theorem, the Haag-Lopuszanski-Sohnius theorem [32], shows that SUSY can be em-
bedded in a consistent quantum field theory, implying that the SUSY generator is fermionic.
In the SM, the symmetry generators of the SU(3)c ×SU(2)L ×U(1)Y gauge group are scalars
and only particles of the same spin belong to the multiplets formed by the symmetry groups.
The generator Q and its conjugate Q† have spin 1

2 and are described by Weyl spinors12. They
satisfy the following algebra of commutator and anti-commutator rules:

{Q,Q†} = Pµ, {Q,Q} = {Q†,Q†} = 0, [Pµ,Q] =
[
Pµ,Q†

]
= 0, (2.18)

where Pµ is the momentum operator.
The invariant subspaces of the irreducible SUSY representation are called supermultiplets.
Each supermultiplet contains a bosonic and a fermionic state, which are referred to as each
others superpartners. The same number of degrees of freedom must be included for the
fermionic and the bosonic state: nF = nB.

Chiral Supermultiplet:

• Spin 1
2 : Weyl fermion

• Spin 0: complex scalar field

The two chirality states of the fermion give nF = 2 and therefore the bosonic state is
expressed as complex scalar field.

Vector Supermultiplet:

• Spin 1: vector field

• Spin 1
2 : Weyl fermion

Two degrees of freedom are assigned to the vector field, which is assumed to be mass-
less.13

11 In general, more than one SUSY generators can be introduced. The minimalistic option of one SUSY
generator (plus its conjugate Q†), referred to as the Wess-Zumino model [31], is sufficient to describe the
most interesting phenomenology and is considered here.

12 A Dirac spinor can be decomposed into two Weyl spinors (a left and a right handed). The Weyl spinor
indices are omitted here.

13 As in the SM, no direct mass terms can be introduced and masses are obtained via symmetry breaking.
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All particles of the SM can be included in these multiplets: the quarks, leptons and Higgs
bosons14 belong to chiral supermultiplets, while the gauge bosons belong to vector multiplets.
The supersymmetric partner particles are distinguished from the SM particles by a tilde and
denoted with a prefixed “s” in case of scalars (sfermion, squark, slepton, stop, sbottom, . . .)
and an appended “ino” in case of fermions (gaugino, higgsino, wino, . . .).
The SUSY generators commute with the generators of the gauge group, which is chosen to
be the SM gauge group. Therefore, the superpartners possess the same quantum numbers
(electric charge, isospin, colour charge) and only differ in their spin. In addition, it follows
from Eq. (2.18) that Q and P 2 = PµP

µ commute, meaning that the superpartners have the
same mass. However, no supersymmetric particles with masses equal to the SM masses are
observed. Therefore, SUSY must be a broken symmetry if realised in nature (see below).
The Lagrangian density of the SM is extended to include additional terms for the supersym-
metric partner particles. In general, terms for the following contributions are added:

• Couplings among the SUSY particles.

• Couplings of the SUSY particles to the SM particles.

• Kinetic terms for the SUSY particles.

• Mass terms for the SUSY particles.15

In Figure 2.8, a selection of possible vertices for the new interaction terms is shown.16 On
the one hand, gauge interactions, as shown in Fig. 2.8a, are added: they show the couplings
of the scalar particles to the gauge bosons and additional couplings for the gauginos. On the
other hand, couplings among the particles of the chiral multiplets, as shown in Fig. 2.8b, are
in principle possible. They comprise Yukawa couplings between the fermions and scalars and
couplings among the scalar particles. The triple scalar coupling has the dimension of a mass,
while the quartic scalar coupling and the Yukawa coupling are dimensionless.

(a) gauge interactions (b) chiral vertices

fermion
scalar

gaugino
gauge boson

Figure 2.8: Additional interaction vertices involving the supersymmetric partner particles.

14 In SUSY at least two Higgs doublets need to be included, which leads to more than one Higgs boson (see
Section 2.2.3).

15 Most of the mass terms are included only by SUSY breaking, as these terms are highly restricted by the
unbroken (SUSY invariant) part of the Lagrangian density.

16 It should be noted that the list of diagrams is not complete. A more detailed discussion can be found for
example in Ref. [26].
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R-parity
The general supersymmetric Lagrangian density contains terms that violate the conservation
of the lepton and baryon number. This violation is constrained by a number of experimental
observations from direct searches, searches for neutral flavour changing currents, measure-
ments of the proton lifetime and cosmological measurements. The mentioned terms can be
suppressed by constraining the models on the basis of the experimental boundaries. Another
approach is the introduction of a new preservative quantum number, R-parity, which explic-
itly forbids the terms. It is a multiplicative quantum number, defined by the baryon number
B, the lepton number L and the spin S of the particle:

R = (−1)3(B−L)+2S =

{
+1 SM particle
−1 SUSY particle

(2.19)

All SM particles have R = 1 and all SUSY particles have R = −1. If R-parity is conserved,
the following restrictions on the SUSY models result:

• SUSY particles are produced in pairs.

• A SUSY particle decays into an odd number of SUSY particles.

• The lightest SUSY particle (LSP) is stable.

One of the main motivations for SUSY is hereby fulfilled: a candidate for dark matter is
provided in form of the stable LSP. In this context, the LSP must be electrically neutral and
cannot participate in the strong interaction, because otherwise it would have accumulated in
the galaxies like normal matter and formed heavy isotopes that are not observed. The LSP
also accounts for one of the most crucial SUSY signatures in R-parity conserving models,
missing transverse momentum, since it leaves the detector undetected.
In the following, the conservation of R-parity is assumed. An exception is made in Section 5.9,
where a short introduction on R-parity violating SUSY searches is given.

Supersymmetry Breaking
The masses of the SM particles cannot have arbitrary high values, as they arise from the
electroweak symmetry breaking [33, 34]. In contrast, the SUSY particles are not bound by
this condition and can have high masses in general. However, they should be at the order of
a TeV to provide a natural solution of the hierarchy problem.
The breaking mechanism for SUSY is unknown. Most models consider a spontaneous sym-
metry breaking, which is theoretically favoured.17 General constraints follow by retaining
the natural solution of the hierarchy problem: the breaking must not induce terms in the
Lagrangian density that destroy the cancellation of quadratic divergences for the Higgs boson
mass or that result in new divergences. A common approach is to add all possibilities of the
so-called soft SUSY breaking terms to the Lagrangian density:

L = LSUSY + LSOFT, (2.20)

where LSUSY is SUSY invariant while LSOFT breaks SUSY but still allows for a natural
solution of the hierarchy problem and keeps the theory renormalisable. Terms included in

17 The explicit breaking of the symmetry is in principle possible, but would for example lead to inconsistencies
in models including supergravity.
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LSOFT are mass terms and coupling terms with the dimension of a mass (or higher powers
thereof), as for example trilinear scalar couplings.18

Often, it is assumed that SUSY breaking occurs in a hidden sector, whose constituents hardly
interact with the particles of the visible sector. The soft SUSY breaking terms occur when
the breaking is transferred from the hidden to the visible sector, which is accomplished by a
renormalisable interaction.

2.2.3 The Minimal Supersymmetric Standard Model

The MSSM contains the minimal particle content needed to make a supersymmetric extension
of the SM and is based on the SM gauge group. A supersymmetric partner is assigned for
each SM particle. The only possibility to identify the known bosons and fermions contained in
the SM as each others partners is a supermultiplet built of the Higgs boson and the neutrino
(the gauge bosons differ by their quantum numbers from the fermions). However, within
the MSSM this multiplet is ruled out for different reasons, as for example a lepton number
violation and a too massive neutrino would result.19

The chirality of the SM fermions is transferred to the sfermions. As for the SM, these states
correspond to the interaction eigenstates and hence the W boson only couples e.g. to the ũL

and d̃L, but not the ũR and d̃R. In general, the mass eigenstates are a mixture of the left
and right states (see below). The Zino and the Photino are built from the Wino and Bino
following the SM prescription:

Z̃ = − sin θwB̃ + cos θwW̃
3 (2.21)

γ̃ = cos θwB̃ + sin θwW̃
3. (2.22)

However, these states are not necessarily the mass eigenstates. Since SUSY is broken, the
gauginos and higgsinos with different SU(2)L ×U(1)Y numbers can mix to the following mass
eigenstates:

Charginos χ̃±
1,2: mixture of the electrically charged fields (W̃±,H̃+

2 ,H̃
−
1 ).

Neutralinos χ̃0
1,2,3,4: mixture of the neutral fields (B̃, W̃ 3, H̃0

1,2).

The lightest neutralino χ̃0
1 is the LSP for the models studied in this thesis.20

There are two reasons, that two Higgs doublets are needed in the MSSM:

• In the SM, the masses of up-type quarks are obtained via the conjugated Higgs field
H∗ (see Section 2.1.2), but the Lagrangian density L(H,H∗) is not SUSY invariant. A
second Higgs doublet allows to generate all the masses while keeping the Lagrangian
density SUSY invariant.

• The supersymmetric partner of the Higgs boson contributes to gauge anomalies which
destroy the renormalisability of the theory. The contributions can be cancelled by
introducing a second Higgs doublet with inverted hypercharge.

18 In exact SUSY, the dimensionless couplings for the fermionic and scalar loops are related such that the
quadratic loop divergences cancel. Therefore, no additional dimensionless couplings are allowed in LSOFT,
as they would destroy the cancellation.

19 The discussion of a model containing the Higgs-neutrino multiplet is given for example in Ref. [35].
20 Other candidates for the LSP are the sneutrino or gravitino (in models including gravity). The sneutrino

being the LSP is, however, excluded by LEP data [36].
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Chiral Supermultiplets Spin 1/2 Spin 0

Lepton L (νe, eL) (ν̃e, ẽL)

ē e†
R ẽ∗

R

Quark Q (uL, dL) (ũL, d̃L)

ū u†
R ũ∗

R

d̄ d†
R d̃∗

R

Higgs H1 (H̃0
1 ,H̃−

1 ) (H0
1 , H−

1 )

H2 (H̃+
2 ,H̃0

2 ) (H+
2 , H0

2 )

Vector Supermultiplets Spin 1 Spin 1/2

U(1) B̂ B B̃

SU(2) Ŵ W 3 W± W̃ 3 W̃±

SU(3) Ĝ g g̃

Table 2.3: Particle content of the MSSM. Only the first generation of the chiral lepton and
quark fields are shown, the second and third generation follow analogously.

The doublets are denoted by

H1 =

(
H0

1

H−
1

)
, H2 =

(
H+

2

H0
2

)
, (2.23)

where the leptons and down-type quarks couple to H2 (also referred to as Hd) and the up-
type quarks couple to H1 (also denoted as Hu). Eight degrees of freedom are provided by
the two doublets. Three are needed to give mass to the gauge bosons and the rest is left to
built a set of five Higgs bosons:

• h, H0: two CP even and neutral scalars.

• A: one CP odd and neutral scalar.

• H±: two charged scalars.

The lightest one is the h boson, which can have similar properties as the SM Higgs boson.
A MC study on the feasibility to find the h boson for different SUSY scenarios is given
in Appendix A. At tree-level, the Higgs sector is described by only two free parameters.
Typically, the mass of the pseudoscalar boson (MA) and the ratio of the vacuum expectation
values of the two Higgs doublets (tan β = v2

v1
) are chosen. A summary of the MSSM particle

content is given in Table 2.3.
The MSSM is a R-parity conserving model. The SUSY invariant Lagrangian density contains
a generalisation of the SM gauge couplings (e.g. g̃ → qq̃, W̃ 3 → ll̃), a generalisation of the
SM Yukawa interactions (e.g. t̃L → H̃0

1 tR) and a supersymmetric version of the Higgs
potential.21 In addition, a minimal set of soft SUSY breaking terms is included. They

21 The couplings have the same strength as the ones given by the SM model gauge and Yukawa couplings. This
follows by the construction of the SUSY invariant Lagrangian density and provides the natural solution of
the hierarchy problem.
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contain mass terms for the gauginos, sfermions and Higgs bosons, bilinear Higgs couplings
and trilinear scalar couplings of the sfermions to the Higgs fields. It should be noted that
SUSY breaking introduces a large number of additional parameters to the model. A total of
105 free parameters is added in form of masses, mixing angles and phases.

2.2.4 Model Building

The use of generic MSSM models for a physics analysis is impractical due to the large number
of free parameters. In general, two classes of models with a reduced number of free parameters
are distinguished:

Bottom-up models: phenomenological models (pMSSM) [37] or simplified models [38] are
used to target specific scenarios by fixing the mass hierarchy of the SUSY particles and
considering only a few dominant decay chains of the SUSY particles.

Top-down models: a high reduction of the parameters is obtained by assuming the uni-
fication at a GUT scale. The number of free parameters in the MSSM can be re-
duced down to five in the so-called constrained MSSM (cMSSM). In addition, spe-
cific assumptions on the SUSY breaking mechanism are made by the minimal su-
pergravity model (mSUGRA) [39–43] and the gauge-mediated SUSY breaking model
(GMSB) [44–49]. Another type of scenarios is obtained by supersymmetric versions of
the SO(10) GUT [50].

Phenomenological MSSM
A significant reduction of the MSSM parameters can be obtained by considering general
phenomenological observations. The number of free parameters is reduced to 22 by the
following assumptions [37]:

• All SUSY breaking parameters are real, to prevent the theory from additional CP
violating processes.

• The scalar mass matrices are diagonal and the trilinear coupling matrices are propor-
tional to the corresponding Yukawa couplings22, to prevent the theory from flavour
changing neutral currents.

• Universality for the first and second sfermion generation is demanded (corresponding
to equal mass parameters and equal trilinear couplings) to take into account several
constraints as for example from kaon mixing.

The remaining parameters consist of the gaugino and sfermion masses, the proportionality
factors Af of the trilinear couplings, the squared Higgs boson masses and tan β.

Constrained MSSM
The cMSSM is obtained by considering the MSSM as the solution of a GUT at low energies:
the unification of the coupling constants at the GUT scale is assumed. A further reduction
of the parameter space is achieved by adding the following GUT relations:

• unification of the trilinear couplings to A0.

22 This means af = Af · yf , e.g. for ˜̄uauQ̃H1 and ūyuQH1.
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• unification of the gaugino masses to m1/2.

• unification of the scalar masses to m0.

The values for the masses and couplings at lower energy scales, like for example the elec-
troweak scale, are obtained by applying the renormalization group equations. The evolution
of the mass parameters is sketched in Fig. 2.9.
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Figure 2.9: The evolution of the mass parameters from the GUT energy scale to the electroweak
energy scale [26]. For the Higgs boson masses, the (µ2 + m2

Hu,Hd
)1/2 values are shown (Hu ≡

H1,Hd ≡ H2).

When all GUT relations are taken into account, the model is described by only four param-
eters and a sign:

m0, m1/2, A0, tan β, sign(µ). (2.24)

The absolute size of the Higgs boson mass parameter µ is determined from the values of m0

and tan β.

mSUGRA
So far, SUSY was considered as a global symmetry. Scenarios that are based on a local SUSY
are referred to as supergravity (SUGRA) models. A new gauge field with spin 3

2 is introduced
under the postulation of local SUSY invariance. This field can be interpreted as gravitino.
Together with its superpartner, the massless graviton with spin 2, it forms the gravitational
supermultiplet. Therefore, the fourth interaction, gravity, is included in SUGRA models as
a consequence of local SUSY invariance.
In the mSUGRA model, the SUSY breaking is mediated via gravity from a hidden sector to
the visible sector, which consists of the MSSM particle spectrum. The same GUT relations
as for the cMSSM are assumed, leading to the same set of free parameters. The LSP is the
neutralino.

GMSB
In the GMSB model, SUSY breaking is induced by the electroweak and strong interactions.
In contrast to the mSUGRA scenario, a light gravitino is predicted, which usually is the LSP.
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SO(10) GUT
The grand unified theory SO(10) [51] can be considered in supersymmetric scenarios. The
unification of the gauge couplings as well as the unification of the matter superfields are
allowed by the SO(10) group. A general feature, arising from the matter unification, is that
right-handed neutrinos need to be added. In addition, the unification of the third generation
Yukawa couplings is assumed for the SUSY SO(10) models considered within this thesis.
These models are briefly summarised in the following, details are given in Ref. [50].
The SO(10) SUSY is described by the following free parameters:

m1/2, m16(1,2,3), m10, M2
D, A0, tan β, sign(µ), (2.25)

where m1/2, m16(1,2,3) and m10 are the unified masses of the gauginos, the scalar matter
particles (per generation) and the soft Higgs terms (mH1 ,mH2), respectively. The parameter
M2

D describes a potential splitting of the soft Higgs terms, which arises when breaking the
SO(10) symmetry. The other parameters are the trilinear coupling constants A0, the ratio of
the Higgs vacuum expectation values and the sign of the Higgs boson mass parameter µ.
The SO(10) splitting can affect all scalar masses via so-called D-term contributions, referred
to as DT splitting. Another possibility is that the splitting only affects the Higgs sector
(m2

H1,2
= m2

10 ± M2
D), referred to as Higgs splitting (HS splitting). The unification of the

Yukawa couplings is better described by the HS model. In case of the DT splitting model,
specific assumptions on the neutrino Yukawa coupling and the mass splitting between the
first+second and the third generation need to be added to allow for an approximate Yukawa
coupling unification. Models obtained under this assumption are referred to as DR3 models.
A common feature of the HS and DR3 models is that large masses are predicted for the first
and second generation sfermions (∼ 10 TeV), while the third generation sfermion masses are
lower (∼ 1 − 3 TeV). Light masses are obtained for the gluinos (∼ 300 − 500 GeV) and the
lightest charginos and neutralinos (mχ̃±

1
,mχ̃0

2
∼ 100 − 180 GeV, mχ̃0

1
∼ 50 − 90 GeV).

Simplified Models
For the simplified models, each model is constructed by considering a general phenomenology
of interest. The dominant production channels (e.g. g̃g̃ production) and decay modes (e.g.
g̃ → bb̃ and b̃ → bχ̃0

1) are identified and implemented. Other processes are suppressed by
setting the masses of non-contributing particles to large values (∼ 5 TeV). The scenarios
are therefore characterised by a small number of additional particles and branching ratios.
Often, the model is described by only two free mass parameters, for example mb̃ and mχ̃0

1
for

a model considering b̃b̃ production and b̃ → bχ̃0
1 with a 100% branching ratio.

2.2.5 Third Generation SUSY

This thesis focuses on the search for third generation squarks. This is motivated by the fact
that the top squark (stop) and the bottom squark (sbottom) are predicted to be the lightest
squarks for a large class of SUSY models.
One argument for the existence of light stop and sbottom mass eigenstates is given by the
mixing of the weak eigenstates. In general, all sfermions with the same electric and colour
charge can mix to new mass eigenstates. However, only the flavour conserving mixing of the
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third generation sfermions can play an important role and is discussed here.23 There are
various terms in the SUSY-invariant and broken Lagrangian density that contribute to the
squark masses. In case of the pMSSM, the following mass matrices result in the basis of the
chiral eigenstates {t̃L, t̃R} and {b̃L, b̃R}:

M2
t̃ =

(
m2

t +m2
t̃L,b̃L

+ (1
2 − 2

3s
2
W )M2

Zc2β mt(At − µ cotβ)

mt(At − µ cotβ) m2
t +m2

t̃R
− 2

3s
2
W c2βM

2
Z

)
, (2.26)

M2
b̃

=

(
m2

b +m2
t̃L,b̃L

− (1
2 − 1

3s
2
W )M2

Zc2β mb(Ab − µ tan β)

mb(Ab − µ tan β) m2
b +m2

b̃R
+ 1

3s
2
W c2βM

2
Z

)
, (2.27)

with sW = sin θw and c2β = cos 2β.24 The transformation to the mass eigenstates gives a
lighter mass eigenstate, denoted by t̃1 and b̃1, respectively, and a heavier mass eigenstate,
denoted by t̃2 and b̃2. In case of the stop, a significant mixing is induced by the off-diagonal
terms due to the large top mass. For the sbottom, the off-diagonal terms only account for a
significant mixing if e.g. tan β reaches a large value. However, even if the off-diagonal terms
vanish, the evolution of the common mass parameter mt̃L,b̃L

down to the electroweak scale

leads to a light b̃L, because of a dependence on the top-Yukawa coupling.
Another argument in favour of light third generation squarks comes by demanding a natural
solution of the hierarchy problem. Light stops are required, since the dominant contribution
to the Higgs boson mass correction comes from the top quark. A light b̃L follows due to the
joint mass evolution mentioned above. Also the gluino mass is constrained by naturalness ar-
guments, because it adds large corrections to the stop masses via loop diagrams. In addition,
there must be light higgsinos that lead to light neutralinos and/or charginos. For the other
sparticles there are usually no strong constraints on the masses, which can reach values above
the TeV scale without a significant effect on the Higgs boson mass. For more information,
see for example Ref. [52]. The models providing a natural solution of the hierarchy problem
are referred to as natural SUSY models. In Figure 2.10, a schematic view of a typical mass
spectrum for natural SUSY models is shown.
According to the natural SUSY mass spectra, scenarios of interest include gluino production,
where the gluino decays via a stop or sbottom to the LSP, and the direct stop or sbottom
production. Within this thesis, both the direct production as well as the gluino-mediated
production are investigated.
A general feature of searches for third generation squarks is the production of bottom quarks.
The sbottom dominantly decays to a bottom quark and a neutralino. The stop can either
decay to a bottom quark and a chargino or a top quark and a neutralino, where the top
decay involves a bottom quark. The final state topology is therefore based on b-jets (see
Section 4.2.3 for the definition of b-jets). The first searches for third generation squarks
were performed in mSUGRA scenarios with large tan β values (tan β ∼ 50). In the recent
analyses, simplified models with dedicated production channels for third generation squarks
are studied.

23 The mixing of particles of different generations is neglected as it would induce flavour changing neutral
currents. The mixing for the first and second generation is expected to be small compared to the third
generation mixing, because of the small fermion masses.

24 The mixing matrix for the tau slepton has the same structure as the one for the sbottom.
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Figure 2.10: Natural SUSY mass spectrum: the particles on the left need to be light to provide
a natural solution of the hierarchy problem, while the particles on the right may be heavy (m ≫
1 TeV) [52].

2.3 Physics in pp Collisions

The interaction of high-energetic protons is explored at the LHC. In Figure 2.11, the cross-
sections for relevant SM processes are shown. A large part of the collisions contributing to
the total cross-section σtot are elastic or soft inelastic scattering processes with a small mo-
mentum transfer, which are not the main interest at the LHC. Hard scattering processes with
high momentum transfers provide the interesting events. For example, the cross-section for
W production lies more than 5 orders of magnitude below σtot for the design centre-of-mass
energy of 14 TeV.
The ability to simulate a complete scattering process is of paramount relevance to compare
theoretical predictions with the data and to design and optimise the analysis strategy. The
following steps are considered for the description of the inelastic pp scattering. The funda-
mental interactions, introduced in the previous sections, need to be transferred to particles
with a substructure. The essential feature for this transition, the factorization theorem, and
the main ingredient, the parton distribution functions (PDFs), are described in Section 2.3.1.
The particles produced in this step are usually not yet the final state particles, but undergo
further radiation or fragmentation until hadrons are formed. The hadrons, or their decay
products if they are unstable, are the particles that are measured in the detector. Further
activity comes from initial state radiation and interactions between the proton remnants.
The different aspects of the processes involved when building a final state are described in
Section 2.3.2. A schematic view of an exemplary hard pp scattering process is shown in
Fig. 2.12.
In Section 2.3.3, an overview of the MC generators used in this thesis is given. General
quantities and expressions related to the experimental setup, like the luminosity and pile-up,
are introduced in Section 2.3.4.

2.3.1 The Hadron-Hadron Interaction

The proton is built of three valence quarks (uud) that permanently interact with each other
by the exchange of gluons. Virtual qq̄ pairs, called sea quarks, are constantly formed by gluon
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Figure 2.11: Cross-sections for the SM processes as a function of the centre-of-mass energy [53].
The vertical lines represent the Tevatron energy (

√
s = 1.96 TeV) and LHC design energy (

√
s =

14 TeV). On the right axis the expected event rate is given for a luminosity of 1033 cm−2s−1.
The discontinuities for some of the cross-sections are due to the transition of pp̄ to pp collisions.

splitting. The constituents of the proton, or any other hadron, are called partons and consist
of the valence quarks, gluons and sea quarks.
In an inelastic pp scattering, a hard interaction of two partons, qi and qj , occurs. Assuming
a final state A is produced by the parton interaction, the cross-section σ(qiqj → A) can be
calculated based on perturbation theory. The factorisation theorem [55] allows to calculate
the cross-section for the hadronic process, pp → A+X, where X denotes the hadronic debris
of the protons. It is based on the factorisation of the cross-section into soft (long-distance)
and the hard (short-distance) interactions.
The soft interactions define the parton behaviour inside the proton. Each parton qi carries a
fraction of the total proton momentum, denoted by xi. The probability of finding a parton qi

with a momentum fraction xi is given by the PDF fqi(xi,Q
2). The dependence on the

momentum transfer Q2 is induced by higher-order corrections that take into account radiation
processes for the probed parton. The cross-section for the hadronic process is then given by:

σ(pp → A+X) =
∑

i,j

∫
fqi(xi,Q

2)fqj (xj ,Q
2)σ(qiqj → A)dxidxj , (2.28)
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Figure 2.12: Schematic view of a hadron-hadron collision, taken from Ref. [54]. The hard
parton interaction is followed by two decays, each indicated by a red blob. Secondary radiation
is added for the partons in form of gluon emission and quark-pair production. The hadronisation
is indicated by the green ellipses and further decays of the hadrons are pictured. The purple part
represents the underlying event, including two hard parton interactions.

where the sum runs over all possible parton pairs that can produce the final state A. The
integrals over the probability densities account for the unknown parton momenta. The value
of the scale Q2 which is assumed to separate the hard process from the soft parts is called
the factorisation scale µF .
The calculation of the PDFs would require the ability to perform QCD calculations for a
kinematic region where the momentum transfer between the partons is small. In this regime,
however, the strong coupling constant is large and no perturbative calculation is possible.
Therefore, the PDFs are determined experimentally. However, once measured at a given
energy Q2, they can be extrapolated to other energies using the DGLAP (Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi) evolution equations [56–58].25

Different experiments allow to probe the proton PDFs at different points in the x−Q2 phase
space. Important contributions are provided by deep inelastic ep scattering, measured by the
HERA experiments [59]. Also collider experiments, like Tevatron and LHC, provide input for
the PDF determination. Usually, a parametrization of the PDFs with about 20 parameters
is fitted to the experimental data. In Figure 2.13, the PDF sets determined by the MSTW
group [60] are shown for two values of Q2. The parametrizations produced by the CTEQ
group [61–63] are used by the MC generators for most of the samples within this thesis.

25 The equations are based on the so-called splitting functions, which give the probability that a parton
originates from another parton with higher momentum fraction, e.g. a quark that originates from another
quark after gluon radiation.
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Figure 2.13: Parton distribution functions for the proton determined by the MSTW group at
Q2 = 10 GeV2 (left) and Q2 = 104 GeV2 (right) [60]. They are calculated at NLO and the bands
represent the uncertainties at 68% CL.

2.3.2 From Partons to Final State Particles

Further aspects need to be considered in order to simulate events that sufficiently describe
the final states for any considered SM or SUSY process. In the following, the transition of the
partons produced by the hard scattering process to the hadrons observed by the experiment
are described.

Parton Showers
The partons produced by the hard scattering process usually carry high momenta and will
subsequently split into partons with lower momenta (e.g. via q → gq or g → qq̄). In
principle, these processes can be included by considering higher-order Feynman diagrams,
but the full calculation of detailed parton showers is not feasible. In addition, divergences
can occur in case of the collinear emission of partons. Therefore, iterative algorithms based on
phenomenological models are implemented in the MC generators to describe the showering.
The iterative procedure uses the Sudakov form factors, ∆pi(q

2
1, q

2
2), that are based on the

splitting functions (see above) and give the probability that no splitting occurs for parton pi

when evolving from the energy scale q2
1 to the lower energy scale q2

2.26 A random number R is
used by the algorithm to decide at each step if a splitting is included by setting ∆pi(q

2
1, q

2
2) =

R. The procedure is carried on for all resulting partons until they reach the energy scale
where hadronisation takes place.
When combining a calculation at fixed order for the hard scattering process (where radiation
to a certain extent is already included) with the parton showering, special care needs to be
taken to avoid double-counting. Commonly used tools are the CKKW [64] and MLM [65]
algorithms.

26 Virtual effects as loop corrections are included in the probability of no splitting.
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Initial and Final State Radiation
In general, the final state radiation (FSR) refers to any radiation that is emitted by outgoing
particles of the hard scattering process. For outgoing partons, it corresponds to the parton
showers, as described above. The FSR can also consist of QED radiation, for example the
radiation of a photon in case a lepton pair is produced by the hard scattering process.
Analogously, the initial state radiation (ISR) refers to the parton showers developed from
radiation of the incoming partons.

Hadronisation
The final step after the showering process is the formation of hadrons, referred to as hadro-
nisation. This process has to be described with non-perturbative methods and different
approaches are implemented in the MC generators. The most important methods are the
Lund string model [66] and the cluster model [67]. The Lund model is based on connecting
the initial partons via strings that break up to produce new qq̄ pairs. For the cluster model,
colourless parton clusters are formed during the hadronisation process which decay into the
final state hadrons. Experimental observations are used to constrain the parameters for both
models.
The hadrons formed by the showering and hadronisation of one initial parton are sprayed
into a cone along the direction of the initial parton. This motivates the definition of particle
jets.

Underlying Event
Additional activity is caused by the interaction and hadronisation of the proton remnants,
summarised in the so-called underlying event. The interactions are usually soft scattering
processes and are included in the event simulation by phenomenological models. Experimental
data are used to constrain the parameters of the models [68, 69].

2.3.3 Monte Carlo Generators

Theoretical predictions for the SM and SUSY processes are explored with Monte Carlo gen-
erators. All steps described previously need to be taken into account to simulate physical
events: the structure of the protons (PDF set), the hard scattering process, the parton show-
ering, the hadronisation, the decay of unstable hadrons and the underlying event.
Some generators have a satisfactory implementation of all these features and can be used
standalone:

PYTHIA: an all purpose generator, where the hard scattering process is calculated as a
2 → 2 process in leading order [70]. The leading order calculation makes it easy to add
the parton showers on top, but results in a limited accuracy for events with large jet
multiplicities.

HERWIG: an all purpose generator, where the hard scattering process is calculated as a
2 → 2 process in leading order [71]. The main differences to PYTHIA come from a
different implementation for the parton shower and hadronisation model.
Even though a simulation of the underlying event is implemented in HERWIG, usually
JIMMY [72] is used for this purpose. The JIMMY generator is particularly designed
to model the multiparton interactions for HERWIG.

HERWIG++: an all purpose generator relying on the on the experience gained with the
HERWIG generator [73]. It is implemented independently of HERWIG (switching from
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Fortran to C++) and includes improvements for the parton shower and hadronisation
models.

SHERPA: an all purpose generator, where additional partons are included in the calculation
of the hard scattering process by considering the leading order contributions for the
2 → n processes [54]. It is useful for processes with high jet multiplicities and the
overlap obtained when adding the parton shower is taken care of with the CKKW
algorithm.

There are also generators that are interfaced to other generators for specific steps, as for
example the parton showering and the underlying event. The following generators are used
to calculate the hard scattering process only and rely on HERWIG or PYTHIA for the parton
shower implementation:

ALPGEN: a generator used to calculate processes with n additional partons by considering
the leading order contribution for each process [74]. In ATLAS, it is interfaced mainly
to HERWIG for the parton shower, using the MLM procedure to remove the overlap.

MADGRAPH: a similar generator as ALPGEN, but with a different technical implementa-
tion [75].

ACERMC: a generator designed to calculate dedicated SM processes for the LHC, using an
internal library for the specific hard scattering processes [76]. It can be interfaced to
PYTHIA or HERWIG for the showering.

There are also generators that calculate higher-order diagrams for the hard scattering process:

MC@NLO: a generator including NLO calculations for the hard scattering process [77]. The
higher-order calculations provide a more precise cross-section prediction and also the
description of kinematic distributions is improved. The HERWIG generator is used to
add further showering and events are subtracted via negative weights to remove the
resulting overlap.

POWHEG: a method to interface the NLO calculations for the hard scattering process with
any parton shower generator [78]. In contrast to MC@NLO, positive event weights are
assigned independently from the subsequent showering.

For the SUSY processes, specific programs such as SUSYHIT [79] or ISASUSY [80] are used
to calculate the mass spectra and branching ratios that are passed as input to the event
generators. In many cases, predictions of the SUSY cross-sections are calculated at NLO
with PROSPINO [81].

2.3.4 Kinematics, Luminosity and Pile-up

In the previous sections, the theoretical description of the pp scattering process was covered.
Additional aspects related to the experimental setup are discussed in the following.

The protons collide at a given centre-of-mass energy (
√
s) that is defined by the LHC oper-

ation. However, the longitudinal momentum fraction of the colliding partons is not known
and the centre-of-mass system for the hard scattering process of the partons can be boosted
with respect to the laboratory system in longitudinal direction.
Two important quantities are therefore used to describe the processes: the transverse mo-
mentum (pT) and the pseudorapidity η. The rapidity of an object with energy E is defined as
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y = ln[(E − pz)/(E + pz)] where pz is the momentum in direction of the proton momentum.
The pseudorapidity is obtained from the rapidity in the massless limit and only depends on
the scattering angle θ of the scattered particle:

η = − ln(tan θ/2). (2.29)

The pseudorapidity behaves approximately additively under longitudinal Lorentz boosts and
therefore the difference in rapidity between two particles is Lorentz-invariant.

The luminosity L relates the cross-section of a physics process σ to the measurable interaction
rate for the process:

Ṅ = Lσ. (2.30)

It may vary with time and is therefore usually called instantaneous luminosity. The integrated
luminosity L =

∫
Ldt characterises the amount of data taken within the considered time

interval, as it is proportional to the total number of events (N = Lσ).
The instantaneous luminosity is determined by the beam parameters of the accelerator. For
proton bunches that collide with the frequency f , the luminosity is given by

L = fNb

N2
p

4πσxσy
, (2.31)

where Nb is the number of bunches, Np is the number of protons per bunch and σx,y is the
width of Gaussian shaped beam profiles.27

Another variable related to the LHC operation is the expected number of interactions per
bunch crossing, denoted by µ. It is related to the cross-section and luminosity via:

µ =
σ · L
fBC

, (2.32)

where fBC is the bunch crossing rate.28

The fact that more than one pp interaction occurs at the same time is generally denoted
as pile-up. This is either caused by multiple pp interactions within one bunch crossing (‘in-
time” pile-up) or by signal overlapping of two subsequent bunch crossings within the detector
(“out-of-time” pile-up). The latter occurs when the detector response takes longer than the
given bunch spacing.

27 More information for the setup of the LHC experiment are given in Section 3.1.
28 The bunch crossing rate may vary over time and µ usually refers to the mean value obtained for a small

amount of data (luminosity block).
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CHAPTER 3

The ATLAS Experiment

In this chapter the experimental setup of the ATLAS detector (A Toroidal LHC Appa-
ratuS) is described. It is located at the worlds largest particle accelerator, the Large Hadron
Collider (LHC), at CERN (french: Conseil Européen pour la Recherche Nucléaire) near
Geneva, Switzerland. A short introduction to the LHC is given in Section 3.1 followed by a
description of the ATLAS detector in Section 3.2.
An important tool for many analyses is a reliable simulation of the detector response, which
is briefly described in Section 3.3.

3.1 The Large Hadron Collider

Located in the 27 km long underground tunnel that was used previously for the e+e− collider
LEP (Large Electron-Positron Collider), the LHC is the most powerful particle accelerator
in the world. It is designed to reach centre-of-mass energies of 14 TeV in proton-proton
collisions at an instantaneous luminosity of L = 1034 cm−2s−1. In the past years, the LHC
was running with a lower instantaneous luminosity and a reduced energy of

√
s = 7 TeV

(2010-2011) and
√
s = 8 TeV (2012).1 The data taking phases are described in more detail

in Section 4.1. Besides protons, the LHC can also be operated with heavy-ion beams2.
Two evacuated beam pipes, embedded in superconducting magnets, carry the proton beams
in opposite directions. The protons are packed into bunches of about 1011 particles running
at a nominal bunch spacing of 25 or 50 ns3. When LHC runs at 25 ns bunch spacing, each
pipe holds about 2800 proton bunches.
The protons are obtained by ionising hydrogen gas in a duoplasmatron. They are passed
through several acceleration steps before they are injected with an energy of 450 GeV in
the LHC. A layout of the injector chain, also including the ion pre-accelerators, is shown in
Fig. 3.1. A linear accelerator (LINAC 2) accelerates the protons to 50 MeV and brings them
into the Proton Synchrotron Booster (PSB) from where they are passed with 1.4 GeV to the
Proton Synchrotron (PS) which accelerates them to 25 GeV. As last step the protons enter

1 In September 2008, the first protons successfully circulated in the LHC. A few days later, before any
collisions took place, a technical defect forced a one year shutdown to repair parts of the magnets. To
avoid further accidents the collision energy was lowered and will only reach 14 TeV after another shutdown
needed to upgrade the connections between the dipole magnets of the accelerator.

2 In the following only the proton operation mode is discussed as heavy-ion collisions are not covered in this
thesis.

3 The design bunch spacing is 25 ns, but the LHC started running with larger bunch spacings. Both√
s = 7 TeV and

√
s = 8 TeV runs had 50 ns bunch spacing.
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Figure 3.1: Schematic view of the LHC and its pre-accelerators with the four experiments AL-
ICE, ATLAS, CMS and LHCb [82]. Also other experiments attached to the CERN accelerators,
like for example the CERN Neutrinos to Gran Sasso (CNGS), are included in the picture.

the Super Proton Synchrotron (SPS) that can inject proton bunches with 450 GeV in both
directions in the LHC ring.
In about 20 min the LHC brings the protons to their final collision energy. Eight super-
conducting cavities produce a high-frequency alternating electrical field of 5 MV/m strength
to achieve the final acceleration. They also compensate the energy loss due to synchrotron
radiation while the protons are in the ring4. The proton bunches can last in the LHC during
the collision phase for several hours. They have a length of several cm, but a very narrow
diameter of about 30 µm in the interaction regions.
To keep the protons on a circular path, 1232 superconducting dipole magnets are used. Each
of them can generate a field up to 8.33 Tesla at a temperature of 1.9 K that is reached thanks
to a cooling system using superfluid helium. Superconducting quadrupole magnets are used
to focus the beams. More detailed information about the LHC and its magnets can be found
in Ref. [83].
The beams are crossing at four collision points where the detectors are situated5. ATLAS
and CMS (Compact Muon Solenoid) are general purpose detectors and have as main interest
the searches of the Higgs boson and new physics beyond the SM. LHCb is dedicated to study

4 The energy loss is about 10 keV per proton and turn in the LHC at a proton energy of 7 TeV. This
can be converted to a total energy loss of approximately 0.5 W/m for two beams under nominal running
conditions.

5 The crossing angle is 300 µrad for ATLAS and CMS.
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heavy-flavour physics. The fourth detector, ALICE (A Large Ion Collider Experiment), was
built to investigate heavy-ion collisions.

3.2 The ATLAS Detector

In this section an overview of the ATLAS detector is given. A detailed description can be
found in Ref. [84], from where all numbers and figures in this section were extracted, unless
stated otherwise.
A good reconstruction of the final state objects is essential for high quality physics results and
in particular for the search of physics beyond the Standard Model. Hence the main design
criteria were:

• Fast and efficient triggering of interesting events from a high event rate.
• A fine segmentation of the individual components for a high resolution of all measured

quantities.
• Efficient vertex reconstruction for a good identification of tau leptons and b-jets.
• Good identification and momentum resolution for jets, electrons, photons and muons.
• High hermeticity to achieve a good reconstruction of missing transverse energy.

The detector is located almost 100 m underground. Its mass is about 7000 tons and it
has a length of 44 m and a diameter of 25 m. A schematic view is shown in Fig. 3.2. The
coordinates are chosen such that the z-axis points along the beam axis, the x-axis towards the
centre of the LHC ring and the y-axis upwards. Directional information is usually expressed
in spherical coordinates. The pseudorapidity η = − ln(tan θ/2) is used instead of the polar
angle θ and the azimuthal coordinate is denoted as φ. The distance of two points at different
(η, φ) values is given by ∆R =

√
∆η2 + ∆φ2.

The pp collisions take place at the centre of the detector and coordinate system. The detector
is built in cylindrical layers around the beam axis. The central region, also called the barrel
region, is closed by end-caps at both sides.

Figure 3.2: Schematic view of the ATLAS detector [84].



34 3 The ATLAS Experiment

The ATLAS detector is built by three main parts: the inner detector (Section 3.2.1), the
calorimeter (Section 3.2.2) and the muon system (Section 3.2.3). In addition the ATLAS
trigger system and detector control system (DCS) are discussed in Section 3.2.4 and 3.2.5,
respectively. Not included here are the forward detectors (LUCID, ZDC and ALFA) that are
built close to the beam pipe at distances of 17 m to 240 m from the primary interaction point
with the purpose of measuring the luminosity.

3.2.1 The Inner Detector

The purpose of the inner detector is the measurement of tracks of ionising particles. A
schematic overview is shown in Fig. 3.3. It is made of three subdetectors: the pixel detector,
the semiconductor tracker (SCT) and the transition radiation tracker (TRT). Each subde-
tector is covering the central region by cylindrical layers and has end-caps in form of discs
perpendicular to the beam axis. This provides an overall coverage up to |η| < 2.5.
The inner detector is surrounded by a solenoid magnet providing a magnetic field of 2 T par-
allel to the beam axis. The bending of charged particles allows to measure their transverse
momentum and charge.
Other important variables obtained from the track measurements are the positions of the
primary and secondary vertices (see Section 4.2.1).

Figure 3.3: Schematic view of the ATLAS inner detector consisting of the pixel detector in the
centre, followed by the TRT and SCT [84].

Pixel Detector
The silicon pixel detector is located directly around the beam axis. It consists of three pixel
layers for the barrel and end-cap regions such that three space points can be reconstructed
per track. The size of the majority of the pixels is 50 µm × 400 µm and about 10% have a
larger size of 50 µm × 600 µm. This yields an intrinsic resolution of 10 µm in transverse and
115 µm in longitudinal direction. In total there are approximately 80 million pixels that are
clustered into 1744 modules.
The innermost layer is exposed to a very high radiation dose being close to the beam line.
During the 2013-2014 shutdown it is foreseen to add a new layer of pixel modules [85]. This



3.2 The ATLAS Detector 35

fourth layer will be inserted upstream the current inner detector at a radius of 33 mm6.

Semiconductor Tracker
The pixel detector is surrounded by silicon strip detectors forming the SCT. Four layers in
the barrel and nine discs in each end-cap allow to measure at least four space points per
track.
In the barrel the sensors are 6.4 cm long and daisy chained in pairs of two. The strips
have a pitch of 80 µm and are running parallel to the beam axis. To allow measuring the
z position a second layer of strips is added under an angle of 40 mrad in each detector layer.
In the end-caps three different types of wedge shaped sensors are used with different sensor
length (5.4-6.6 cm) and pitch sizes (57-83 µm at the innermost point). The strips are running
radially and again a second layer is added under 40 mrad to measure the radial component.
The resolution of the SCT strip detectors is 17 µm in transverse and 580 µm in longitudinal
direction.
About 4088 modules of strip detectors add up to a total of 6.3 million readout channels.
The SCT and pixel detectors allow for a precise track measurement for the central region
(|η| < 2.5) permitting to identify long-living particles via their secondary vertices.

Transition Radiation Tracker
The outermost component of the inner detector is the TRT. About 36 points in r-φ space
are measured per track up to |η| = 2.0. It consists of straw tubes filled with a Xenon based
gas mixture. A gold-plated tungsten wire is running in the middle of each tube and is read
out at both ends7. High-energy particles produce transition radiation when passing from
one medium to another with different refraction indices. This effect is exploited by adding
radiating material between the straws. The Xenon gas is then used to make those photons
detectable. The transition radiation can be discriminated from the tracking hits using the
signal height. It plays an important role in the electron identification.
The tubes are running parallel to the beam axis in the barrel region and radial in the end-
caps. They have a diameter of 4 mm and a length of 144 cm in the barrel and 39 cm in
the end-caps. The intrinsic resolution of a tube is 130 µm. In total there are approximately
351000 readout channels.
Compared to the silicon detectors the TRT has a worse r-φ resolution but measures more
points per track in the bending plane of the charged particles over a larger distance. This
allows for a precise momentum measurement.

3.2.2 The Calorimeter System

After leaving the inner detector volume, the particles enter the calorimeter. The calorimeter
absorbs most of the particles and measures their energy and position. In contrast to the inner
detector, the calorimeter is also sensitive to neutral particles. A schematic view is presented in
Fig. 3.4. The inner sections around the beam pipe, including the electromagnetic calorimeter,
the hadronic end-cap calorimeters and the forward calorimeter, are covered by calorimeters
using liquid argon as active material, referred to as LAr calorimeters. The barrel region of
the hadronic calorimeter is covered by a tile calorimeter. The different constituents cover a
region up to |η| < 4.9 and are described in the following.

6 The current innermost layer is at r = 50.5 mm.
7 This applies only for the barrel region where the straws are divided in two to reduce the detector occupancy.

The straws in the end-caps are read out only at the outer radius.
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Figure 3.4: Schematic view of the ATLAS calorimeter consisting of an electromagnetic and a
hadronic calorimeter [84].

Electromagnetic Calorimeter
Mainly electrons and photons are stopped in the LAr electromagnetic calorimeter using liquid
argon as active detector material. Accordion shaped copper plates are used as electrodes and
alternated with lead absorber plates as passive material. The argon is filled in between the
copper and lead plates. The accordion geometry guarantees a complete azimuthal coverage.
The calorimeter is segmented into a barrel region (|η| < 1.475) and end-caps (1.375 < |η| <
3.2). The central region (|η| < 2.5) is divided into three layers with different granularities.
The innermost layer has a fine η granularity (∆η× ∆φ = 0.0032 × 0.098) followed by a layer
of (∆η × ∆φ = 0.025 × 0.0245) and (∆η × ∆φ = 0.05 × 0.0245). Beyond the central region
only two layers with a coarse granularity compared to the strip layers are used. The total
thickness adds up to about 22-24 radiation lengths providing a good shower containment
within the electromagnetic calorimeter.
Service lines, like electric cables or cooling devices, are passed through a gap between the
barrel and end-caps causing a worse resolution in this so-called crack region. An additional
calorimeter, the pre-sampler, is placed in front of the first layer. Based on the deposited
energy in this layer, it provides an estimate of the energy loss of particles from passive
detector material in front of the calorimeter up to |η| = 1.8.

Hadronic Calorimeter
The hadronic calorimeter completes the measurement of the charged and neutral hadron
energies. The barrel region (|η| < 1.7) is covered by a tile calorimeter and the end-caps
(1.5 < |η| < 3.2) with LAr calorimeters.
The tile calorimeter is a sampling calorimeter using scintillating tiles as active and iron as
passive material. Each tile is read out at two sides by wave length shifting fibres which bring
the scintillator light to two separate photomultipliers.
Three layers with coarser granularity compared to the electromagnetic calorimeter are used:
∆η × ∆φ = 0.1 × 0.1 for the first two layers and ∆η × ∆φ = 0.2 × 0.1 for the third layer.
The hadronic end-caps are built in a similar way as the electromagnetic calorimeter. The
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main difference is that copper is used as absorber material. The granularity ranges from
∆η × ∆φ = 0.1 × 0.1 for 1.5 < |η| < 2.5 to ∆η × ∆φ = 0.2 × 0.2.

Forward Calorimeter
The forward calorimeter measures particles close to the beam pipe (3.1 < |η| < 4.9) and is
important for the reconstruction of missing transverse momentum.
It is a LAr calorimeter segmented in three layers. The first layer is optimized to measure
electromagnetic interactions and uses copper as absorber material. The other two layers are
optimized for the measurement of hadronic particles and use tungsten as absorber material.
The granularity is about ∆η × ∆φ = 0.2 × 0.2.

3.2.3 The Muon System

An efficient muon reconstruction is vital for many new physics processes. Muons are not
absorbed by the calorimeter and a specific detector system, the muon spectrometer, is used
to measure them precisely. The muon system is the outermost detector layer and drives the
total size of the ATLAS detector. A schematic view is shown in Fig. 3.5.

Figure 3.5: Schematic view of the ALTAS muon system [84].

Muons reaching the muon spectrometer are bent in the magnetic field of three air-core toroid
magnets. This allows for a second, independent measurement of their momentum and charge.
One large toroid in the central region and two smaller ones in the end-caps produce a field
mostly perpendicular to the muon flight direction. Each toroid has eight coils and is installed
symmetrically around the beam axis. The field strength is about 0.5 T in the central and
1 T in the end-cap region.
Two types of muon chambers are used to detect and reconstruct muon tracks: trigger cham-
bers and precision chambers. The trigger chambers have a fast response but a rather low
accuracy (few mm). Resistive-plate chambers cover the very central region (|η| < 1.05) and
thin gap chambers the end-caps (1.05 < |η| < 2.7). A high spacial accuracy is obtained from
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the precision chambers. A mixture of 1150 monitored drift tubes (|η| < 2.7) and 32 cathode
strip chambers (2.0 < |η| < 2.7) is used. The average resolution is 80 µm for the drift tubes
and 60 µm for the cathode strip chambers. Therefore a good momentum resolution can be
achieved using the muon system standalone, but it can be further improved by combining
the information of the inner detector.

3.2.4 The Trigger System

The LHC is designed to provide a pp collision rate of 40 MHz. Technical constraints and
limited resources lead to a maximal rate of 200 Hz that can be processed and recorded.8 A
dedicated trigger system is used to select the physically interesting events and to provide the
needed event rate reduction. It is split in three levels, the Level-1 trigger (L1) followed by
the Level-2 trigger (L2) and finally an event filter (EF). The Level-2 trigger and event filter
are referred to as the high level trigger (HLT).

Level-1
Within approximately 2 µs the L1 trigger decides if an event is interesting and passed to the
next trigger level9. It is looking for events with particles or jets with high momentum and/or
high missing or total transverse momentum. Only the information from the muon trigger
chambers and calorimeters with reduced resolution (∆η× ∆φ = 0.1 × 0.1) is considered. The
inner detector does not play any role. Regions of Interest (RoI) are marked and passed to the
L2 trigger by their η and φ coordinates. A reduction of the event rate to 75 kHz is achieved.

Level-2
For the next decision of the L2 trigger all detector information with full granularity is available
for the RoIs passed by the L1 trigger. The decision takes about 40 ms and the event rate is
reduced to approximately 3.5 kHz.

Event Filter
For the last trigger level, software algorithms as in the offline data analysis are applied on
the full detector information. The processing time is about 4 s per event and the total
rate is reduced to the available 200 Hz. The selected events are transmitted to the CERN
computing centre where they are stored, further processed, and distributed worldwide for
physics analyses. One event has a size of about 1.3 MB.

3.2.5 The Detector Control System

The whole ATLAS detector with all its subdetectors and infrastructure is constantly moni-
tored by the DCS described in detail in Ref. [86]. It is used for the operation of any detector
equipment and ensures safe operation. Different types of sensors (e.g. to measure the tem-
perature or pressure) are placed throughout the detector. Their output is controlled during
operation to detect any abnormal behavior.
Besides the physics data also this meta data is stored. It is archived in a database and can
be accessed at any point in the offline monitoring. A user interface was developed within this
thesis to facilitate the access and provide common tools to display the data. It is described
in Appendix B.

8 The plan is to increase the rate to 1 kHz after the 2013-2014 shutdown.
9 The data is stored in detector-specific digital buffers to accommodate the trigger latency.
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3.3 Detector Simulation

A precise prediction of SM and beyond SM processes is often needed for the interpretation of
the results of a physics analysis. Also the predictions are needed to develop and optimise the
analysis prior to its interpretation. The processes are generated using Monte Carlo generators
(see Section 2.3.3). Afterwards the response pattern of the detector is simulated to obtain
events that can be compared with the real data. Two different tools for the detector simulation
are used in this thesis: the full simulation and a fast simulation, called ATLFAST-II.

Full Simulation
The full simulation uses a precise description of the geometry of the detector and the in-
teractions between the particles and the detector material, employed in the Geant4 [87, 88]
package. The showers initialized by the particles in the calorimeters are simulated in detail
for each particle, making this step the most time consuming part. In total, the full simulation
takes of the order of one minute per event but the time can also go up to 20 - 30 minutes for
more complex events.
The full simulation provides a realistic detector description under the assumption that the
detector geometry and material properties are correctly described. The main disadvantage
is the long simulation time, especially for processes where a large number of events needs to
be simulated.

ATLFAST-II
The fast simulation ATLFAST-II is based on a fast simulation of the calorimeter,
FastCaloSim [89]. The absolute shower energy and its distribution in the different calorimeter
layers are parametrized. In addition, a simplified geometry of the calorimeter is used. For
the inner detector and the muon system the full simulation is used10.
The simulation is about 10 times faster using ATLFAST-II compared to the full simulation
and compatible results are obtained.

All computing tools needed for the simulation and reconstruction of events are provided by
the ATLAS framework Athena [90].

10 Also for the inner detector a fast simulation exists (FATRAS: Fast Track Simulation) and can be used in
combination with FastCaloSim.
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CHAPTER 4

Performance of the ATLAS Experiment

The ATLAS experiment has shown an outstanding performance in the first years of data
taking. The conditions of the different data taking periods are specified in Section 4.1. In
Section 4.2, the reconstruction methods for physical objects and their performance on real
data compared to MC estimates are described.

4.1 Data Taking

After the incident in autumn 2008 the LHC restarted operations in November 2009. The first
pp collisions were achieved at the end of 2009 at a centre-of-mass energy of

√
s = 900 GeV

and
√
s = 2.36 TeV. In March 2010, data taking at

√
s = 7 TeV started. An integrated

luminosity of 49 pb−1 was delivered by the LHC of which 45 pb−1 were recorded by the
ATLAS experiment until the end of 2010. The instantaneous luminosity was increased up to
a peak value of 2.1 · 1032 cm−2s−1. The mean number of interactions per bunch crossing µ
was measured for small blocks of luminosity and an average value of 〈µ〉 ∼ 3 was obtained.
The first physics results, including those on SUSY searches, were published with the 2010
dataset. Some results from the ATLAS performance groups shown in the following section
are still based on this rather small dataset due to the low level of pile-up.
In 2011 the instantaneous luminosity was raised further, reaching a peak value of
3.65 · 1033 cm−2s−1 and increasing the average number of interactions per bunch crossing
to 〈µ〉 ∼ 9. In total 5.3 fb−1 of proton-proton collisions were recorded by the ATLAS exper-
iment (out of 5.6 fb−1 delivered by the LHC).
The centre-of-mass energy was raised to 8 TeV in 2012. In total 23 fb−1 were delivered by the
LHC and 22 fb−1 recorded by the ATLAS experiment. The peak instantaneous luminosity
reached 7.73 · 1033 cm−2s−1 and the average number of interactions per bunch crossing went
up to 〈µ〉 ∼ 20 in the 2012 dataset. The distribution of the mean number of interactions per
bunch crossings µ is shown in Fig. 4.1a for the 2011 and 2012 data. The latest results in this
thesis only include the fraction of data that was recorded until September 2012. This dataset
corresponds to 14 fb−1 of integrated luminosity.
For all three datasets, the bunch spacing was kept at 50 ns and the data taking efficiency
was about 94%. The small inefficiency causing the difference between delivered and recorded
luminosity is mainly due to the so-called warm-start1, or the malfunctioning of any part of
the detector. In Figure 4.1b the integrated luminosities for the 2010, 2011 and 2012 datasets

1 The warm-start applies to the tracking detectors. The voltages are ramped up and the preamplifiers turned
on after the beams are declared to be stable.
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Figure 4.1: (a): Luminosity weighted mean number of interactions per bunch crossing [91]. In
blue the numbers for pp collisions at

√
s = 7 TeV in 2011 are shown and in green the numbers for

14 fb−1 of
√
s = 8 TeV data recorded from 04.04.2012 - 17.09.2012. (b): Integrated luminosity

delivered by the LHC to ATLAS for pp collisions at
√
s = 7 TeV in 2010 (green) and 2011 (red)

and at
√
s = 8 TeV in 2012 (blue) [91]. The luminosities were measured by the forward detectors,

as mentioned in Section 3.2.

are shown as a function of time. The numbers for the data taking periods used in this thesis
are summarized in Table 4.1.

Quantity 2010 2011
2012

until September

Centre-of-mass energy
√
s 7 TeV 7 TeV 8 TeV

Peak instantaneous luminosity [cm−2s−1 ] 2.1 · 1032 3.65 · 1033 7.73 · 1033

Total integrated luminosity (recorded) 45 pb−1 5.25 fb−1 14.0 fb−1

Data taking efficiency 93.6% 93.5% 93.7%

Average number of interactions per bunch crossing 3 9 20

Table 4.1: Parameters for the pp data taking periods in 2010, 2011 and 2012. For the 2012
dataset, the values are shown for data recorded up to September 2012. The values are extracted
from Refs. [91,92].

4.2 Object Reconstruction

For any physics analysis it is important to identify the final state objects in a given event.
The methods for identifying objects needed in this thesis are described in the following sec-
tions: track and vertex reconstruction (4.2.1), jet reconstruction (4.2.2), b-jets reconstruc-
tion (4.2.3), lepton identification (4.2.4) and Emiss

T reconstruction (4.2.5).
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4.2.1 Track and Vertex Reconstruction

The reconstruction of tracks of charged particles in the inner detector is essential for the
subsequent vertex reconstruction and the identification of charged particles.
The track reconstruction for the inner detector is started by a preprocessing step, converting
the information from the pixel and SCT detector into three-dimensional space points and
the TRT information into calibrated drift circles. The default track-reconstruction algorithm
is seeded by at least three space-points from the pixel layers and the first SCT layer. The
track seeds are extended to the remaining SCT layers and a fit is performed to remove out-
lying space-points. The tracks are completed by associating them to the drift circles of the
TRT. The final step is to refit the track using the information of the whole inner detector.
More information on the track finding algorithms and their performance are given in Ref. [93].

The position where the pp interaction takes place is referred to as the primary vertex. It is
characterised by a high number of particles originating from it.
The vertex reconstruction uses the reconstructed tracks as input and is started by a vertex
finding procedure. A vertex candidate is seeded by the local maximum in the distribution
of z coordinates at the beamline of the tracks. An iterative method is exploited to associate
the tracks to the vertex candidate, by using the result of a χ2 fit to decide whether the track
is compatible with the vertex. The remaining tracks are then used to restart the procedure
by finding a new vertex candidate. More information on the vertex reconstruction and its
performance are given in Ref. [93]. Due to pile-up, more than one primary vertex can be
observed in a single event. In this case, the primary vertex of interest is chosen to be the one
that has the largest sum of squared transverse track momenta of the tracks associated to the
vertex (

∑
p2

T).

4.2.2 Jet Reconstruction

Jets of particles are mainly reconstructed from the energy deposits in the calorimeters. Sev-
eral algorithms were proposed to define a jet, either based on maximising the energy in a
geometric cone or a pair-wise clustering of different objects. The default algorithm chosen is
the anti-kt [94] algorithm and it uses topological clusters as input. Topological clusters are
reconstructed by an iterative noise-suppressing process from the calorimeter cells: cells with
an energy deposit significantly larger than their noise width (Ecell > 4 ·σnoise) are selected as
seeds and neighboring cells are added if their energy is above a threshold depending on the
expected noise [95].
The anti-kt algorithm belongs to a larger class of jet reconstruction algorithms, that itera-
tively merges clusters together, until a boundary condition is reached based on two distance
measures dij and diB:

dij = min
(
p2p

T i,p
2p
T j

) (yi − yj)2 + (φi − φj)2

R2
, (4.1)

diB = p2p
T i, (4.2)

where pT i, yi and φi are the transverse momentum, rapidity and azimuthal angle for object i.
The parameter R is related to the resolution of separating different jets. It is set to 0.4 for
jets used in this thesis. Each algorithm uses a different value for p defining in which way
the objects are clustered. The smallest value of all combinations of dij and diB is iteratively
calculated. If a dij is found as smallest value the objects i and j are merged to a new object,
while a minimal diB results in removing the final jet i from the list of objects.
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The parameter p is set to -1 for the anti-kt algorithm. This implies that first softer objects
are merged to a close-by hard object, making the jets stable with respect to soft radiation.
The energy of two close hard objects is distributed among them according to the relative
transverse momentum and distance, making the algorithm collinear safe [96].

Several detector effects have an impact on the measured jet energy. The main effects are
that only part of the hadronic energy is measured (calorimeter non-compensation [97]) and
that dead detector material causes inefficiencies. Other sources for mis-measurements are
energy leakage outside of the calorimeter, energy contributions that are not included in the
reconstructed jet (out-of-cone energy) and losses in the clustering and reconstruction due to
noise thresholds and particle reconstruction efficiencies. These effects are corrected for by
calibrating the measured jet energy. Different methods and their performance are reported
in Ref. [98] and are briefly summarized here.
One of the main calibration schemes starts with jets reconstructed from clusters calibrated
at the electromagnetic (EM) scale2. The hadronic energy scale is obtained by applying a
multiplicative factor (JES) computed from MC simulation. The full calibration is referred to
as EM+JES calibration. It was used for the SUSY analyses until summer 2012. After that, it
was replaced by a local calibration weighting procedure (LCW). Here, clusters are calibrated
to the hadronic scale before executing the jet reconstruction algorithm. The calibration is
obtained from simulated pion events and corrected for by dedicated measurements. Also for
this calibration scheme, jet energy scale corrections are applied on the reconstructed jets. The
full scheme is therefore called LCW+JES. The JES corrections are larger for EM calibrated
jets than for LCW calibrated jets, as shown in Fig. 4.2.
For both calibrations the uncertainties on the final jet energy scale and resolution were mea-
sured and corresponding values are provided to estimate the resulting systematic uncertainties
in any analysis using reconstructed jets. Additional pile-up corrections are applied on top of
the calibration depending on the data-taking period and the number of primary vertices [99].
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Figure 4.2: Reconstructed jet energy divided by the truth energy (jet response) as a function
of |η| for jets at the EM (left) and LCW scale (right) obtained from MC simulation [98]. The
distributions are shown for jets of different energies.

2 A calorimeter is calibrated at the electromagnetic scale if the ratio of the measured energy divided by
the energy of the incoming particle fulfills Emeas/Einput = 1 for electrons. If the calorimeter is non-
compensating, this implies that Emeas/Einput < 1 for hadrons. The EM calibration is derived from test-
beam measurements and tested and corrected using Z → ee events.
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4.2.3 Reconstruction of b-jets

The long lifetime of b-hadrons can be used to identify jets originating from them (b-jets).
They typically decay at a distance of a few millimeters3 to the primary interaction vertex
generating a secondary vertex. Two other classes of jet flavours are used to examine the
performance of the b-tagging algorithms: c-jets refer to jets originating from a c-quark and
other quark flavours plus gluon initiated jets are collectively referred to as light jets4.
There are two main classes of b-tagging algorithms based either on the measurement of
the impact parameters of tracks or the explicit reconstruction of a secondary vertex. The
impact parameter is calculated for tracks in the inner detector and is defined as the minimal
distance to the primary vertex at the point of closest approach. It is positive for a decay in
the jet direction and negative for a decay in opposite direction. The secondary vertex can be
reconstructed if at least two tracks have a significant impact parameter. A schematic view
of the decay of a b-hadron with its primary and secondary vertex is shown in Fig. 4.3.

Primary Vertex

Jet Axis

Decay Length

Track
Impact

Parameter

Secondary Vertex

Figure 4.3: Schematic view of a b -hadron decay [100]. Primary and secondary vertex are
indicated and one track is extended to visualise the impact parameter.

The following list contains a short description of the most basic high-performance b-tagging
algorithms. More details can be found in Refs. [100–102].

• IP3D: impact parameter tagger based on a likelihood ratio built from the signed trans-
verse and longitudinal impact parameter significance5.

• SV0: secondary vertex tagger based on the decay length L (see Fig. 4.3) and its signif-
icance L/σL, where σL is the decay length resolution.

3 A 50 GeV b -hadron will travel an average distance 〈L〉 of 5 mm before it decays. The average distance is
related to the lifetime τ by 〈L〉 = βγcτ . For a B± meson, the lifetime is about 1.6 ps (cτ ∼ 0.5 mm) [14].

4 For the SUSY analyses all jets that are neither a b - or c-jet are classified as light jets, which implies that
hadronically decaying tau leptons are also included.

5 The significance of the transverse (longitudinal) impact parameter d0 (z0) is given by d0/σd0
(z0/σz0

),
where σd0(z0) is the impact parameter resolution.
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• SV1: secondary vertex tagger based on a likelihood ratio built from the invariant mass
of the tracks associated to the secondary vertex, the ratio of the sum of the energies of
the tracks from the secondary vertex compared to all tracks in the jet, and the number
of two-track vertices.

• JetFitter: secondary vertex tagger, taking into account possible tertiary vertices from
c-hadrons inside the b-hadron decay. It builds a likelihood from similar variables as
SV1 and SV0.

Each algorithm assigns a weight value to every jet in an event indicating how likely it is that
the jet is a b-jet. In the analysis, b-jets can be selected at different efficiencies depending on
the weight threshold used to tag a jet as b-jet. Working with a higher efficiency implies to
have a worse rejection against light and c-jets. To further improve the rejection power at a
given tagging efficiency the output of different b-tagging algorithms can be combined. The
most common combinations used in ATLAS are:

• IP3D+SV1 : combined by adding the weight outputs of IP3D and SV1.

• JetFitterCombNN : combining JetFitter with IP3D via a neural network which is trained
on MC samples.

• MV1 : using the outputs from IP3D, SV1 and JetFitterCombNN as input to a neural
network.

The JetFitterCombNN algorithm was used for the sbottom search analyses performed in
2011. In 2012, the MV1 tagger became the default algorithm as it provides the best perfor-
mance. In Figure 4.4 the rejection against light jets and c-jets can be seen as a function of
the b-tagging efficiency for the combined tagging algorithms and SV0. It was obtained from
a simulated sample of tt̄ events at

√
s = 7 TeV.
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Figure 4.4: Rejection against light jets (left) and c-jets (right) as a function of the b -tagging
efficiency for a sample of simulated tt̄ events at

√
s = 7 TeV [103]. It is shown for the combined

tagging algorithms and SV0. The JetFitterCombNNc algorithm is similar to JetFitterCombNN,
but trained to reject c-jets rather than light jets.
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The performance of the b-taggers is constantly evaluated and scale factors are derived to
correct the b-tagging efficiency and rejection power observed in MC to those measured in
data. Momentum dependent scale factors (SF) are provided separately for b-, c- and light
jets:

SFX (pT) =
εdata

X (pT)

εMC
X (pT)

, X = b, c, light, (4.3)

where εdata
X is the efficiency measured in data and εMC

X is the MC estimated efficiency. If a
jet is tagged as b-jet the scale factor is directly used as weight value while the weight for a

non-tagged b-jet6 is given by
1−εdata

b

1−εMC
b

. An event weight is assigned by multiplying the indi-

vidual weights of the jets.
The methods to measure the efficiencies and hence the scale factors are described in Refs. [103,
104]. The main technique applied to obtain the b-tagging efficiency in data is based on using
a subset of events with muons inside the b-jets. It exploits the fact that the distribution of the
relative muon momentum transverse to the jet momentum has a different shape for b-jets and
c- and light jets. An example of b-tagging efficiencies obtained with this method is shown in
Fig. 4.5 for b-jets selected with a 60% efficiency operating point using the JetFitterCombNN
and MV1 algorithms.
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Figure 4.5: The b -tagging efficiency in data and MC simulation as a function of the jet mo-
mentum obtained from a subsample of 2012 data with muons inside of b-jets at a 60% efficiency
operating point for JetFitterCombNN (left) and MV1 (right) [103]. The ratios of the data and
MC values correspond to the scale factors described in the text.

4.2.4 Lepton Identification

For the studies shown in this thesis, events with electrons or muons are rejected. Nevertheless,
the leptons need to be identified to do so. In addition control regions with light leptons are
used for the background estimation. No attempt is made to identify τ leptons as it is not
relevant for the SUSY processes studied.

6 The truth flavour of a jet is stored as a variable in the MC samples and analogous formulas apply for light
and c-jets.
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Electron Identification
Electrons are reconstructed using information from the inner detector and the calorimeter.
Selection criteria defined in Ref. [105] provide a good separation from the main background
coming from jets that fake an electron signal. In the central region (|η| < 2.47) the criteria are
split into three quality classes: loose, medium and tight. The jet rejection power estimated
from MC samples increases from approximately 500 (loose) over 5000 (medium) to 50000
(tight) [106].
For the loose selection, shower shape variables from the middle layer of the electromagnetic
calorimeter and the leakage into the first layer of the hadronic calorimeter are used for the
identification. For the medium selection, information from the first electromagnetic calorime-
ter layer and requirements on the track quality are added on top of the loose selection. The
track quality criteria include a minimum number of hits in the pixel detector and SCT and
a small transverse impact parameter7. In addition, the track direction needs to match the
position of the calorimeter cluster. The tight selection improves the track-cluster matching
by including the ratio of cluster energy and track momentum, the track quality, and the
suppression of hadrons by adding information from the TRT. Electrons from photon conver-
sions are reduced by specific requirements added to the tight selection. The full details on
all selection criteria can be found in Refs. [105,106].
The electron identification performance was studied in W → eν, Z → ee and J/Ψ → ee
events for the 2010 dataset [106]. Efficiencies obtained for 2011 and 2012 data are shown in
Fig. 4.6 as a function of the number of reconstructed vertices. To adapt to the 2012 data
taking conditions, the electron identification was re-optimised to be more pile-up robust, re-
sulting in flatter efficiency distributions. Discrepancies between data and MC simulation are
used to derive correction factors that can be applied by analyses using electrons.
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Figure 4.6: Electron identification efficiencies as a function of the number of reconstructed
vertices for the 2011 data (left) and 0.77 fb−1 of the 2012 dataset (right) for the loose, medium
and tight selection [107,108]. The efficiency is measured in Z → ee events for both datasets and
J/Ψ → ee events are additionally used for the 2012 results.

Muon Identification
Muons can be reconstructed either standalone by the muon spectrometer or in combination
with the tracks from the inner detector. The STACO algorithm [109] used in this thesis
applies a statistical method to combine the tracks of the two subdetectors. Muons for which

7 The transverse impact parameter is defined in the b -tagging section and is required to be smaller than
5 mm for the medium and 1 mm for the tight selection.
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only segments of the tracks are reconstructed in the muon spectrometer can also be accepted
to enhance the efficiency for low momentum muons. The muon momentum is calculated as
the weighted average of the momenta measured in both subsystems. For low momenta the
inner detector dominates (pT < 80 GeV in the barrel and pT < 20 GeV in the end-caps) while
the muon spectrometer is more precise for high momenta (pT > 100 GeV) [110].
Selection criteria for the muon reconstruction are defined in Ref. [110]. They are based
on variables as the number of hits in the different inner detector parts. The reconstruction
efficiency was studied for Z → µµ events using 2010 data [110]. In Figure 4.7 the efficiency and
the resulting scale factors are shown as a function of the muon momentum and pseudorapidity.
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Figure 4.7: Combined muon identification efficiencies as a function of pT (left) and η (right)
for

√
s = 7 TeV data recorded in 2010 [110]. The scale factors are given by the data/MC ratio

and are shown in the lower parts of the figures. They were measured for Z → µµ events and the
chain1 label refers to the fact that the STACO algorithm is applied.

In addition the momentum scale and resolution were measured in Z → µµ and W → µν
events [111]. Looking at the di-mass distribution for Z → µµ events a worse resolution was
found in data compared to the MC prediction. To correct for this a pT and η dependent
function is provided that smears the muon momentum in MC events.

Isolated Leptons
Isolation criteria are defined to select those leptons, that are promptly produced in the
primary interaction (e.g. by a W or Z decay). Non-prompt leptons are normally produced
in heavy-flavour quark decays and are not isolated from the other decay products.
A good separation from other objects is achieved by adding the following isolation requirement
to the lepton selection definitions: the track momenta in a ∆R = 0.2 cone around the lepton
are summed and may not exceed 10% of the electron momentum or 1.8 GeV in the case of
muons.

4.2.5 Missing Transverse Momentum Reconstruction

Any particle leaving the detector undetected leads to missing transverse momentum. In the
SM, neutrinos are the only such particles. A large missing transverse momentum is expected
for any R-parity conserving SUSY model, because of the production of the dark matter can-
didate. The missing transverse momentum is obtained by adding the transverse momenta of
all particles in the event vectorially.
The energy deposits in the calorimeter and the information from the muon spectrometer
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enter the computation. Topological calorimeter clusters are associated with reconstructed
physics objects and calibrated according to the type of the object. For muons, the trans-
verse momentum measurement is taken from the muon spectrometer and the corresponding
calorimeter clusters are not added. In addition, the inner detector information is used to
recover contributions from low momentum particles that do not reach the calorimeter and
muons not entering the muon spectrometer.
All contributions are projected on the x and y directions and are decomposed in the following
terms:

Emiss
x(y) =Emiss,e

x(y) + Emiss,γ
x(y) + Emiss,τ

x(y) + Emiss,jets
x(y) +

+ Emiss,softjets
x(y) + Emiss,CellOut

x(y) + Emiss,µ
x(y) .

(4.4)

A separate calibration is used for electrons (Emiss,e
x(y) ), photons (Emiss,γ

x(y) ) and tau leptons

(Emiss,τ
x(y) ). For jets two different calibrations are used depending on their momentum: jets

with pT > 20 GeV (Emiss,jets
x(y) ) and “soft” jets with 7 < pT < 20 GeV (Emiss,softjets

x(y) ). The muon

term Emiss,µ
x(y) takes muons into account. Other clusters not associated with any physics object

are summed in the Emiss,CellOut
x(y) term.

The absolute Emiss
T value8 and its direction φmiss are computed from the projections:

Emiss
T =

√
(Emiss

x )2 +
(
Emiss

y

)2
, (4.5)

φmiss = arctan
(
Emiss

y /Emiss
x

)
. (4.6)

Any detector inefficiency due to a limited coverage or dead material or other sources as noise
or cosmic muons can generate a fake Emiss

T signal. Their impact is suppressed by placing spe-
cific selection criteria that remove affected events. A more detailed discussion on precautions
applied to the sbottom searches can be found in the respective event selection sections.

The performance of the Emiss
T reconstruction has been studied under different pile-up condi-

tions for
√
s = 7 TeV data taken in 2010 [112] and 2011 [113] and for

√
s = 8 TeV data in

2012 [114]. Pile-up from additional pp interactions has a large impact on the reconstruction
performance. Different methods were developed to suppress the pile-up effects based on a
combination of the tracking and calorimeter information.9

To assess the performance of the Emiss
T reconstruction, two different samples were anal-

ysed: one without an intrinsic Emiss
T source (Z → ℓℓ), and the other with a Emiss

T source

(W → ℓν). The Emiss
T resolution σ

(
Emiss

x(y)

)
is, to a good approximation, proportional to

√∑
ET, i.e. σ

(
Emiss

x(y)

)
= k ·

√∑
ET, where

∑
ET is the scalar sum of the transverse energies

of the objects used for the Emiss
T calculation. The factor k is of the order of 0.8 GeV1/2

(0.5 GeV1/2) for 2011 data before (after) pile-up corrections. The distributions of the resolu-
tion versus

√∑
ET and the number of primary vertices are shown in Fig. 4.8. Similar results

are presented in Fig. 4.9 for 2012 data. A good agreement between MC prediction and data
is seen and the pile-up suppression significantly improves the resolution.

8 Note, that Emiss
T always refers to the missing transverse momentum, even though it is computed from

energy contributions.
9 The pile-up suppression is not applied for the analyses presented within this thesis.
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Systematic uncertainties affect all terms of Eq. (4.4). The reconstruction uncertainties for all
objects propagate to the total Emiss

T uncertainty. For the softjets and CellOut terms specific
uncertainties were estimated covering the MC modelling and pile-up effects.
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Figure 4.8: Resolution of Emiss
x(y) for Z → µµ events for

√
s = 7 TeV data recorded in 2011 [113].

Left: resolution as a function of
∑
ET before pile-up suppression methods are applied. Right:

resolution as a function of the number of primary vertices for events with no jet with pT > 20 GeV,
before (red) and after (blue) pile-up suppression.
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CHAPTER 5

SUSY Searches at ATLAS

In this chapter, a general overview of R-parity conserving SUSY searches with the ATLAS
experiment is given. Common approaches on selection criteria and background estimation
are described, while the detailed information for the specific methods used in the sbottom
analyses can be found in Chapters 6 and 7, respectively.
The production processes of supersymmetric particles at the LHC are summarised in Sec-
tion 5.1. An overview of the SUSY analyses performed by the ATLAS collaboration is given
in Section 5.2. It is followed by more technical aspects as the trigger selection and general
issues on the data preselection in Section 5.3, and the resolving of overlapping final state
objects and corrections for the Monte Carlo simulation in Section 5.4. Definitions of rele-
vant variables used in SUSY searches are given in Section 5.5. Different methods for the
background estimation are discussed in Section 5.6, and an overview of relevant systematic
uncertainties is given in Section 5.7. The statistical framework for interpreting the results
obtained by the analyses is summarised in Section 5.8. Finally, current results from SUSY
searches with the ATLAS detector are presented in Section 5.9.

5.1 SUSY Production at the LHC

The production cross-sections for various SUSY processes at the LHC are shown in Fig. 5.1
as a function of the mass for the produced particles for a centre-of-mass energy of 7 TeV.
The production of SUSY particles at the LHC is dominated by strong interaction processes.
Gluino pairs, squark pairs and squark-gluino pairs are produced by gluon-gluon, quark-gluon
or quark-quark interactions:

gg → g̃g̃, q̃q̃∗ gq → g̃q̃ qq → q̃q̃ qq̄ → g̃g̃,q̃q̃∗. (5.1)

Feynman diagrams for these processes are shown in Fig. 5.2. A lower cross-section is
obtained for the third generation squarks compared to the first and second generation squarks,
at a given mass value.1 This is due to the substructure of the proton that is taken into account
via the PDF sets. However, as motivated in Section 2.2.5, the masses of the third generation
squarks can be well below the masses of the first and second generation squarks, which in
contrast enhances the production cross-sections.
The direct production of charginos, neutralinos and sleptons via the electroweak interaction
is not considered within this thesis. In comparison to the strong interaction processes, the

1 The production cross-section for the sbottom coincides with the stop cross-section within few percent.
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Figure 5.1: Production cross-sections for a selection of SUSY processes as a function of the
average mass of the produced particles, calculated for

√
s = 7 TeV at next-to-leading order with

PROSPINO [81].

(a) gluon-gluon and gluon-quark processes

(b) quark-quark processes

Figure 5.2: Feynman diagrams for the production of SUSY particles via the strong interac-
tion [26].

electroweak processes are expected to be sub-dominant at the LHC.
For a centre-of-mass energy of 8 TeV, the general structure stays the same but the cross-
sections increase compared to the values at 7 TeV: ∼75% (140%) for gluino-pair production
at mg̃ = 500 GeV(1 TeV) and ∼76% (150%) for stop/sbottom-pair production at mb̃1/t̃1

=

500 GeV(1 TeV).
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5.2 Overview of the SUSY Search Channels

A large number of different analyses searching for SUSY are performed by the ATLAS collab-
oration. In the following, a short overview of the various R-parity conserving search channels
is given.2

The common signature to R-parity conserving (RPC) SUSY channels is the presence of Emiss
T .

Besides that, the individual channels are characterised by the number of required jets, b-jets,
leptons and photons, depending on the studied signature. The RPC searches can be grouped
into three main categories:

Inclusive Searches: The inclusive searches are usually performed on constrained SUSY mod-
els, like GMSB or mSUGRA, or phenomenological models. Strong limits on the first
and second generation squark and gluino masses are obtained from these analyses. Es-
pecially the search channels with no or one lepton and multiple jets were powerful SUSY
discriminators even for the early data analyses.

3rd generation searches: The search for third generation squarks became more and more
popular as the inclusive searches pushed up the limits on the 1st and 2nd generation
squark and gluino masses, and the increasing amount of data opened up new search
possibilities.3 The searches are typically performed on simplified models targeting a
specific production and decay mode. The production can be a direct production of
sbottom or stop pairs or a gluino-mediated production where the gluino decays via a
sbottom or stop. Most channels include b-jets that come from the stop or sbottom
decays, but there are also searches based on multiple leptons.

Electroweak Production: Searches for SUSY particles produced via the electroweak interac-
tion cover the direct production of gauginos or sleptons. These might be the dominant
processes to produce SUSY particles if the squarks and gluinos are heavy. Simplified
models are used for the interpretation of results and the decay chains usually involve
sleptons and sneutrinos leading to multiple leptons in the final state.

5.3 Preselection: Trigger and Data Quality

Each analysis needs to define which trigger is the most efficient to record the collision events
of interest. In addition, preselection criteria are defined to ensure a good quality of the events
and to avoid non-collision background events and noisy events to pass the analysis selection.

5.3.1 Trigger

Depending on the explored signature, events are selected that were flagged by a trigger on
one or more of the final state objects. Whenever the final event selection requires at least one
electron or muon, a lepton trigger can be used. Final states with no leptons can be triggered
based on the amount of missing transverse momentum or the presence of high transverse
momentum jets.
The trigger efficiency reaches a stable value (the trigger plateau) above the actual trigger
threshold. As this turn-on characteristics is not necessarily well described in Monte Carlo
simulation, the analysis selection thresholds are normally adapted and chosen such that full

2 A brief introduction to the R-parity violating searches is given in Section 5.9.
3 For a motivation of models with light third generation particles see Section 2.2.5.
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Figure 5.3: Trigger efficiency for an Emiss
T trigger as a function of the offline Emiss

T threshold
obtained for the 2011 dataset [115]. The Level-1 trigger threshold is set to 40 GeV and the event
filter threshold to 60 GeV. The efficiency is evaluated with respect to events selected by a muon
trigger for W → µν events.

efficiency (in the region of the plateau) is reached. In Figure 5.3, the turn-on behaviour as
measured for an Emiss

T trigger with the 2011 dataset is shown.
For the lepton triggers, scale factors to adapt the trigger efficiencies in MC events to those
measured in data are available. They are applied depending of the energy and pseudorapidity
of the lepton firing the trigger.4

5.3.2 Data Quality

The quality of the data to be analysed can be compromised because of detector malfunction-
ing or the presence of particles not originating from a proton-proton collision (cosmic rays,
beam background). In the following, an overview of quality-derogating sources and specific
requirements to improve the quality are described. Events that fail one of the criteria are
removed.

General Event Cleaning Requirements
A few general selection criteria are applied prior to specific requirements for the reconstructed
objects or temporary detector defects.

Data Quality: Events are flagged to be of bad quality via an external list when relevant de-
tector devices were found to be malfunctioning after reprocessing. The total integrated
luminosity is scaled down accordingly to allow for a correct normalization of the MC
samples.

Vertex Selection: Non collision background events are rejected by requiring the presence of
an interaction vertex with at least four associated tracks.

Corrupted Events: Events, where part of the information was not written to buffer and is
lost, are rejected. In addition, events are rejected if either a noise burst in the LAr

4 Matching procedures allow to detect if a reconstructed lepton can be associated with the triggering object.
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calorimeter or a data corruption in the tile calorimeter was observed. Only a very small
fraction of events is affected by this.

Object Cleaning
The analyses presented in this thesis are particularly sensitive to fake Emiss

T contributions,
which can be caused by mis-measurements of any of the objects passed to the Emiss

T calcula-
tion.

Bad Jets: Different sources can produce a signal in the calorimeter that is mis-interpreted
as a jet. For example, real particles from cosmic events or non-collision background
can create spurious jet signatures. Coherent calorimeter noise can also lead to the
reconstruction of a fake jet.
A set of criteria have been defined to detect these bad jets. They are based on the
energy fractions deposited in different regions or layers of the calorimeter, the quality
of the fit of the calorimeter pulse shapes, the negative energy contribution to the jet, the
jet charged fraction (see next item) and the timing of the calorimeter signal compared
to that of the bunch crossing. Events are removed if any of the reconstructed jets with
pT > 20 GeV fulfills the bad jet criteria.

Jet Charged Fraction: The charged fraction of a jet, chf , is obtained by dividing the momenta
of the tracks associated with the jet by the reconstructed jet momentum. It is used
already for the bad jet definition but a stricter selection on the highest momentum jets
was found helpful to further reject events with jets produced by cosmic rays or beam
backgrounds, for which no associated tracks are expected.

Timing: The timing of the jets with respect to that of the triggered bunch crossing is used to
further reduce the contribution from cosmic or beam backgrounds. The energy weighted
mean time for the selected jets is calculated and needs to be smaller than 5 ns.

Fake Emiss
T : A few cells of the tile calorimeter are not functioning5 and lead to a wrong energy

response and resolution of reconstructed jets and fake Emiss
T contributions. The Bcorr

jet

variable provides an extrapolation of the fractional jet energy correction for bad cells
that is derived from comparing jet energy profiles. Events are removed if they contain
a jet with pT > 40 GeV, Bcorr

jet > 0.05 and ∆φ(jet,Emiss
T ) < 0.2.

Negative Energy: Data corruption in the tile calorimeter can lead to cells or reconstructed
topological clusters with a large negative energy contribution. These cells and clusters
are not associated to any reconstructed jet but contribute to the Emiss,CellOut

x(y) term in

the Emiss
T calculation. The significance of the contribution is estimated by the following

variable: fCellOut =
Emiss,CellOut

T

Emiss
T

· cos(∆φ(Emiss,CellOut
T ,Emiss

T )). Events with a large value

are rejected.

Bad Muons: The punch through of very energetic jets into the muon spectrometer or a wrong
matching of badly measured jet tracks in the inner detector to track segments in the
muon spectrometer can produce fake muons. Such events need to be rejected as the
fake muons can lead to a wrong Emiss

T reconstruction. It is done by requesting a small

significance of the charge-momentum ratio

(
σ( q

p
)

| q
p

| < 0.2

)
in both data and MC events.

5 This is mainly due to a non-functional low voltage power supply.
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Cosmic Muons: The transverse impact parameter d0 and axial impact parameter z0 are used
to distinguish cosmic muons from muons originating from the primary vertex. A veto
on events with |d0| > 0.2 mm or |z0| > 1 mm is applied.

Temporary Detector Effects
There were periods when a small region of one of the detectors was not working properly.
Only parts of the datasets are affected by these features and need to be treated.

LAr Hole: In the 2011 data taking period a loss of several front end boards in the barrel region
of the electromagnetic calorimeter occurred. They were recovered about a month later
and in total 0.86 fb−1 of the total integrated luminosity has been collected with this
problem. Multiple calorimeter layers in the 0.0 < η < 1.4 and −0.74 < φ < 0.64 region
were failing, leading to a decrease of reconstructed object energy in this region. The
energy loss is in particular important for the Emiss

T reconstruction in the SUSY analyses.
In a first attempt all events with a jet pointing in the affected region were rejected but
this procedure has a negative effect on the signal selection efficiency. A more advanced
method is used that does hardly decrease the efficiency but still removes the affected
events. It is based on estimating the energy contribution of the dead cells from the
surrounding cells and comparing it to the size and direction of the reconstructed Emiss

T .
Data events are removed if a significant Emiss

T fraction comes from a mis-measured jet
of the affected region.

Noisy Tile Cell: In the beginning of the 2012 data taking period a cell in the tile calorimeter
became noisy but was not masked in the data reconstruction. Data events are rejected
if a jet points in direction of the cell (−0.2 < η < −0.1, 2.65 < φ < 2.75), the largest
energy fraction of the jet is deposited in the second calorimeter layer and this fraction
is large (Elayer/Ejet > 0.6).

Forward Calorimeter: A problem in the power setting occurred in two quadrants of the for-
ward calorimeter during the 2012 data taking period corresponding to a total integrated
luminosity of 1.2 fb−1. It affects the jet energy scale of jets reconstructed in this region
(|η| >3.2 and 1.6< φ <3.1) by 10-20%. In this thesis no jets with |η| >2.8 are used, but
the effect is transmitted to the Emiss

T reconstruction. Therefore, data events from the
affected data taking period are discarded if a jet with pT > 20 GeV points to the region.
A corresponding fraction of MC simulated events is treated by the same procedure.

5.4 Overlap Removal and Monte Carlo Reweighting

In this section two further aspects that are considered by the analyses are discussed. They
include the removal of overlapping reconstructed objects, referred to as overlap removal, and
the reweighting of MC events to better describe data.

Overlap Removal
The object reconstruction methods are described in detail in Section 4.2. For each analysis,
it needs to be decided which procedure is applied when multiple choices are available and
where to set the momentum and η thresholds for the selected objects.
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It can happen that the same measured object is reconstructed as two (or more6) different
physical objects and thus counted twice. This problem is solved by the so-called overlap
removal procedure. It is applied in two consecutive steps:

1. Remove a jet from the list of jets if it is found within ∆R = 0.2 of an identified electron.

2. Remove an electron or muon from the list of leptons if it is found within ∆R = 0.4 of
a jet.

The first step accounts for the fact that every sufficiently energetic electron produces a
calorimeter shower and is thus also reconstructed as a jet. For larger electron-jet distances it
is more likely that the electron is a decay product of a hadron inside the jet. This is accounted
for by the second step. Muons hardly leave any significant signature in the calorimeter and
are only considered as decay products in the second step.

Monte Carlo Reweighting
As mentioned when describing the object reconstruction performance, the reconstruction
efficiencies in MC samples need to be adapted to the ones measured in data. In particular
this affects the lepton reconstruction and b-tagging efficiency.
In addition, a weighting of MC events is applied to better match the pile-up conditions present
in data. When MC events are generated, specific values are assumed for the mean number of
interactions per bunch crossing µ. The pile-up reweighting procedure assigns events weights
in such a way that the µ distribution matches the one observed in the analysed dataset.

5.5 Relevant Variables

To enhance the separation power for SUSY and SM events a number of variables calculated
from the kinematic quantities of the physical objects are considered. The ones relevant to
the studies presented in this thesis are defined and explained in the following.

Effective Mass
The effective mass Meff is generally defined as the scalar sum of the missing transverse
momentum Emiss

T and the transverse momenta of the reconstructed jets and isolated leptons
that play a role in the event selection. In an analysis selecting n jets and m leptons it is
calculated as:

Meff = Emiss
T +

∑

i≤n

(pjet
T )i +

∑

i≤m

(plepton
T )i. (5.2)

The maximum of the Meff distribution is correlated to the mass scale of the SUSY particles.
This feature is not directly used to extract the mass-scale, but SUSY events tend to have
higher Meff values compared to the SM processes.

6 For this analysis only the possible overlap of jets with electrons and muons is considered. More objects
can be reconstructed from one particle for example by analyses relying on the identification of hadronically
decaying tau leptons.
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Scalar Sum of Jet Momenta
The scalar sum of the momentum of a number of jets is generally denoted by HT:

HT =
∑

i≤n

(pjet
T )i. (5.3)

For the searches of direct sbottom-pair production an upper threshold on additional hadronic
activity in the event helps for the background rejection. It is calculated by excluding the
leading x jets:

HT,x =
n∑

i=x+1

(pjet
T )i. (5.4)

Transverse Mass
The transverse mass mT of a reconstructed lepton ℓ and the missing transverse momentum
is defined as:

mT =
√

2pℓ
T · Emiss

T − 2pℓ
T · Emiss

T . (5.5)

The variable can be used to discriminate against Emiss
T contributions arising from W → ℓν

decays, as in this case it peaks at the W mass (the so-called Jacobian Peak).7 Therefore, it
provides a handle on the tt̄ and W production backgrounds. For the sbottom analyses, it is
used for the background estimation in the one-lepton control regions.

Boost Corrected Contransverse Mass
The contransverse mass mCT of two particles v1 and v2 is defined in Ref. [116] as:

m2
CT(v1,v2) = [ET(v1) + ET(v2)]2 − [pT(v1) − pT(v2)]2 , (5.6)

with ET =
√
p2

T +m2. For pair-produced particles p where each of them decays into a visible
particle v and an invisible particle n, it has an endpoint at:

mmax
CT =

m2(p) −m2(n)

m(p)
. (5.7)

The mCT quantity is invariant under a longitudinal Lorentz boost. However, it is not invari-
ant under a generic Lorentz boost: if the p1-p2-system recoils against upstream objects, for
example jets from initial state radiation, the mCT value can exceed the boundary in Eq. (5.7).
An exact correction for the boosts is not possible, but a conservative boost correction was
proposed in Ref. [117] and is applied to any mCT calculation within this thesis.
The impact of using the mCT variable can be observed in the searches for sbottom-pair pro-
duction where each sbottom decays via b̃1 → bχ̃0

1 (see Chapter 6). The endpoint mmax
CT (b,b) =

m2(b̃)−m2(χ̃0
1)

m(b̃)
can reach much larger values compared to the SM background, depending on

the mass difference between the b̃1 and χ̃0
1. For tt̄ events the endpoint is at mmax

CT (b,b) =
m2(t)−m2(W )

m(t) ≃ 135 GeV.

7 mT = mW if the lepton and neutrino are emitted in the transverse plane and no other source contributing
to Emiss

T than the neutrino is present.
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Minimal Azimuthal Distance
The minimal azimuthal distance ∆φmin between n jets and the missing transverse momentum
is defined as:

∆φmin = min
(
|φjeti

− φEmiss
T

|,...,|φjetn
− φEmiss

T
|
)
. (5.8)

It is mainly used to reject QCD multi-jet events, where the Emiss
T is due to mismeasured jets

or neutrinos in heavy-flavour jet decays and it is therefore aligned to the direction of one of
the jets.

5.6 Background Estimation

There are two types of background sources that need to be considered for the R-parity
conserving SUSY searches with no leptons in the final state: the irreducible background
processes, with a real Emiss

T component due to neutrinos, as tt̄, W → ℓν and Z → νν
production, and reducible background sources with fake Emiss

T due to mis-measured jets.

Irreducible Backgrounds
The simplest approach to estimate a specific background contribution is to estimate the event
yield from dedicated MC samples. As the MC simulation might not fully reproduce the details
of the background processes, data-based cross-checks and estimations are mandatory for the
main background contributions.
In most of the ATLAS SUSY analyses, the approach to the estimation of the irreducible
background processes is relatively simple and corresponds to a semi data-driven method: the
shape of the distributions of kinematic quantities is taken from the MC samples, while the
final normalisation is obtained from data in a control region (CR). The measured event yield
in the CR is converted to the expected event yield in the signal region (SR) via a transfer
factor Tf obtained from MC:

NSR
exp = Tf ·NCR

data =
NSR

MC

NCR
MC

·NCR
data. (5.9)

The CRs are defined such that there is no signal contamination, a high purity and selection
efficiency for the background of interest and similar kinematic conditions as in the signal
region. They are typically obtained by inverting the cut on any of the background discrimi-
nating variables involved, for example the Emiss

T variable. Control regions with one or more
leptons were found essential for analyses vetoing leptons like the direct sbottom-pair produc-
tion searches. Another advantage of this approach is that systematic uncertainties may be
reduced as they are correlated in the signal and control region.
An exclusive CR can be defined for each of the dominant backgrounds to estimate each con-
tribution separately. The actual calculation is performed by getting all normalisations in one
step with a combined fit of multiple CRs. This way the contamination of different back-
ground sources in each CR is automatically taken into account and also CRs with a mixed
background composition can be exploited. The statistical setup for the fit is described in
Section 5.8.1.

Reducible Backgrounds
A general feature of the reducible background components is that they are caused by rare
detector effects for SM processes that have large cross-sections. A sufficient description by
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MC samples is therefore often not possible and they need to be estimated completely from
data.
A data-driven estimation needs to be applied for the QCD multi-jet background in most of
the SUSY analyses. The multi-jet background is usually only a sub-dominant background
contribution, as significant Emiss

T is only obtained by heavily mis-measured jets or neutrinos
from heavy-flavour jets. A commonly used multi-jet estimation technique for analyses with
no leptons is the jet-smearing method, described in Section 5.6.1.

5.6.1 Jet Smearing for Multi-Jet Events

The basic idea for this method is to select a large sample of seed events with a low Emiss
T

contribution from data and then smear the jet momenta to obtain a sample of events with
large Emiss

T . The method is described in detail in Ref. [118] and is summarized here.
The seed events are selected by applying relatively loose single jet triggers and requiring a
low Emiss

T significance defined as:

S =
Emiss

T√∑
ET

, (5.10)

where the sum extends over all transverse clustered and unclustered energies. A low value
of S means that the measured jet momenta are close to their true values8. In addition some
selection criteria, based for example on the number of jets or b-jets, are applied to build a
sample resembling the final state addressed in the analysis.
The jets in the seed events are then smeared with a jet response function:

R =
preco

T

ptrue
T

. (5.11)

It is emulating the calorimeter response by comparing the generated momenta ptrue
T with the

reconstructed jet momenta preco
T in MC simulation. The response distribution has mainly

a Gaussian shape with small non-Gaussian tails. The shape is corrected using data-based
measurements on di-jet and multi-jet events.
The response function depends on the jet flavour and the use of individual response functions
instead of one global response function improves the multi-jet estimation in analyses selecting
b-jets. In general, a broader tail on the lower side of the response function is caused by the
presence of neutrinos in heavy-flavour originated jets.
The seed events are smeared with the response function about 1000 times to generate a signif-
icant Emiss

T contribution. Also events where the Emiss
T is coming from multiple mismeasured

jets are obtained this way. They correspond to the residual multi-jet events in the signal
region that cannot be eliminated by a ∆φmin threshold.
The sample of smeared events can be treated similar to a MC generated sample, but the nor-
malisation needs to be estimated from data. A multi-jet dominated control region is easily
obtained by selecting events with low ∆φmin.

8 It is required that S < 0.6 GeV1/2.
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5.7 Systematic Uncertainties

Systematic uncertainties on the estimated background processes are evaluated both in terms
of experimental uncertainties when reconstructing the events and theory uncertainties for
the event generation. For a few uncertainties global values are directly provided. Otherwise
the analysis is run separately for each systematic component that is studied, providing the
uncertainty in form of a shift in the final event yield. In the combined fit of control regions,
the systematic uncertainties are treated as nuisance parameters.

5.7.1 Experimental Uncertainties

Experimental uncertainties are common to all background processes (except for specific multi-
jet uncertainties arising from the jet-smearing method). The dominant contributions for the
analyses in this thesis come from the uncertainty on the jet energy scale and b-tagging. The
experimental uncertainties considered in this thesis are:

Luminosity: The uncertainty on the integrated luminosity depends on the dataset and is
usually below ±4% [119].

Pile-up: Uncertainties on the pile-up scaling factors are obtained by varying the average
number of interactions per bunch crossing by 10% up and down while performing the
pile-up reweighting.9 They are propagated to uncertainties on the event yield.

JES: The uncertainty on the energy scale of jets is taken into account by shifting the scale
up and down by one standard deviation. The modified jet momenta and energies are
also passed to the Emiss

T calculation to scale it accordingly.
The energy scale uncertainty depends on the jet pT and η, and it is about ±2% for
a central jet of 50 GeV. Additional contributions are considered, which depend on the
angular distance to the closest jet and the average quark-gluon composition of the anal-
ysed sample. An extra uncertainty on the pile-up energy corrections is included. In
total, a ±5% uncertainty is obtained for a 50 GeV jet in the central region. Differences
for the energy scale of b-jets were found compared to light jets and an additional con-
tribution of ±2.5% is added for the b-jets10. More information on the JES uncertainty
can be found in Ref. [98].

JER: The jet momenta are smeared to generate a broader resolution distribution to account
for a possibly worse jet energy resolution in data11. The smearing is done using a
Gaussian distribution with a mean value of 1 and a jet pT and η dependent width.

b-tagging: Uncertainties for the b-tagging scale factors come from the methods described in
Section 4.2.3. The b-tagging uncertainties are obtained by varying the scale factors
up and down by one standard deviation separately for light-, c- and b-jets, providing
three uncorrelated systematic uncertainties12. The scale-factor uncertainty for a 50 GeV
b-jet is about ±(6-7)%.

9 The ±10% variation is based on the difference of the cross-sections for minimum bias events as predicted
by different PYTHIA versions.

10 Here, b -jets refers to the truth flavour of the jet that is stored in the MC samples.
11 The resolution for data compared to MC events was studied for the jet momenta of dijet events using the

2010 dataset [120]. Roughly a 10% worse resolution was observed in data, which is consistent within the
estimated systematic uncertainties.

12 In case the scale factors are not applied, which is the case for the sbottom-pair production analysis, the
relative scale factor uncertainties can be propagated.
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CellOut: Uncertainties for the Emiss,CellOut
x(y) term in the Emiss

T calculation are considered by
varying the energy scale for the clusters. The uncertainty on the cluster energy resolu-
tion is taken into account independently.

Leptons: Scale factors for the lepton identification efficiencies were found consistent with
unity, with the largest discrepancies being below 3%. Therefore, no scale factors are
applied and, depending on the analysis, a conservative ±3% uncertainty on the final
event yield is assumed or the uncertainty is neglected.
The lepton energy scale and resolution uncertainties are of the order of a fraction of a
percent. Its effect was studied by shifting the lepton momenta up and down by 3% for
a general class of SUSY analyses with b-jets. The final uncertainty on the event yield
was found below ±1% and the uncertainty is therefore neglected.

QCD: Specific uncertainties for the multi-jet background estimated with the jet-smearing
method are considered. Variations on the Gaussian width and distribution tails of the
response function are applied. Statistical and experimental uncertainties as mentioned
above are also taken into account. The uncertainty on the final event yield is large
(usually in between ±(50-90)%) and dominated by the tail variations and b-tagging
contributions.

5.7.2 Theory Uncertainties

The theory uncertainties are estimated depending on the underlying SM or SUSY process
and the generator used to produce the MC samples. Often there is more than one way of
addressing one type of uncertainty. A general list of possible contributions and concepts is
given here, but it should be noticed that not all of them can be applied for each sample and
there may be overlaps between the definitions:

Cross-Section: Two main sources contribute to uncertainties on the cross-sections: PDF un-
certainties and uncertainties on the renormalization and factorisation scales. They are
computed individually and correlations between the PDF and scale uncertainties are
usually neglected.
The PDF sets used in the ATLAS analyses are estimated from data and are provided
with uncertainties. A set of 20 to 30 variations, depending of the PDF set, represent the
different components of the experimental uncertainties. They are added to an asym-
metric total PDF uncertainty.
The scales for the renormalization and factorisation are usually chosen at equal values
corresponding to the masses of the primarily produced particles. The uncertainty is
then obtained by varying the scales up and down by factors of two.
For samples generated with ALPGEN an additional uncertainty addressing the MLM
matching procedure (see Section 2.3.2) can be added.

Generator: As different MC generators tend to produce slightly different results, an uncer-
tainty on the event generation is obtained by the comparison of the results. The relative
difference in the final event yield obtained by a independently produced MC sample is
taken as the systematic uncertainty.

Initial and Final State Radiation: The phase space for initial state radiation (ISR) is bound
by specific parameters which can be varied to estimate the uncertainty. An uncertainty
on the final state radiation (FSR) is estimated by modifying the boundary below which
no further radiation of the partons is assumed. Limits on the size of these variations
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are obtained by a study on the rapidity gaps between jets in tt̄ events [121]. Based on
these results, separate samples including the maximal allowed variations are produced.
The uncertainties are then estimated by comparing event yields obtained from the truth
MC information in a simplified analysis.
Depending on the generator, another way of addressing the uncertainty is to examine
the impact of varying the number of additional partons in the matrix element.

Parton Shower: Uncertainties for the parton shower modelling are estimated by comparing
dedicated samples. Either the showering strength is modified for a given showering
model or different implementations for the showering model are compared.

5.8 Interpretation of Results

The final step of any analysis is the statistical interpretation of the results. When no signifi-
cant deviation from the expected SM background is found in the data, the results are usually
interpreted in terms of exclusion limits.
Based on the observed event yields, different hypotheses can be statistically tested by com-
puting the corresponding p-values. The p-value is generally defined as the probability that
the observation is, under assumption of the hypothesis H, in equal or better agreement with
the prediction of H. If the p-value is found below a given threshold p̂, the hypothesis is re-
jected at a confidence level (CL) of 1 − p̂. Often the p-value is transferred to the significance
z, which is defined as the number of standard deviations of a Gaussian distribution such that
the integral of the one-sided tail is equal to the p-value (p =

∫∞
z 1/

√
2πe−x2/2dx).

The hypotheses of general interest for the search for new physics are the null hypothesis,
i.e. the measured data is described by background b only (H=̂b), and the signal hypothesis,
i.e. the measured data is described by signal and background (H=̂s+ b). A common conven-
tion is to exclude a signal hypotheses if p < 0.05, corresponding to z > 1.64. For a discovery,
the background-only hypothesis must be excluded with p < 2.87 · 10−7, corresponding to
z > 5. In order to optimise the analysis strategy, the expected outcome of the experiment is
evaluated by substituting the measurement by the prediction of the assumed hypothesis.
Within this thesis, a generic statistical framework based on a profile likelihood fit is used. It
is based on the concepts described in Ref. [122] and is briefly introduced in Section 5.8.1. For
the limit calculation, the CLs method as described in Section 5.8.2 is applied. The different
modifications of the statistical methods used in this thesis are listed in Section 5.8.3.

5.8.1 Statistical Framework

In case of a simple counting experiment with one signal region selection, the expected num-
ber of events is given by E[n] = µs + b, where s and b are the expected signal and back-
ground events and µ is a signal strength parameter allowing for the transition between the
background-only, µ = 0, and the nominal signal hypothesis, µ = 1. Both s and b are given
by integrating their probability density functions over the allowed range of the signal region,
i.e. s = stot

∫
fs(x; θs)dx and b = btot

∫
fb(x; θb)dx. These may depend on several so-called

nuisance parameters, denoted by θ = (θs,θb). The parameter of interest to make a discovery
or an exclusion is the signal strength µ. The likelihood function for this model is given by
the Poisson probability:

L(µ,θ|n) =

(
µs(θs) + b(θb)

)n

n!
e−
(

µs(θs)+b(θb)
)
. (5.12)
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It can be easily generalised to consider a measured histogram with several bins, by multiplying
the Poisson distributions of the individual bins. A commonly used test statistic is defined
via the profile likelihood ratio:

qµ = −2 ln
L(µ,

ˆ̂
θ)

L(µ̂,θ̂)
, (5.13)

where µ̂ and θ̂ are the values that maximize the unconditional likelihood function and
ˆ̂
θ are

the values that maximize the likelihood for a given value µ.13

The p-value for a considered µ-hypothesis is obtained from the probability density function
of the test statistic f(qµ|µ):

pµ =

∞∫

qobs

f(qµ|µ)dqµ, (5.14)

where qobs is the observed value of the test statistic. The f(qµ|µ) distribution can be com-
puted by generating a large number of toy Monte Carlo experiments. An approximation used
within this thesis, is to generate only one so-called Asimov dataset that represents the set of
toy experiments (see Ref. [122]).
The likelihood function can be extended to take into account additional measurements that
constrain the nuisance parameters, referred to as profiling. The nuisance parameters consid-
ered in this thesis are the systematic uncertainties described in the previous section. Also
the background expectation, denoted by btot above, can be considered as a nuisance parame-
ter. However, the normalisations for several background components are obtained by adding
specific control regions to the likelihood and they are therefore separately denoted here by
µb. The general idea is to share the background parameters (µb and θb) among the signal
and control regions such that they are mainly constrained by the control regions and have a
reduced impact (in terms of uncertainties) in the signal region. In total the likelihood can be
written as:

L(µ, µb,θ|n,θ0) = PSR(n|µ, µb,θ) × PCR(n|µ, µb,θ) × Psys(θ0|θ), (5.15)

where PSR(n|µ, µb,θ) is the Poisson probability of the signal region, PCR(n|µ, µb,θ) denotes
the product of the Poisson distributions of all considered control regions and Psys(θ0|θ) is
typically a product of Gaussian distributions for the systematic uncertainties that are varied
around the nominal values θ

0. Ideally, no signal events pass the control region selections.
Nevertheless, a possible contamination of signal events can be taken into account via the
µ dependence. In case that histograms with multiple bins are considered, the systematic
uncertainties can be implemented in different ways depending on the type of the uncertainty:

• Varying the shape of the histogram correlated among the bins but keeping the overall
scaling of the histogram.

• Varying the normalisation of the histogram without using the shape information.

• Combining the variations on the shape and normalisation of the histogram.

13 To account for a positive signal strength, qµ is defined as qµ = −2 ln L(µ,
ˆ̂
θ)

L(0,θ̂)
for negative values of µ̂.



5.8 Interpretation of Results 67

• Varying the shape for each bin separately without considering correlations among the
bins.

Most uncertainties are treated by either of the first two prescriptions. It should be noted
that the uncertainties can either be assigned to individual background (or signal) compo-
nents (e.g. theory uncertainties for the top background) or as common uncertainty for all
background (and signal) components (e.g. uncertainty on the JES) by sharing the same nui-
sance parameters. The uncertainties are usually shared among all control and signal regions.
Correlations between the nuisance parameters are considered and taken into account when
computing the total uncertainties for the final results.

5.8.2 The CLs Method

Upper limits for a given signal model are based on the p-value obtained for the µ = 1
hypothesis (=̂ps+b) by requiring:

ps+b < α, (5.16)

where the threshold is generally set to α = 0.05. This procedure, however, excludes also
signal models with a limited sensitivity in case of a sufficient downward fluctuation of the
number of observed events. A low sensitivity is given when there is hardly any separation of
the test statistic of qµ=1 and qµ=0, e.g. if s ≪ b.
A penalty, based on the p-value of the background-only hypothesis, pb, is introduced to
prevent the exclusion of these models. Instead of excluding models based on the ps+b value,
the exclusion is based on the new variable, CLs:

CLs =
ps+b

1 − pb
< α. (5.17)

In the case of a downward fluctuation of the observed events, the denominator becomes small
and the CLs value is increased compared to the ps+b value. In general, more conservative
results are provided by the CLs method [123].

5.8.3 Configurations for the Likelihood Fit

Several setups based on the likelihood in Eq. (5.15) are used within this thesis:

Background estimation: A separate determination of the background parameters, using only
the control regions and background parameters, is performed to quote the numbers for
the estimated background components. A possible signal contamination is neglected
for this purpose.

Discovery: Both, signal and control regions are used to determine the p-value of the back-
ground-only hypothesis, by evaluating Eq. 5.13 for µ = 0. A possible signal contamina-
tion of the control regions is neglected. To state a discovery, the p-value must be below
2.87 · 10−7.

Model-independent limits: The whole likelihood is used to determine the signal strength µ
for which the CLs value passes the threshold of 0.05 without considering a specific
signal model. A possible signal contamination of the control regions is neglected. This
approach provides a direct limit on the number of maximal allowed signal events. The
limit can be translated to a limit on the visible signal cross-section by dividing it by
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the integrated luminosity. The visible cross-section σvis is related to the production
cross-section σ via

σvis = σ ·A · ε, (5.18)

with the signal acceptance A and the selection efficiency ε.

Model-dependent exclusion limits: The signal hypothesis is tested for a given model by eval-
uating the p-value for µ = 1. The whole likelihood function is used and the signal
contributions, as predicted by the model, are given as input. The model is excluded at
95% confidence level (CL) if the corresponding CLs value is found below 0.05. Mostly
two-dimensional grids of signal points are used and an exclusion contour line is obtained
by interpolating between the signal points. When multiple signal regions are tested,
the one providing the best expected limit is chosen for each signal point separately.

The current ATLAS guidelines to produce exclusion limits indicate that all systematic un-
certainties apart from the theory uncertainty on the signal cross-section are included in the
expected and the nominal observed limits. A one sigma band is added for the signal cross-
section uncertainty to the observed limit.

5.9 Current Limits on SUSY Models by the ATLAS Collaboration

A large variety of SUSY searches is performed by the ATLAS collaboration. So far all report
good agreement between data and the SM expectation and no evidence for SUSY is yet found.
A summary on current mass limits observed by various ATLAS SUSY searches is shown in
Fig. 5.4. The full list of published results can be found in Ref. [124].
Here, two recently published analyses are briefly summarised: the no-lepton analysis from the
inclusive SUSY searches (5.9.1) and a search for direct neutralino and chargino production
from the electroweak production channels (5.9.2). In addition, a short overview of R-parity
violating searches is given in Section 5.9.3.

5.9.1 Inclusive Searches: the No-Lepton Channel

A generic search for SUSY is performed by the no-lepton analysis. The production of g̃g̃,
q̃g̃ and q̃q̃ pairs, where q̃ refers to squarks from the first two generations, is targeted with a
search for final states with multiple jets, Emiss

T and no leptons. The squarks and gluinos are
assumed to decay into the LSP, typically via g̃ → qq̄χ̃0

1 and q̃ → qχ̃0
1. Through these decays,

at least 2-4 jets are produced and even more jets are expected in cascade decays of heavy
particles.
The latest results were obtained analysing 5.8 fb−1 of the

√
s = 8 TeV dataset [125]. In total,

12 signal regions with 2-6 jets and harsh Meff thresholds (Meff > 1000 GeV - Meff > 1900 GeV)
are explored. The Meff variable is built here from all jets with pT > 40 GeV. The main
SM background processes for this analysis are W+jets, Z+jets, tt̄, singletop and multi-jet
production. They are estimated by a combined fit of four control regions per signal region,
one for the W , Z, top and multi-jets backgrounds each.
The SM background expectation is found to be in good agreement with the observed data
for all signal regions and the results are interpreted in several SUSY models. Limits obtained
for a mSUGRA model with tan β = 10, A0 = 0 and µ > 0 are shown in the (m0,m1/2)-plane
in Fig. 5.5. Squark and gluino masses up to 1500 GeV are excluded under the assumption of
mg̃ = mq̃. In a simplified model with only gluinos and massless neutralinos, gluino masses
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Figure 5.5: Exclusion limit in the (m0-m1/2) mass plane of a mSUGRA model with tan β = 10,
A0 = 0 and µ > 0. It is obtained by a search channel with no leptons and multiple jets using
5.8 fb−1 of the 2012 dataset [125]. The blue dashed line with the yellow band represents the
expected limit at 95% CL with its ±1σ uncertainty, excluding theory uncertainties on the signal.
The observed limit is shown as solid red line and the dashed red lines correspond to the variations if
theory uncertainties for the signal are applied. In addition, the previous limit for the 2011 dataset
and theoretically excluded parameter regions are shown.

up to 1100 GeV can be excluded. Squark masses up to 630 GeV are excluded by a simplified
model, where only squarks of the first two generations are produced and decay to massless
neutralinos.

5.9.2 Direct Neutralino and Chargino Production

The searches for SUSY particles produced via the electroweak interaction cover SUSY scenar-
ios where the squarks and gluinos are heavy (few TeV). The analysis presented here focuses on
the direct production of neutralinos and charginos. The charginos and unstable neutralinos
typically decay via sleptons, sneutrinos and massive gauge bosons (χ̃± → lν̃, νl̃,W χ̃0

1 and
χ̃0

2 → ll̃, Zχ̃0
1), leading to final states with multiple leptons and Emiss

T .
A search, looking into final states with three leptons and Emiss

T , was published for 13 fb−1 of√
s = 8 TeV data [126]. The dominant production channel is the associated χ̃±

1 χ̃
0
2 production

and three signal regions are explored to cover the different neutralino decay scenarios. The
main irreducible background processes are diboson and triboson production, which are mostly
estimated from MC. The dominant contribution is the WZ production, which is estimated
by a semi data-driven method. Backgrounds with at least one fake lepton are estimated from
data and the main contributions come from top quark and Z+jets production.
Also in this case, good agreement of the data and expected SM background yield is observed
and the results are interpreted in several scenarios for electroweak production. The exclusion
limit for a simplified model, where the χ̃±

1 and χ̃0
2 are mass degenerate and decay via sleptons

to the LSP, is shown in Fig. 5.6. Mass limits for the χ̃±
1 and χ̃0

2 up to 580 GeV are obtained
for mχ̃0

1
∼ 0. If the sleptons are heavy and the gauginos decay via W and Z bosons, masses

from 150-300 GeV are excluded for mχ̃0
1

∼ 0.
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chargino (χ̃±
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assumed. They were obtained by a search channel with three leptons, using 13.0 fb−1 of the 2012
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shown.

5.9.3 R-parity Violating Searches

There is also a number of studies for SUSY models that can violate R-parity. A decay of
the LSP to SM particles is possible for these models and three classes of search channels are
introduced here:

Long-lived Particles: Different signatures are produced by long-lived SUSY particles. The
long lifetime can lead to displaced vertices or hadronization structures inside the detec-
tor. A good handle to study displaced vertices is provided by accompanying particles,
such as a reconstructed muon which is produced in the decay of a long-lived neu-
tralino [127]. Long-lived particles are are also studied for RPC SUSY models. An
example of a RPC study is the search for disappearing tracks, which are produced by
long-lived charginos that decay to the LSP [128].

Resonance Searches: Various RPV processes can generate resonance structures in recon-
structed mass spectra. An example is the search for a resonance in the eµ, eτ , or µτ
mass spectrum which is induced by the decay of a heavy tau sneutrino (ν̃τ → ll′) [129].

Lepton Number Violation: Final states with multiple leptons can be produced in lepton num-
ber violating RPV scenarios. Leptonic neutralino decays that produce final states with
at least four reconstructed electrons and muons plus Emiss

T due to neutrinos are studied
in Ref. [130].
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CHAPTER 6

Searches for Direct Sbottom Pair Production

The direct pair production of sbottoms can play an important role in scenarios where the
sbottom is light. For this analysis, a decay of each sbottom to bχ̃0

1 is assumed with a branch-
ing ratio of 100%.
The analysis was first performed at the end of 2011 based on data corresponding to an inte-
grated luminosity of 2.05 fb−1, collected at a centre-of-mass energy of 7 TeV [131]. A signal
region based on selecting events with large mCT was used. In summer 2012, the analysis was
updated to the full 2011 dataset, corresponding to an integrated luminosity of 4.7 fb−1, with
additional signal regions after a new optimisation of the event selection [132]. The method
for the background estimation was also changed from a simple scaling of background nor-
malisations in separate control regions to a combined fit of all the control regions. In fall
2012, the analysis was updated once more using data corresponding to an integrated lumi-
nosity of 12.8 fb−1, collected at a centre-of-mass energy of 8 TeV [133]. For this update only
small changes were applied to adapt to the

√
s = 8 TeV data. The event selection was not

re-optimized and the background estimation method was only slightly changed. All figures
and numbers in the following sections are obtained from the latest analysis at

√
s = 8 TeV,

unless stated otherwise. Major contributions were made to all parts of this analysis within
this thesis, including optimisation studies, the background estimation, estimation of system-
atic uncertainties and the statistical interpretation of the results. The results published in
Ref. [133] are completely based on the results obtained within this thesis.
The dataset and MC samples are briefly described in Section 6.1. The final event selection
is discussed in Section 6.2. This section also gives a summary of the selection optimisation
that was performed for the 2011 dataset collected at

√
s = 7 TeV. The background estima-

tion is described in Section 6.3, followed by a discussion on the systematic uncertainties in
Section 6.4. Finally, the results and their interpretation are presented in Sections 6.5 and 6.6.
The results from the sbottom analysis were re-interpreted for a class of SUSY models, where
stop-pair production is assumed [134]. A description of the stop interpretation is given in
Section 6.7. A short summary for this chapter is added in Section 6.8.

6.1 Data and Monte Carlo Input

This analysis is based on data corresponding to an integrated luminosity of L = 14 fb−1 of
pp collisions collected in 2012 at

√
s = 8 TeV. The effective luminosity is reduced to 12.8 fb−1

once data quality requirements and trigger inefficiencies are considered.
Monte Carlo simulated samples are used in the analysis optimisation studies, for the SM
background estimation and for interpreting the results for specific SUSY scenarios. In the
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following, a list of MC samples used to describe the relevant SM processes is specified1:

Top Pair Production: It is generated with POWHEG interfaced to PYTHIA. The contri-
bution from tt̄ events in association with b-jets is taken into account in the showering
process.
Separate samples are produced to model the tt̄ production in association with W or
Z bosons. They are generated with MADGRAPH interfaced to PYTHIA.

Single Top Production: Single top events produced in the t-channel are generated with
ACERMC interfaced to PYTHIA. For s-channel events or the associate production
with a W boson in the Wt-channel, MC@NLO interfaced to HERWIG and JIMMY for
the showering and underlying event simulation is used.

W+jets Production: It is generated with SHERPA. Up to four additional partons are simu-
lated and b-quarks are treated as massive particles while c-quarks are assumed massless.
The W production in association with b-jets is in principle relevant for this analysis
despite the small cross-section. Separate samples including b-hadrons are used to cor-
rectly describe this contribution. To avoid double counting, there is one set of samples
filtered for b-hadrons and another set where b-hadrons are vetoed. In addition, separate
samples with pT(W ) > 140 GeV are used to better describe events with large Emiss

T .
The resulting double counting for the events with pT(W ) > 140 GeV is corrected for
by removing those events from the nominal samples2.

Z+jets Production: The Z+jets events are generated with SHERPA. Separate samples are
produced for the production with light jets or jets originating from c- and b-quarks,
referred to as hf jets.3

Diboson Production: Diboson events are only a minor background in this analysis. They
are generated with SHERPA including up to three additional partons.

The tt̄, W+jets and Z+jets samples are simulated with ATLFAST-II, while the full detector
simulation is used for the other samples. The majority of the samples are generated with the
next-to-leading order PDF set CT10 [61]. Only for the tt̄ + W/Z and the t-channel single
top samples the leading order PDF set CTEQ6L1 [63] is used. A summary on the samples,
together with their cross-sections and filter efficiencies, is given in Table 6.1.

Signal samples
The signal samples are produced with MADGRAPH interfaced to PYTHIA4, using the
CTEQ6L1 PDF set. The mass spectrum and branching ratios are calculated with SUSY-
HIT [79], and they serve as input for the generation.
A pure production of b̃1b̃1 events and a 100% branching ratio for the b̃1 → bχ̃0

1 decay are

1 An introduction of the MC generators is given in Section 2.3.3.
2 The removal is based on the truth information of the generated particles that is stored inside the MC

samples.
3 Only the Z + hf jets samples are used for the final results. Not enough events for the Z + light jets samples

were generated, leading to large statistical fluctuations in the background estimation. As a normalisation
for the total Z contribution is obtained from the control regions, the final Z estimate indirectly includes
the contribution from Z + light jets.

4 Previously, when analysing the 2011 dataset, HERWIG++ was used instead, but studies have shown a
worse description of the initial state radiation in this case. A correct treatment of the ISR is in particular
important as one of the signal regions uses the signature of an ISR jet.
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Process Generator D.S. N [106] σ [pb] pert. order Filter ǫ

tt̄
tt̄ (leptonic) POWHEG +PYTHIA AF-II 15 238.06 NNLO [135] 0.543
tt̄ + W MADGRAPH +PYTHIA full 0.8 0.232 NLO [136] 1
tt̄ + Z MADGRAPH +PYTHIA full 0.8 0.208 NLO [137] 1

single top
s-channel W → eν MC@NLO +H. J. full 0.2 0.606 NNLO [138] 1
s-channel W → µν MC@NLO +H. J. full 0.2 0.606 NNLO [138] 1
s-channel W → τν MC@NLO +H. J. full 0.2 0.606 NNLO [138] 1
Wt-channel (incl.) MC@NLO +H. J. full 2 22.37 NNLO [139] 1
t-channel W → eν ACERMC +PYTHIA full 0.3 9.464 NNLO [140] 1
t-channel W → µν ACERMC +PYTHIA full 0.3 9.464 NNLO [140] 1
t-channel W → τν ACERMC +PYTHIA full 0.3 9.464 NNLO [140] 1

W + jets
W → eν, b -filter SHERPA AF-II 5 12190 NNLO [141] 0.017
W → µν, b -filter SHERPA AF-II 5 12190 NNLO [141] 0.017
W → τν, b -filter SHERPA AF-II 5 12190 NNLO [141] 0.017
W → eν, b -veto SHERPA AF-II 5 12190 NNLO [141] 0.983
W → µν, b -veto SHERPA AF-II 5 12190 NNLO [141] 0.983
W → τν, b -veto SHERPA AF-II 5 12190 NNLO [141] 0.983
W (140) → eν, b -filter SHERPA AF-II 0.3 36.7 NNLO [141] 0.066
W (140) → µν, b -filter SHERPA AF-II 0.3 36.7 NNLO [141] 0.066
W (140) → τν, b -filter SHERPA AF-II 0.3 36.7 NNLO [141] 0.066
W (140) → eν, b -veto SHERPA AF-II 1 36.7 NNLO [141] 0.934
W (140) → µν, b -veto SHERPA AF-II 1 36.7 NNLO [141] 0.934
W (140) → τν, b -veto SHERPA AF-II 0.5 36.7 NNLO [141] 0.934

Z + jets
Z → ee + light jets SHERPA AF-II 2 1052 NNLO [141] 1
Z → µµ + light jets SHERPA AF-II 2 1052 NNLO [141] 1
Z → ττ + light jets SHERPA AF-II 2 1052 NNLO [141] 1
Z → νν + light jets SHERPA AF-II 6 5680 NNLO [141] 1
Z → ee + hf jets SHERPA AF-II 5 58.79 NNLO [141] 1
Z → µµ + hf jets SHERPA AF-II 5 58.79 NNLO [141] 1
Z → ττ + hf jets SHERPA AF-II 5 58.79 NNLO [141] 1
Z → νν + hf jets SHERPA AF-II 27 315.4 NNLO [141] 1

Dibosons
WW → ℓℓνν SHERPA full 2.7 5.88 NLO [142] 1
WZ → ℓℓℓν SHERPA full 2.7 10.3 NLO [142] 1
ZZ → ℓℓℓℓ SHERPA full 1.8 9.70 NLO [142] 1
ZZ → ℓℓνν SHERPA full 0.9 0.57 NLO [142] 1
ZV → eeqq, V=W/Z SHERPA full 0.2 1.70 NLO [142] 1
ZV → µµqq, V=W/Z SHERPA full 0.2 1.70 NLO [142] 1
ZV → ττqq, V=W/Z SHERPA full 0.2 1.70 NLO [142] 1
WV → eνqq, V=W/Z SHERPA full 0.9 9.56 NLO [142] 1
WV → µνqq, V=W/Z SHERPA full 1.0 9.56 NLO [142] 1
WV → τνqq, V=W/Z SHERPA full 1.0 9.56 NLO [142] 1

Table 6.1: MC samples used to model the different background processes. The process is
summarized in the first column (W (140) refers to pT(W ) > 140 GeV). The generator and the
detector simulation (D.S) used are given in the second and third columns (H. J. = HERWIG
JIMMY, full = full detector simulation, AF-II = ATLFAST-II). In addition, the number of gen-
erated events N and the cross-sections σ, together with the perturbation order used to calculate
them, are shown. The top production cross-sections are evaluated for mt = 172.5 GeV. In the
last column, filter efficiencies ε are given for samples where a filter is applied.
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assumed. Signal points are generated for sbottom masses ranging from 100 GeV to 1000 GeV
and neutralino masses covering the allowed mass range (m(χ̃0

1) < m(b̃1) −m(b)). The masses
of other SUSY particles that are not involved in the production or decay are set to high
values to decouple the rest of the SUSY mass spectrum.
The cross-sections are calculated to next-to-leading order (NLO) with PROSPINO [81]. Addi-
tional corrections, including NLO supersymmetric QCD calculations and the next-to-leading-
logarithmic (NLL) resummation of soft gluon emission, are applied by using the NLL-fast
method [143, 144]. The cross-sections are independent of the neutralino mass as, to a very
good approximation, only the sbottom mass plays a role in the production process. In Fig-
ure 6.1 they are shown together with the positions of the actual signal points. The samples are
produced using ATLFAST-II and at least 15000 events are generated per signal point. For the
points with large cross-sections more events are generated (about 100000 for m(b̃1) = 100 GeV
and 30000 for m(b̃1) = 400 GeV).
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Figure 6.1: Signal cross-sections for sbottom-pair production. The grid points for which events
are generated are indicated by the black circles.

6.2 Event Selection

The general topology of a scenario with sbottom-pair production where each sbottom decays
via b̃1 → bχ̃0

1 is given by a final state with two b-jets, missing transverse momentum, no
leptons and low additional hadronic activity. A large dependence of the kinematic properties
on the mass difference between the sbottom and neutralino

∆m = m
(
b̃1

)
−m

(
χ̃0

1

)
(6.1)

is expected. If the mass-splitting is large, a high energy is released by the sbottom decay
that is distributed among the b-quark and neutralino momenta (leading to high pT b-jets and
large Emiss

T ). For small mass-splittings, only a small phase space is available to the bχ̃0
1 system

and soft b-jets along with low Emiss
T are expected. Three different signal regions are defined

to provide sensitivity to the regions of small, medium and large values of ∆m:
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SR1: Large mass-splitting (∆m > 250 GeV).

SR2: Intermediate mass-splitting (100 GeV < ∆m < 250 GeV).

SR3: Small mass-splitting (∆m < 100 GeV).

The signal region definitions are discussed in detail in Section 6.2.3. In addition, the object
definitions used for this analysis (6.2.1), the common preseletion for all signal regions (6.2.2)
and a summary on the optimisation study that was performed to define the final selection
criteria (6.2.4) are described.

6.2.1 Object Definitions

The object reconstruction is described in detail in Section 4.2. Here, the exact definitions
used for the sbottom-pair production analysis are summarised:

Jets: Jets are calibrated using the LCW+JES scheme and are selected if they have pT > 20 GeV
and |η| < 2.8. They are ordered by pT.

b-Jets: b-jets are selected using the MV1 algorithm at a 60% efficiency working point
(weight>0.98)5. They are required to have pT > 30 GeV and |η| < 2.5. It should
be noted that the b-tagging scaling factors are not applied in this analysis.6

Leptons: Electrons are reconstructed following the medium selection criteria. They are re-
quired to have pT > 10 GeV and |η| < 2.47. For the muon reconstruction at least one
track segment in the muon spectrometer needs to match an inner detector track. They
are required to have pT > 10 GeV and |η| < 2.4.
For the control regions tighter lepton selections are required. The leptons must be iso-
lated and the pT thresholds are raised to 25 GeV for electrons and 20 GeV for muons.
In addition, the electrons need to fulfill the tight selection criteria.

6.2.2 Preselection

A pure Emiss
T trigger was chosen for the sbottom analysis. It provides the best acceptance

compared to other trigger options (for example b-jet or jet+Emiss
T triggers). In contrast to a

jet+Emiss
T trigger, it also has the advantage of allowing lower momentum thresholds for the

jets. The trigger uses a 40 GeV (45 GeV) Emiss
T threshold at level-1 (level-2) and an event

filter threshold of 80 GeV.
For the first 2.1 fb−1 of the 2012 dataset only a 90% efficient version of the trigger was
available.7 This reduces the total integrated luminosity of the dataset from 13.0 fb−1 to

5 The rejection factors obtained from MC tt̄ events are 577, 8 and 23 for light-jets, c-jets and τ -leptons,
respectively, for jets selected with pT > 20 GeV and |η| < 2.5.

6 A worse agreement between MC prediction and data was found in the control regions when applying
the scale factors. This can be explained by the fact that the scale factors were obtained under different
kinematic conditions than present in this analysis. Nevertheless, multiple checks were performed to validate
the background estimation. The relative uncertainties on the scale factors are used, however, in order to
estimate the b -tagging uncertainties.

7 The proton bunches are packed in trains which are separated by larger distances than the nominal bunch
spacing. The first three bunches in each train were dropped by the early version of the Emiss

T -only trigger
in order to manage the out-of-time pile-up.
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12.8 fb−1.8 The MC predictions were scaled down accordingly by applying an event weight
of 0.9 to a corresponding number of randomly selected events.
The trigger turn-on behaviour as a function of Emiss

T is shown in Fig. 6.2. A plateau value
is reached at about 150 GeV. The inefficiency of events selected above the threshold and
variations for different data-taking conditions are both below 1% (not taking into account
the 10% inefficiency for the first 2.1 fb−1).
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Figure 6.2: Trigger efficiency as a function of an offline Emiss
T threshold [145]. The efficiency

was calculated with respect to events selected by a single muon trigger. The left figure shows
the 10% inefficient trigger version used for the first 2.1 fb−1 of data and the right one the fully
efficient version used for the rest. Several distributions with different thresholds for the leading
jet transverse momentum are displayed in each figure.

Cleaning criteria to improve the data quality are discussed in Section 5.3. A list summarising
the preselection applied for the sbottom-pair production analysis is given in Table 6.2.
A common selection is applied to all signal regions on top of the preselection, including a
150 GeV threshold on Emiss

T to work on the trigger efficiency plateau. Two selection criteria
are applied to suppress the QCD multi-jet background. The minimal azimuthal distance
∆φmin between the leading three jets and Emiss

T is required to be larger than 0.4 and the
Emiss

T contribution to the effective mass computed from the leading two (three) jets for SR1
and SR2 (SR3) has to be larger than 25%. In addition, the veto on leptons in the final state
is common for the three signal regions.

6.2.3 Signal Region Definitions

The three signal regions are defined to gain sensitivity for the different mass-splitting scenarios
and are optimized to the specific kinematic topology. All selections require two b-jets, but
different momentum thresholds are applied.
The mCT variable was used as starting point for the sbottom analysis as it provides an
endpoint at 135 GeV for tt̄ events and high endpoints for the signal samples, especially for
large ∆m (see Section 5.5). It should be noted that non pair-produced backgrounds, like
Z+hf, do not have an endpoint and can also contribute for harsh mCT selections. The tt̄
endpoint and the use of the mCT variable was motivated in Ref. [117], from where Fig. 6.3a
is taken. It is showing the mCT distribution at parton-level for tt̄ events for the following
selection: ≥ 2 b-jets with pT > 50 GeV, Emiss

T >30 GeV and 2 leptons (eµ) with pT > 20 GeV.

8 The integrated luminosity of 13.0 fb−1 corresponds to the effective luminosity when data quality require-
ments are applied.
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Name Description and Implementation

Data Quality remove events recorded with mis-functioning detector devices

Trigger Emiss
T trigger

Vertex Selection require ≥ 4 tracks pointing to the primary vertex

Dead or Noisy Tile Cells reject events affected by not-working or noisy tile cells

Corrupted Events reject noise-burst affected and incomplete events

Forward Calorimeter reject events affected by technical problems (power supply)

Negative Energy remove events with negative energy contribution to Emiss
T :

fCellOut < 0.5 if Emiss
T > 150 GeV, else fCellOut <

150 GeV
Emiss

T

− 0.5

Bad Muons veto events with pre-selected bad muons

Overlap Removal remove jets within ∆R = 0.2 of an electron

remove electrons and muons within ∆R = 0.4 of a jet

Bad Jets veto events with bad jets that have pT > 20 GeV

Timing require average jet timing within 5 ns for the selected jets

Jet Charged Fraction remove events with a selected jet with chf < 0.05 and |η| < 2.0

Table 6.2: Summary of the event preselection for the sbottom-pair production analysis. “Se-
lected jets” refers to the leading N jets selected by the analysis (N = 2 for SR1 and SR2 and
N = 3 for SR3). The Overlap Removal is not a selection criteria in the sense that events are
rejected, but it is included in the list to better understand the status of the reconstructed objects
at the current selection step.

The corresponding mCT distribution for tt̄ events for reconstructed objects (2 b-jets with
pT > 60 GeV, Emiss

T > 150 GeV and no leptons) is shown in Fig. 6.3b together with the
distributions for two signal points. Even though the tt̄ endpoint is smeared out, a good
signal-to-background separation can be achieved.

SR1
Especially for large mass-splitting scenarios, a high endpoint in the mCT distribution is
expected. Furthermore, the two b-jets can have large transverse momenta from the available
phase space of the b̃1 → bχ̃0

1 decay.
Two b-jets with pT > 130 GeV for the leading and pT > 50 GeV for the second jet are
required. Events with a third jet are rejected if the jet has pT > 50 GeV. The analysis is
performed at four different mCT thresholds: 150 GeV, 200 GeV, 250 GeV and 300 GeV.

SR2
The power of a harsh mCT threshold drops for lower mass-splitting values as the mCT end-
point gets lower. In addition, the b-jets are generally softer.
Therefore, two b-jets with pT > 60 GeV are required and the mCT threshold is lowered to
100 GeV. To compensate for the loss in the background rejection due to the looser selec-
tion criteria, a harsher Emiss

T threshold of 200 GeV is applied. The background rejection is
further improved by vetoing additional hadronic activity in the event via the requirement
HT,2 < 50 GeV.
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Figure 6.3: (a): Distribution of mCT for tt̄ events at parton-level (solid line) obtained by
Ref. [117]. A simplified detector simulation and reconstruction efficiencies are applied for the
histogram with error bars. (b): Distribution of mCT for tt̄ events from reconstructed objects at
the level of the sbottom analysis. Two signal points with (mb̃1

, mχ̃0

1

)=(400, 1) GeV and (400,
200) GeV are added.

SR3
For small mass-splittings, the mCT variable looses its discriminating power completely. In
addition, only small phase space is available to the b-quarks and neutralinos and soft b-jets
and low Emiss

T are therefore expected. To get a handle on those topologies, events are selected
where the sbottom-pair system recoils against a high momentum initial state radiation jet.
The leading jet is expected to be the ISR jet and is required to have pT > 130 GeV. It is
not allowed to be b-tagged and should be back-to-back with the Emiss

T direction. This last
feature of the signal is exploited by selecting events where ∆φ

(
Emiss

T ,jet1

)
> 2.5. In addition,

two b-jets with pT > 30 GeV are required. An upper threshold of 110 GeV is placed on the
pT of the leading b-jet. Similar to SR2, additional hadronic activity is reduced by requiring
HT,3 < 50 GeV.
When enough luminosity is available, harsher thresholds can improve the sensitivity. The
above selection is therefore denoted as SR3a and an additional signal region, SR3b, is defined
on top by increasing the leading jet pT threshold to 150 GeV and the Emiss

T threshold to
200 GeV.

A summary of the signal region definitions is given in Table 6.3.
Three reference signal points with different sbottom-neutralino mass differences are selected,
one for each signal region:

• P1: (mb̃1
,mχ̃0

1
) = (600,1) GeV for SR1.

• P2: (mb̃1
,mχ̃0

1
) = (450,300) GeV for SR2.

• P3: (mb̃1
,mχ̃0

1
) = (300,250) GeV for SR3.

The event yields for the three signal points are shown in Tables 6.4-6.6 at different stages of
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Description
Signal region

SR1 SR2 SR3a SR3b

Trigger Emiss
T trigger, > 99% efficient for Emiss

T > 150 GeV

Event cleaning Common quality criteria for all SRs

Lepton veto No e/µ with pT > 10 GeV

Emiss
T > 150 GeV > 200 GeV > 150 GeV > 250 GeV

pT(jet1) > 130 GeV > 60 GeV > 130 GeV > 150 GeV

pT(jet2) > 50 GeV > 60 GeV > 30 GeV, < 110 GeV

pT(jet3) veto event if pT(jet3) > 50 GeV > 30 GeV

∆φ(Emiss
T ,jet1) - > 2.5

b-tagging jet1 and jet2 tagged jet1 anti-tagged, jet2 and jet3 tagged

∆φmin > 0.4

Emiss
T /Meff > 0.25

mCT > 150, 200, 250, 300 GeV > 100 GeV -

HT,x - < 50 GeV, x = 2 < 50 GeV, x = 3

Table 6.3: Summary of the event selection criteria for the three signal regions SR1, SR2 and
SR3. SR3 is split into two sub-selections, SR3a and SR3b. The jets are sorted by their transverse
momenta.

the event selections for the three signal regions. It can be seen, that in each case the relative
selection efficiency is better for the associated signal point than for the other two points. The
relative composition of the SM background in the signal regions is shown in Table 6.7.

6.2.4 Optimisation Studies

For the results published in summer 2012, various studies have been performed to maximize
the sensitivity for the sbottom-pair production analysis. A short summary of the optimisation
procedures is given here, but it should be noted that all figures shown in this section were
obtained for the 7 TeV analysis.9

The performance of different selection setups is compared by computing the signal significance
for each point of the signal grid. As the full and accurate process of the limit calculation is
not necessary for this purpose, a rough estimation of the significance via

z =
s√

b+ σ2(b)
, (6.2)

with the expected signal yield s and background yield b is performed. The systematic uncer-
tainty on the background yield σ(b) includes the dominant uncertainties (JES and b-tagging)
and rough estimations for the theoretical uncertainties of the individual SM processes. Minor

9 The main differences compared to the 8 TeV analysis arise from a change in the cross-sections and the fact
that different MC generators were used.
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Selection (SR1) P3 P2 P1 SM

Initial 2.6e+04 2.2e+03 3.2e+02

Preselection + e/µ veto 7.1e+03 1.5e+03 2.9e+02

Emiss
T > 150 GeV 3.5e+03 1.1e+03 2.7e+02

pT(jet1) > 130 GeV 2.4e+03 7.6e+02 2.6e+02

pT(jet2) > 50 GeV 1.9e+03 6.7e+02 2.5e+02

veto if pT(jet3) > 50 GeV 8.6e+02 3.1e+02 1.1e+02

∆φmin 6.6e+02 2.8e+02 93

Emiss
T /Meff 6.6e+02 2.7e+02 84

b-tagging 9.9 84 24

mCT > 100 4.3 79 23

mCT > 150 2.5 58 22 187

mCT > 200 0.90 21 19 76

mCT > 250 0.33 1.3 16 26

mCT > 300 0 0 13 8

Table 6.4: Expected event yields for the three reference signal points at different stages of
the event selection for SR1. The numbers are normalised assuming an integrated luminosity of
12.8 fb−1. For comparison, the event yields for the total expected SM background are given for
the signal regions.

Selection (SR2) P3 P2 P1 SM

Initial 2.6e+04 2.2e+03 3.2e+02

Preselection + e/µ veto 7.1e+03 1.5e+03 2.9e+02

Emiss
T > 150 GeV 3.5e+03 1.1e+03 2.7e+02

pT(jet1) > 60 GeV 3.4e+03 1.0e+03 2.6e+02

pT(jet2) > 60 GeV 2.1e+03 8.3e+02 2.5e+02

veto if pT(jet3) > 50 GeV 8.9e+02 3.9e+02 1.0e+02

∆φmin 7.2e+02 3.6e+02 91

Emiss
T /Meff 7.2e+02 3.6e+02 82

b-tagging 11 1.1e+02 24

HT,2 < 50 GeV 3.3 79 15

mCT > 100 GeV 0.84 76 15

Emiss
T > 200 GeV 0.27 41 14 94

Table 6.5: Expected event yields for the three reference signal points at different stages of
the event selection for SR2. The numbers are normalised assuming an integrated luminosity of
12.8 fb−1. For comparison, the event yield for the total expected SM background is given for the
signal region.
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Selection (SR3) P3 P2 P1 SM

Initial 2.6e+04 2.2e+03 3.2e+02

Preselection + e/µ veto 7.1e+03 1.5e+03 2.9e+02

pT(jet1) > 130 3.4e+03 1.0e+03 2.8e+02

pT(jet2) > 30 3.0e+03 8.6e+02 2.5e+02

pT(jet3) > 30 2.5e+03 6.9e+02 2.1e+02

Emiss
T > 150 GeV 1.8e+03 5.2e+02 1.9e+02

∆φmin 1.4e+03 4.5e+02 1.7e+02

Emiss
T /Meff 1.4e+03 4.3e+02 1.5e+02

jet1 anti-tagged 1.3e+03 2.6e+02 76

b-tagging (jet2,3) 1.1e+02 37 5.1

pT(jet2) < 110 GeV 90 13 0.39

HT,3 < 50 GeV 58 6.9 0.032 197

Emiss
T > 250 GeV 23 4.3 0.024

pT(jet1) > 150 GeV 23 3.7 0.024 26

Table 6.6: Expected event yields for the three reference signal points at different stages of
the event selection for SR3. The numbers are normalised assuming an integrated luminosity of
12.8 fb−1. The two additional thresholds applied for SR3b are separated from the SR3a selection
by the horizontal line. For comparison, the event yields for the total expected SM background
are given for the signal regions.

Selection SM total Top Z W Other QCD

SR1

mCT > 150 GeV 187 26% 44% 21% 3% 6%

mCT > 200 GeV 76 25% 45% 21% 5% 3%

mCT > 250 GeV 26 31% 46% 19% 5% 1%

mCT > 300 GeV 8 23% 50% 16% 9% 0%

SR2 94 17% 62% 16% 4% 1%

SR3
a 197 74% 11% 11% 2% 2%

b 26 58% 19% 15% 6% 0%

Table 6.7: Relative background composition in the signal regions. The tt̄ and single top processes
are included in “Top”. “Others” comprises the diboson and tt̄ + W/Z processes. For reference,
the total number of expected background events is given in the second column. The event yields
are estimated from the MC samples except for the multi-jet contribution, which is estimated from
data as explained later.

backgrounds are neglected in this study. When multiple selections or thresholds are com-
pared, the one giving the highest significance value is chosen. The final set of selections is
defined as a compromise of the optimal significance across the whole plane and the complexity
of the analysis.
A general set of studies was performed for all signal regions, which included changing the
b-tagging operation point to different values and testing the thresholds for the QCD rejecting
∆φmin and Emiss

T /Meff selections. In the following more details are given for the choice of the
specific signal region selections as presented in the previous section.
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SR1
For SR1 it was tested if other kinematic variables than mCT would provide a better expected
discovery reach. The transverse mass, computed from Emiss

T and the momenta of the b-jets,
and αT as defined in Ref. [146]10 were tested but a similar or worse performance compared
to that achieved with mCT was observed.
In addition, different thresholds for themCT selection were tried. In general a higher threshold
is found optimal with increasing luminosity and decreasing systematic uncertainties. In the
end a set of thresholds (mCT > 150, 200, 250 GeV) was kept to reach a large parameter space.
For the 8 TeV analysis, a new threshold at 300 GeV was added. The result of a comparison
of different mCT thresholds for the SR1 selection is shown in Fig. 6.4 as a function of mb̃1

and mχ̃0
1
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Figure 6.4: Selection that yields the highest significance for each signal point in the sbottom-
neutralino mass plane for SR1 using different mCT thresholds. The corresponding selections are
listed in the legend. All selection criteria for SR1 except the final mCT selection are applied as
baseline selection.

SR2
To study the performance of the SR2 selection, a baseline selection with Emiss

T > 150 GeV
and two b-jets with pT > 60 GeV was used. The distributions of various kinematic and
topological variables after applying the baseline selection were studied for further separation
power. They include the number of (b-)jets, the jet momenta, the invariant mass and angu-
lar separation of the two b-jets and standard SUSY variables like Emiss

T , mCT, Meff and HT.
Special emphasis was given on the additional hadronic activity in the event. A harsh veto on
additional jets in the event provides a good background separation, but a similar effect can
be obtained by placing an upper threshold on the sum of additional jet momenta HT,2 which
is found more robust under pile-up.
The best discrimination power was obtained by adding a low mCT threshold, an upper thresh-
old on HT,2 and a harsher Emiss

T threshold. The HT,2 and Emiss
T distributions, before applying

the additional selection criteria on any of the two variables, are shown in Fig. 6.5. The re-
sults of a study comparing multiple combinations of HT,2 and Emiss

T thresholds on top of the
baseline plus mCT > 100 GeV selection are displayed in Fig. 6.6a.

10 The αT variable is calculated from the ratio of the momentum of the second leading jet and the invariant
mass of the two leading jets.
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Figure 6.5: Kinematic distributions for SR2 after applying the baseline selection as described in
the text and mCT > 100 GeV. The (a) HT,2 and (b) Emiss

T distributions are shown for the expected
MC background and several signal points for m(χ̃0

1) = 100 GeV and 200 ≤ m(b̃1) ≤ 500 GeV.
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Figure 6.6: Selection that yields the highest significance for each signal point in the sbottom-
neutralino mass plane for (a) SR2 and (b) SR3. The corresponding selections are listed in the
legends. A set of HT,x (where x = 2 for SR2 and x = 3 for SR3) and Emiss

T selections are placed
on top of the respective baseline selection. For SR2, a mCT > 100 GeV threshold is included in
the baseline selection (compared to the definition in the text). For SR3, the baseline selection
used at this point contains all final selection criteria of SR3a except the one on HT,3. Only signal
points with a small mass-splitting are shown for SR3 because for other points no events survive
the selections.

SR3
Similar tests as for SR2 were performed for SR3. In Figure 6.6b, the results of testing dif-
ferent Emiss

T and HT,3 thresholds are shown. It can be seen that two sets of thresholds are
optimal for different parameter regions. Therefore, two sub-selections, namely SR3a and
SR3b, were chosen. A further investigation on SR3b revealed that even a better performance
was obtained by increasing the threshold on the momentum of the leading jet to 150 GeV.
Special attention was given to a theory study based on an ISR selection with just one
b-jet [147]. However, a worse performance was found for a single b-jet analysis.
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The significances obtained for all different signal regions were compared and in Fig. 6.7 the
selection that yields the highest significance is shown in the sbottom-neutralino mass plane.
As expected, SR1 is optimal for signal points with a large mass-splitting and the harshest
mCT selection (mCT > 250 GeV) is chosen for most of the points. In contrast, SR3 is optimal
for the very small mass-splittings, while the region in between is covered by SR2.
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Figure 6.7: Selection that yields the highest significance for each signal point in the sbottom-
neutralino mass plane for the finally selected signal regions, including the different mCT thresholds
for SR1 and the two sub-selections for SR3. The selections are listed in the legend.

6.3 Background Estimation

The main background contributions for this analysis come from top production, Z+hf jets
and W+hf jets processes. Thereby, the Z contribution is completely dominated by Z → νν
events. The W contribution is smaller in comparison and dominated by events where the
lepton is either a hadronically decaying tau or an electron or muon that is not reconstructed
or out of acceptance. A combined fit is performed to estimate the main background nor-
malisations from control regions (CRs). The setup and results of the fit are summarised in
Section 6.3.2.
Sub-dominant background contributions from diboson and tt̄+W/Z processes are estimated
directly from MC simulation. They are grouped together to a contribution called Others in
the following. Multi-jet events from QCD production processes are only a minor contribu-
tion but need to be estimated via a data driven jet-smearing method, which is described in
Section 6.3.1.

6.3.1 Multi-jet Estimation

The jet-smearing method is described in Section 5.6. For this analysis, two different ap-
proaches for the jet smearing are compared: using a common response function (RF) for all
jets or using two different response functions depending on the jet flavour (separating light
jets and b-jets).
Multi-jet enriched control regions, used to extract the normalisation, are obtained by apply-
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ing all selection criteria of Table 6.3 up to the Emiss
T /Meff criteria, but inverting the ∆φmin

selection. For SR3 the SR3a thresholds are applied, since SR3b is a subset of it. For all SM
contributions, other than multi-jet production, pure MC predictions are used. In Table 6.8
the data and MC estimates are given for the three CRs associated with SR1, SR2 and SR3.
The multi-jet estimates from this table are used to normalise the multi-jet samples. As an
example, the full ∆φmin distribution is shown in Fig. 6.8 for SR1 after applying the normal-
isation.

CR Data non-QCD MC QCD est.

CR1 858 85 773

CR2 105 15 90

CR3 374 45 329

Table 6.8: Contributions to the multi-jet control regions (CR1, CR2 and CR3 are the CRs
associated to SR1, SR2 and SR3, respectively). The signal region selections up to the Emiss

T /Meff

requirement are applied, but the ∆φmin threshold is reversed: ∆φmin < 0.4. The “non-QCD MC”
column refers to all other SM contributions, which are estimated from MC. The QCD estimations
(QCD est.) are obtained by subtracting the non-QCD MC contributions from the observed data
events.
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Figure 6.8: Distribution of ∆φmin for SR1 before applying a ∆φmin threshold. The first two
bins correspond to the control region and the multi-jet normalisation is taken from here. The
inclusive jet-smearing function is applied.

In Figure 6.9, the mCT and leading jet pT distributions are shown for the multi-jet enriched
CRs, separately for both smearing approaches as defined above. A multi-jet overestimation
for large mCT values is observed for the common RF. This is due to an overestimation of
the contribution from under-fluctuations of light-flavoured jets in events where the bb̄ pair is
emitted against the mis-measured light jet. Other kinematic distributions, like the leading
jet pT, are mostly well described. The smearing functions for the flavour dependent approach
were not studied with as much detail as the common RF and small discrepancies are observed
for several kinematic distributions. In particular, the multi-jet contribution for large mCT
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values is underestimated in this case. A reasonable agreement is again found for the leading
jet pT distributions. It was decided to take the average of the two approaches as the final
multi-jet estimation. The difference is assigned as systematic uncertainty, which roughly
amounts to 100% for all signal regions.
The multi-jet contributions to the signal regions are provided in Table 6.9 for both approaches
concerning the smearing function and the averaged result. For all signal regions, the common
RF yields a larger multi-jet contribution than the flavour dependent RF.

SR Common RF Flavour dep. RF Average

SR1

mCT > 150 GeV 23.0 0.4 11.7

mCT > 200 GeV 3.9 0.0 1.9

mCT > 250 GeV 0.5 0.0 0.3

mCT > 300 GeV 0.02 0.0 0.01

SR2 1.3 0.0 0.6

SR3
a 7.0 1.8 4.4

b 0.0 0.0 -

Table 6.9: Multi-jet background contribution expected in each signal region. Results are shown
for a common jet response function in the second and a flavour dependent jet response function
in the third column. The average of both is used as final estimate and is given in the last column.

6.3.2 Combined Background Fit

The normalisations of the dominant background contributions are obtained from data by
a simultaneous fit of multiple control regions, as discussed in Section 5.8.1. All CRs are
based on a similar baseline selection as the corresponding signal region but with the modified
requirement of one or two leptons11. Three regions are used for SR1 to estimate the normal-
isations of the top, Z and W background processes. For SR2 and SR3, only two regions are
used to obtain the top and Z normalisations from the fit, while the W normalisation is taken
from MC.12

The general definitions of the control regions are:

CR1L: The one-lepton CR is dominated by top and W events. It is based on a final state with
exactly one electron or muon. The mT variable is used to ensure working in a top and
W dominated environment. Residual multi-jet events are removed by requiring mT >
40 GeV and a possible signal contamination is resolved by requiring mT < 100 GeV.
The upper threshold also enhances the relative contribution of W events compared
to the total yield (dominated by top-pair production) to 5-15%. For SR1 a further
enhancement of the W background to about 25% is achieved by requiring mCT >
150 GeV.

CR2L: The two-lepton CR is designed to be dominated by Z events. Events with either two
electrons or two muons are selected. The Z background is enhanced by selecting events

11 Lepton refers to an electron or muon in this section, disregarding tau leptons. The tight lepton selection
criteria are applied.

12 Several attempts were made to define a third, W enriched, CR for SR2 and SR3, but none provided a
satisfactory selection efficiency for W events allowing to isolate them from top events.



6.3 Background Estimation 89

0 50 100 150 200 250 300

E
v
e

n
ts

 /
 7

.5
0

 G
e

V

110

1

10

210

310

410
SR1: 0lepton QCD VRATLAS Internal

 = 8 TeVs, 
1

 L = 13.0 fb∫ data
QCD
top production
W + jets

Other
Z + jets

SM Total

  [GeV]
CT

corr
M

0 50 100 150 200 250 300

d
a

ta
 /

 M
C

0
0.5

1
1.5

2
2.5

(a) CR1: mCT for common RF
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(b) CR1: mCT for flavour dep. RF
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(c) CR2: pT(jet1) for common RF
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(d) CR2: pT(jet1) for flavour dep. RF
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(e) CR3: pT(jet1) for common RF
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(f) CR3: pT(jet1) for flavour dep. RF

Figure 6.9: Kinematic distributions for the multi-jet control regions. The mCT distributions
are shown for the CR associated with SR1 and the pT of the leading jet for CR2 and CR3. For
each case, the distribution obtained with a common smearing function is shown on the left and
the same distribution obtained with separate functions for light and b-jets is shown on the right.
A normalisation for the multi-jet contribution as described in the text is applied.
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with an invariant di-lepton mass around the Z mass peak: the invariant mass of the
two leptons mℓℓ is required to satisfy 75 < mℓℓ < 105 GeV. A further enhancement of
Z events is achieved by a tight threshold on the pT of the leading lepton (pT > 90 GeV).
The relative Z contribution to the total event yield is raised from below 50% to above
70% by this.
Furthermore, the momenta of the leptons are vectorially added to Emiss

T to emulate the
most important Z contribution, where the Z decays to neutrinos.

CR2LDF: A pure sample of tt̄ events is selected with a CR based on the selection of two
leptons with different flavour. Exactly one electron and one muon are required. A
threshold on the invariant mass of the eµ pair is set (mℓℓ > 50 GeV) to reduce possible
fake-lepton background processes.

Lepton triggers are used for all control regions. For CR1L and CR2LDF, events triggered
by isolated leptons are selected, while di-lepton triggers are applied for CR2L. A summary
on the triggers used is given in Table 6.10 together with the minimal thresholds that ensure
working on the trigger efficiency plateaus. The leptons are generally selected with pT(e,µ) >
(25,20) GeV and an additional threshold at 25 GeV is added for the muon in CR1L. A
matching of the selected leptons to the trigger objects is required. For CR2LDF, either the
electron or muon needs to be matched to the corresponding trigger. It should be noted that
the CR1L and CR2L selections are separately applied to electron and muon events and both
contributions are added in the end. Apart from the trigger, the same preselection as for the
signal regions is applied.

Channel Trigger description Required offline threshold

1-electron
isolated e with pT > 24 GeV pT(e) > 25 GeV

or e with pT > 60 GeV

1-muon
isolated µ with pT > 24 GeV pT(µ) > 25 GeV

or µ with pT > 36 GeV

2-electron ee with pT > (12, 12) GeV pT(e,e) > (20,20) GeV

2-muon µµ with pT > (18, 8) GeV pT(µ,µ) > (20,10) GeV

1-e, 1-µ 1-e or 1-µ trigger pT(e/µ) > (25) GeV

Table 6.10: Triggers used for the different control regions. The trigger momentum thresholds
in the second row correspond to the event filter. The last row shows the threshold at the trigger
efficiency plateau is reached [148].

The control regions should be populated by events with similar kinematic properties as those
in the signal regions for the investigated background process, which can be achieved by
applying similar kinematic thresholds. However, some thresholds need to be lowered or
completely removed to guarantee a sufficient selection efficiency for the background of interest.
The multi-jet based selections on ∆φmin and Emiss

T /Meff are specific for the no-lepton selections
and are not applied. In the current analysis, the contribution from multi-jet events to the
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leptonic control regions is neglected.13 The specific selections used for the different signal
regions are explained in the following.

SR1
The three control regions are used for SR1 to estimate the top, Z and W normalisation. The
Emiss

T threshold is lowered to 100 GeV for all control regions and the leading jet pT is lowered to
50 GeV for CR2L to ensure that enough events pass the selection. The lowest mCT threshold
of 150 GeV is applied for CR1L, while it is lowered to 75 GeV for CR2LDF and completely
removed for CR2L. Finally, the corresponding mT or mℓℓ selections are added as described
above. The selections are summarised in Table 6.11. Distributions of several kinematic
variables for CR1L, CR2L and CR2LDF before correcting the background normalisation
with the fit results are shown in Figs. 6.10, 6.11 and 6.12, respectively.

CR1L_SR1 CR2L_SR1 CR2LDF_SR1

exactly one lepton exactly two leptons exactly two leptons

e or µ ee or µµ eµ

pT(jet1) > 130 GeV pT(jet1) > 50 GeV pT(jet1) > 130 GeV

pT(jet2) > 50 GeV pT(jet2) > 50 GeV pT(jet2) > 50 GeV

no third jet with pT > 50 GeV

Emiss
T > 100 GeV Emiss

T (lepton-corrected) > 100 GeV Emiss
T > 100 GeV

jet1 and jet2 b-tagged

mCT > 150 GeV — mCT > 75 GeV

40 GeV < mT < 100 GeV 75 GeV < mℓℓ < 105 GeV mℓℓ >50 GeV

— pT > 90 GeV for leading lepton —

Table 6.11: Definition of the control regions adopted for SR1. The trigger and event cleaning
selections are described in the text and are applied beforehand.

SR2
Only two control regions are used for SR2. The W normalisation is therefore taken from the
MC simulation and the CR2LDF region is removed from the fit to avoid overconstraining.
The exact definitions of the CR1L and CR2L selections for SR2 are given in Table 6.12.
The mCT and HT,2 requirements are completely dropped and the Emiss

T threshold is lowered
to 120 GeV for CR1L and 100 GeV for CR2L. The thresholds for both jets are lowered to
50 GeV for CR2L and as a result the definition of CR2L_SR2 is identical to CR2L_SR1.
Distributions of several kinematic variables for the one-lepton CR are shown in Fig. 6.13.

13 Non-prompt leptons arising from heavy quark decays, photon conversions or misidentified jets can in
principle cause a contamination from multi-jet events. These contributions were studied for the results
published in summer and they were found below 1% for the one-lepton CR and below 1‰ for the two-lepton
CR.
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CR1L_SR2 CR2L_SR2

exactly one lepton exactly two leptons

e or µ ee or µµ

pT(jet1) > 60 GeV pT(jet1) > 50 GeV

pT(jet2) > 60 GeV pT(jet2) > 50 GeV

no third jet with pT > 50 GeV

Emiss
T > 120 GeV Emiss

T (lepton-corrected)> 100 GeV

jet1 and jet2 b-tagged

40 GeV < mT < 100 GeV 75 GeV < mll < 105 GeV

— pT > 90 GeV for leading lepton

Table 6.12: Definition of the control regions adopted for SR2. The trigger and event cleaning
selections are described in the text and are applied beforehand.

SR3
Also for SR3, the CR2LDF selection is removed from the fit and the W normalisation is
taken from MC simulation. The same control regions are used for SR3a and SR3b. They
are defined in Table 6.13. Following the ISR-jet selection, the leading jet is required not to
be b-tagged and the pT threshold is set to 130 GeV for CR1L and 50 GeV for CR2L. As for
the SR definition, two additional b-tagged jets of 30 GeV are required. The upper threshold
on the momentum of the leading b-jet is applied in CR1L but omitted for CR2L. The HT,3

requirement is removed from both selections and the Emiss
T threshold is lowered to 120 GeV

in CR1L and 100 GeV in CR2L. Distributions of several kinematic variables for the CR1L
and CR2L selections for SR3 are shown in Figs. 6.14 and 6.15

CR1L_SR3 CR2L_SR3

exactly one lepton exactly two leptons

e or µ ee or µµ

≥ 3 jets (pT > 30 GeV)

pT(jet1) > 130 GeV pT(jet1) > 50 GeV

Emiss
T > 120 GeV Emiss

T (lepton-corrected)> 100 GeV

jet1 anti-tagged, jet2 and jet3 b-tagged

pT(jet2) < 110 GeV —

40 GeV < mT < 100 GeV 75 GeV < mll < 105 GeV

— pT > 90 GeV for leading lepton

Table 6.13: Definition of the control regions adopted for SR3. The trigger and event cleaning
selections are described in the text and are applied beforehand.
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Figure 6.10: Distributions of kinematic variables (mCT, mT, pT(e), pT(µ), pT(jet1), mbb) for
CR1L_SR1 before the background fit. The mT distribution is shown before applying the mT

and mCT selections and the mCT distribution before applying the mCT selection. The lepton pT

distributions are shown separately for events with one electron and one muon. The error bands
include statistical and systematic uncertainties.
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Figure 6.11: Distributions of kinematic variables (mCT, mℓℓ, pT(e1), pT(µ1), pT(jet1), mbb)
for CR2L_SR1 before the background fit. The mℓℓ distribution is shown before applying the
mℓℓ selection. The distributions of the leading electron and muon pT are shown separately for
events with two electrons and two muons. The error bands include statistical and systematic
uncertainties.
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Figure 6.12: Distributions of kinematic variables (mCT, meµ, pT(e), pT(µ), pT(jet1), mbb)
for CR2LDF_SR1 before the background fit. The distributions are shown before applying the
mCT > 75 GeV and mℓℓ > 50 GeV selections. The error bands include statistical and systematic
uncertainties.
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Figure 6.13: Distributions of kinematic variables (Emiss
T , mT, pT(e), pT(µ), pT(jet1), mbb) for

CR1L_SR2 before the background fit. The mT distribution is shown before applying the mT

selection. The lepton pT distributions are shown separately for events with one electron and one
muon. The error bands include statistical and systematic uncertainties.
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Figure 6.14: Distributions of kinematic variables (Emiss
T , mT, pT(e), pT(µ), pT(jet1), mbb) for

CR1L_SR3 before the background fit. The mT distribution is shown before applying the upper
selection on mT. The lepton pT distributions are shown separately for events with one electron
and one muon. The error bands include statistical and systematic uncertainties.
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Figure 6.15: Distributions of kinematic variables (Emiss
T , mℓℓ, pT(e1), pT(µ1), pT(jet1), mbb)

for CR2L_SR3 before the background fit. The mℓℓ distribution is shown before applying the
mℓℓ selection. The distributions of the leading electron and muon pT are shown separately for
events with two electrons and two muons. The error bands include statistical and systematic
uncertainties.
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The normalisation factors obtained by the fit are summarized in Table 6.14. They are consis-
tent with 1 within their uncertainties, with the trend of reducing the top and W contributions
and increasing the Z contribution, especially for SR3. The results obtained in the different
control regions for the SM backgrounds are shown in Table 6.15. The fitted SM event yields
are compatible with the MC expectations before applying the fit. Experimental as well as
theoretical uncertainties are provided as input to the fit. They are further described in
Section 6.4.

Factor SR1 SR2 SR3

µTop 0.92 ± 0.32 0.93 ± 0.36 1.00 ± 0.42

µZ 1.04 ± 0.26 1.04 ± 0.31 1.24 ± 0.45

µW 0.73 ± 0.57 — —

Table 6.14: Normalisation factors µTop, µZ and µW obtained by the background fit on the
dedicated control regions for the three signal regions.

Validation of the Fit Results
Several validation regions are investigated to check the reliability of the fit results. A valida-
tion region with no leptons, labelled as VR0L, is added for each SR by inverting the threshold
on one of the kinematic variables, but otherwise applying the SR definition. For SR1 and
SR2, mCT < 100 GeV is required. To increase the selection efficiency, the Emiss

T threshold is
lowered to 150 GeV for SR2. The HT,3 selection is reverted for SR3 (HT,3 > 50 GeV) and
the selection criteria on the jets are reduced to require exactly two b-jets.14

Another VR with no leptons is used to verify the QCD multi-jet background estimation. The
selections are based on the VR0L selections, but with reverted ∆φmin thresholds (∆φmin <
0.4)15. Other changes compared to the VR0L selection are a tighter Emiss

T threshold for SR2
(Emiss

T >200 GeV) and the complete removal of the HT,3 requirement for SR3. For SR2 and
SR3, also the CR2LDF selection is used as validation region.
Special care is taken of the b-tagging stability by adding a VR with exactly one b-jet for
each signal and control region. Apart from the b-jet multiplicity, the same selection as for
the corresponding SR or CR is applied.
The fitted SM background expectations are found to be in agreement with the observed data
events for all validation regions. The exact results are presented in Appendix C. The Emiss

T

distributions for the no-lepton validation regions are shown in Fig. 6.16. Good agreement
between the SM expectation and data is observed.

6.4 Systematic Uncertainties

Theoretical and experimental uncertainties, as described in Section 5.7, are considered for the
SM backgrounds. For the fit described in the previous section, the experimental uncertainties

14 The ISR-criteria for the leading jet and the upper threshold for the leading b -jet are removed from the
SR3 validation region selection.

15 Although the same procedure on reverting the ∆φmin threshold is applied, the multi-jet VR selections are
different from the multi-jet control regions used in the previous section as they are based on the VR0L
selections.
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Figure 6.16: Distributions of Emiss
T for the no-lepton validation regions for each signal region.

The fit results are applied and the error bands include both detector and theoretical systematic
uncertainties. For each VR, the distribution for the associated reference signal point is also shown
(see Section 6.2.3).

are considered to be fully correlated among the background contributions, while the theory
uncertainties are treated individually per background process.
The experimental uncertainties include the b-tagging (separated for b-, c- and light jets),
JES, JER, Pile-up16 and Emiss,CellOut

T (separated into an energy scale and an energy resolu-
tion contribution) uncertainties. Uncertainties on the luminosity measurement are taken to
be ±3.9%, following the same method as detailed in Ref. [119].

16 For SR2 and SR3, a more conservative pile-up uncertainty is applied than what is obtained by the procedure
described in Section 5.7. A ±10% variation of the final event yields is considered, based on additional studies
that were performed to explicitly check the pile-up dependence of the third jet veto and HT selections.
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For the background specific uncertainties, the following variations are considered:

Top: Three types of variations are considered for the top background. The generator uncer-
tainty is evaluated by comparing the event yields predicted by the POWHEG sample
to those of a sample generated with the MC@NLO generator. Uncertainties on the
parton shower and hadronisation modelling are estimated by comparing POWHEG in-
terfaced to PYTHIA with POWHEG interfaced to HERWIG and JIMMY. The ISR and
FSR uncertainty is addressed by a comparison of ACERMC samples with stronger and
weaker parton showering strength. Kinematic distributions obtained for the different
samples are shown in Fig. 6.17. The relative uncertainties that are obtained for the
signal and control regions are provided in Table 6.16. All uncertainties are estimated
on pure tt̄ events, but are applied to the whole top background (including single top
production).

W/Z: For the W+jets and Z+jets backgrounds, generator uncertainties are estimated by
comparing the SHERPA samples to samples generated with ALPGEN. Variations of
scales related to the matching scheme and the functional form and absolute scale of the
strong coupling constant are summarised as scale uncertainties. They are estimated
from the ALPGEN samples.17 The relative uncertainties that are obtained for the
signal and control regions are shown in Table 6.17 for the Z and in Table 6.18 for the
W background.

Others: The contributions from diboson and tt̄ +W/Z events are small and no dedicated es-
timation of different theory uncertainties is performed. Uncertainties for the tt̄ +W (tt̄
+Z) NLO cross-sections are provided in Refs. [136,137] and amount to ±30% (±50%).
A conservative uncertainty of ±50% is assigned to the contribution of the Others back-
grounds.

QCD: A 100% uncertainty is assumed for the multi-jet background for all signal regions.

The uncertainties described above, and in particular the theory uncertainties given in Ta-
bles 6.16-6.18, are provided as input to the background fit. The absolute uncertainties on
the event yields that are obtained after applying the fit are shown in Table 6.19 for all signal
regions. They are split among the different contributions described above and the uncertain-
ties for the background normalisation factors and statistical uncertainties are also shown. It
should be noted though, that correlations among the contributions are not readable from the
table, but need to be taken into account when adding the uncertainties. Statistical uncer-
tainties due to the limited size of the MC samples are only considered by the fit if they are
larger than 5%, which is the case only for SR3b.

Signal Uncertainties
When extracting exclusion limits, the same experimental uncertainties as for the SM back-
ground processes are applied to the signal samples. The dominant contributions come from
the b-tagging and JES uncertainties. The effects of the b-tagging uncertainties on the signal
event yields are about ±28% for SR1 and SR2 and ±(10-20)% for SR3. In Figure 6.18, the
relative uncertainties on the event yields are shown in the sbottom-neutralino mass plane
for SR1 (mCT > 150 GeV) and SR3a. The effects of the JES uncertainties are small for

17 Common scale factors to reweight the ALPGEN samples for the different variations were derived within
the SUSY group and are applied here.
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(a) SR1: POWHEG vs. MC@NLO
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(b) SR3a: POWHEG vs. MC@NLO
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(c) SR1: PYTHIA vs. HERWIG +
JIMMY
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(d) SR3a: PYTHIA vs. HERWIG +
JIMMY
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(e) SR1: enhanced PS vs. reduced PS
(ACERMC)
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(f) SR3a: enhanced PS vs. reduced PS
(ACERMC)

Figure 6.17: Distributions of mCT for SR1 (left) and Emiss
T for SR3a for the different samples

used to estimate the tt̄ theory uncertainties. A comparison of different generators (POWHEG
vs. MC@NLO), parton showering models (PYTHIA vs. HERWIG+JIMMY) and ISR/FSR
contributions (ACERMC with enhanced PS vs. ACERMC with reduced PS) is presented. The
lower insets show the ratio between the two compared samples. The last bin includes the overflow
and uncertainties are purely statistical.
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Selection
Top Theory Uncertainty [%]

Generator Parton Shower ISR/FSR

SR1, mCT > 150 GeV ±0.9 ± 1.5 ±8.0 ± 1.4 ±3.2 ± 1.5

SR1, mCT > 200 GeV ±2.0 ± 2.6 ±6.6 ± 2.4 ±5.3 ± 2.4

SR1, mCT > 250/300 GeV ±5.0 ± 5.3 ±11.9 ± 4.1 ±4.3 ± 4.4

SR2 ±3.9 ± 2.8 ±4.3 ± 2.8 ±2.4 ± 2.6

SR3a ±8.4 ± 1.9 ±0.5 ± 1.5 ±0.7 ± 1.8

SR3b ±5.0 ± 5.8 ±6.6 ± 5.1 ±1.8 ± 5.5

CR1L_SR1 ±0.6 ± 2.4 ±4.4 ± 5.9 ±12.6 ± 4.6

CR1L_SR2 ±2.0 ± 2.8 ±0.5 ± 7.8 ±15.5 ± 5.6

CR1L_SR3 ±15.1 ± 5.4 ±6.6 ± 10.0 ±0.7 ± 8.8

CR2L_SR1 ±1.1 ± 0.9 ±3.0 ± 1.3 ±1.2 ± 1.3

CR2L_SR2 ±1.7 ± 1.6 ±1.8 ± 2.1 ±2.7 ± 2.1

CR2L_SR3 ±2.5 ± 1.4 ±4.6 ± 2.2 ±9.0 ± 2.1

Table 6.16: Relative systematic theory uncertainties for top-pair production for the signal
regions and the one- and two-lepton control regions. The errors correspond to the statistical
uncertainties on the systematic uncertainties. The uncertainties are used as input to the fit (the
values for the one-lepton control region are used for the CR2LDF selections).

Selection
Z Theory Uncertainty [%]

Generator Scale

SR1 (mCT > 150 GeV) ±7 ±12

SR2 ±6 ±12

SR3a and SR3b ±7 ±12

CR2L_SR1, CR2LDF_SR1, CR2L_SR2 ±6 ±12

CR2L_SR3 ±16 ±14

Table 6.17: Relative theoretical uncertainties for the Z+jets background for the signal and
two-lepton control regions (the Z contribution to the one-lepton control regions is negligible).
The uncertainties are used as input to the fit.

most signal points in SR1 and SR2 (< ±6%), but get larger for small mass-splitting points
(±(20-40)%). For SR3, fluctuations from ∼ ±1% to ∼ ±30% are observed throughout the
signal grid. The relative JES uncertainties on the event yields for SR1 (mCT > 150 GeV)
and SR3a are shown in the sbottom-neutralino mass plane in Fig. 6.19.
The theory uncertainties on the signal cross-sections include effects from using different PDF
sets and variations on the factorisation and renormalization scales (see Section 5.7)18. They
are about ±15% for moderate sbottom masses (m(b̃1) < 600 GeV) and rise to approximately
±20% for higher sbottom masses (m(b̃1) ≈ 800 GeV).

18 Detailed information on the calculation of the signal cross-sections and their theoretical uncertainties is
given in Ref. [149].
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Selection
W Theory Uncertainty [%]

Generator Scale

SR1 (mCT > 150 GeV) ±3 ±8

SR2 ±8 ±9

SR3a and SR3b ±8 ±9

Table 6.18: Relative theoretical uncertainties for the W+jets background for the signal regions.
Large statistical fluctuations were observed for the control regions. Therefore, the values from
the corresponding signal regions are used for the control regions. The uncertainties are used as
input to the fit.
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Figure 6.18: Effects of the b -tagging systematic uncertainties on the signal event yields in
the sbottom-neutralino mass plane for (a) SR1 (mCT > 150 GeV) and (b) SR3a. The values (in
percent) obtained after applying the full event selection are shown.
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Figure 6.19: Effects of the JES uncertainty on the signal event yields in the sbottom-neutralino
mass plane for (a) SR1 (mCT > 150 GeV) and (b) SR3a. The values (in percent) obtained after
applying the full event selection are shown.
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Uncertainty
SR1, mCT selection [GeV]

SR2
SR3

150 200 250 300 SR3a SR3b

Total 25.52 10.68 3.65 1.74 11.17 34.89 5.04

Experimental Uncertainties

b-tagging (b-jets) 26.58 11.14 4.09 1.24 21.45 33.06 4.85

b-tagging (c-jets) 12.58 6.20 2.11 0.65 4.19 4.96 0.41

b-tagging (light jets) 1.80 0.68 0.43 0.11 0.63 1.10 0.01

JES 22.10 9.28 2.61 1.23 11.03 15.73 2.76

JER 4.27 1.34 1.15 0.37 3.70 8.92 1.31

Pile-up 0.46 0.03 0.09 0.30 9.49 19.87 2.72

Emiss,CellOut
T (scale) 1.12 0.49 0.17 0.17 0.00 0.51 0.24

Emiss,CellOut
T (resolution) 0.33 0.10 0.00 0.00 0.19 0.65 0.21

Theory Uncertainties

Top (generator) 0.83 0.56 0.36 0.08 0.60 11.87 0.77

Top (parton shower) 3.56 1.47 0.79 0.19 0.64 0.34 0.98

Top (ISR/FSR) 1.91 0.94 0.33 0.08 0.36 1.14 0.28

W (generator) 0.79 0.33 0.11 0.03 1.14 1.85 0.33

W (scale) 2.11 0.89 0.28 0.07 1.30 1.94 0.34

Z (generator) 5.08 2.13 0.72 0.24 3.02 1.84 0.45

Z (scale) 9.86 4.13 1.40 0.46 6.68 3.22 0.79

Others 2.90 2.07 0.67 0.36 2.00 1.93 0.78

QCD 11.87 2.00 0.25 0.01 0.64 4.53 —

Uncertainties on the Normalisation Factors

µTop 15.79 6.11 2.47 0.58 5.94 60.81 6.30

µW 22.34 9.44 3.01 0.77 — — —

µZ 21.75 9.11 3.10 1.03 18.01 9.81 2.42

Statistical Uncertainties

Statistical (MC) — — — — — — 2.76

Table 6.19: Absolute uncertainties on the event numbers after the background fit for each of the
signal regions. Correlations between the individual uncertainties need to be taken into account
to obtain the total uncertainty. Statistical uncertainties for the MC samples are only considered
in the fit when they are above 5%. See text for a more detailed description on the uncertainties.
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6.5 Results

In the previous sections, the signal regions have been defined and a detailed estimation of
background processes with systematic uncertainties has been performed. In this section, the
results obtained in the various signal regions are presented.
The observed and expected SM background event yields are shown in Table 6.20 for all signal
regions. The values for the expected background yields are estimated by the combined fit19

and the errors include statistical and systematic uncertainties. In general, a good agreement
of the observed event yields with the expected SM event yields is obtained within the quoted
uncertainties, indicating no evidence for a possible contribution of SUSY events. The only
deviation is found for SR1 with mCT > 250 GeV where a slight down fluctuation of the data
events is observed. The relative systematic uncertainties on the total SM event yields are
found within ±(14-23)% for SR1, ±12% for SR2 and ±(17-18)% for SR3. As expected, the
dominant SM background contribution for SR1 and SR2 comes from Z production, followed
by contributions from top and W production. For SR3, the top background contribution is
dominant, followed by contributions from Z and W production.

Channel
SR1, mCT selection

SR2
SR3

150 GeV 200 GeV 250 GeV 300 GeV SR3a SR3b

Observed 172 66 16 8 104 207 21

SM Total 176 ± 25 71 ± 11 25 ± 4 7.4 ± 1.7 95 ± 11 203 ± 35 27 ± 5

Top 45 ± 13 17 ± 6 7 ± 3 1.6 ± 0.6 15 ± 4 146 ± 40 15 ± 5

Z 85 ± 15 36 ± 6 12 ± 2 4.0 ± 0.9 60 ± 9 27 ± 9 7 ± 2

W 28 ± 23 12 ± 10 4 ± 3 1 ± 1 15 ± 5 22 ± 7 4 ± 1

Others 6 ± 3 4 ± 2 1.4 ± 0.8 0.7 ± 0.4 4 ± 2 4 ± 2 1.5 ± 0.9

Multi-jet 12 ± 12 2 ± 2 0.2 ± 0.2 0.01 ± 0.01 0.6 ± 0.6 4 ± 4 —

Table 6.20: Numbers of observed events and predicted background events for each signal region.
Uncertainties include statistical and systematic uncertainties together.

For each SR, one specific distribution is shown after applying the fit results: the mCT distri-
bution for SR1 in Fig. 6.20 and the Emiss

T distributions for SR2 and SR3 in Figs. 6.21 and
Fig. 6.22, respectively. In the 250-300 GeV range of the mCT distribution for SR1 the down
fluctuation of data events as mentioned above is visible. More distributions of kinematic
variables for the signal regions are shown in Figs. 6.23 and 6.24. Also the various kinematic
distributions for the observed data events and expected SM background contributions agree
well within the estimated uncertainties.

19 The numbers for the multi-jet contribution are obtained from data via the jet-smearing method and are
provided as input to the fit along with the MC simulation for the other backgrounds.
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Figure 6.20: Distribution of mCT for SR1 after the loosest selection on mCT (mCT > 150 GeV).
The shaded band includes both detector and theoretical systematic uncertainties. The back-
grounds and uncertainties are normalised to the values determined by the fit. As reference, the
distribution for the signal point at m(b̃1) = 600 GeV and m(χ̃0

1) = 1 GeV is included.
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Figure 6.21: Distribution of Emiss
T for SR2. The shaded band includes both detector and

theoretical systematic uncertainties. The backgrounds and uncertainties are normalised to the
values determined by the fit. As reference, the distribution for the signal point atm(b̃1) = 450 GeV
and m(χ̃0
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(a) SR1 (mCT > 150 GeV): Emiss
T
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(b) SR1 (mCT > 150 GeV): mbb
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(c) SR1 (mCT > 150 GeV): pT(jet1)
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(d) SR1 (mCT > 150 GeV): pT(jet2)
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(e) SR1 (mCT > 200 GeV): pT(jet1)
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(f) SR1 (mCT > 250 GeV): pT(jet1)

Figure 6.23: Distributions of several kinematic distributions for SR1 (Emiss
T , mbb, pT(jet1),

pT(jet2) for mCT > 150 GeV and pT(jet1) for mCT > 200, 250 GeV) without applying the
fit results. The error bands include statistical and systematic uncertainties (without considering
correlations). The distributions for the reference signal point associated with SR1 are also shown.
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(a) SR2: pT(jet1)
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(b) SR2: HT,2
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(c) SR3a: pT(jet1)
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(d) SR3a: HT,3
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(e) SR3b: pT(jet1)
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(f) SR3b: HT,3

Figure 6.24: Distributions of pT(jet1) and HT,x for SR2, SR3a and SR3b without applying the
fit results. The error bands include statistical and systematic uncertainties (without considering
correlations). The distributions for the reference signal points (associated to the respective SR)
are also shown.
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6.6 Interpretation of the Results

As discussed in the previous section, a good agreement between the SM expectation and data
observation is found for all signal regions. This means that no evidence for a contribution of
supersymmetric processes is observed. Nevertheless, the results contain valuable information
allowing to set constraints on the expected signal contributions. Upper limits can be set on
the allowed number of generic signal events and for the specific signal models considering
b̃1b̃1 production where the sbottom decays via b̃1 → bχ̃0

1 with a 100% branching ratio.
The direct limits on the maximal number of allowed signal events and the corresponding
visible cross-sections σvis, as defined in Section 5.8.3, are given for all signal regions in Ta-
ble 6.21 together with the expected and observed event yields. These numbers can be used
to test if a specific signal model is excluded in consideration of the efficiency and acceptance
(σvis = σ ·A · ε).

Signal region SM total Data
UL on BSM event yield UL on σvis [fb]

expected observed expected observed

SR1 (mCT > 150 GeV) 176 ± 25 172 55 54 4.2 4.1

SR1 (mCT > 200 GeV) 71 ± 11 66 25 22 1.9 1.7

SR1 (mCT > 250 GeV) 25 ± 4 16 12.5 7.9 0.96 0.61

SR1 (mCT > 300 GeV) 7.4 ± 1.7 8 7.5 8.0 0.58 0.62

SR2 95 ± 11 104 32 39 2.5 3.0

SR3a 203 ± 35 207 54 54 4.2 4.2

SR3b 27 ± 5 21 13.1 9.6 1.0 0.74

Table 6.21: Expected and observed event yields with the corresponding Upper Limits (UL)
at 95% CL on generic beyond SM (BSM) signal yields and visible cross-sections σvis for all the
signal regions defined. The uncertainties on the background event yields include statistical and
systematic uncertainties.

Exclusion limits for the considered model (b̃1b̃1 production where b̃1 → bχ̃0
1 with a 100%

branching ratio) are calculated in the sbottom-neutralino mass plane. The are presented
in Fig. 6.25 for SR1 and Fig. 6.26 for SR2 and SR3. For SR1, the excluded parameter
regions significantly extend the previous limit, set by the ATLAS experiment for 2.05 fb−1,
to scenarios with larger sbottom masses. However, this selection is not sensitive to the
very compressed scenarios with a small neutralino-sbottom mass-splitting. This tendency
is increased by the harsher mCT thresholds of 250 GeV and 300 GeV which provide the
best limits for large sbottom masses.20 The SR2 selection covers a region of medium mass-
splittings, as it was designed to. However, a similar region is also excluded by the SR1
selection with the loosest mCT threshold (mCT > 150 GeV). As expected, the SR3a and
SR3b selections exclude regions for the compressed scenarios but have no sensitivity for the
regions with large mass-splittings and sbottom masses. The harsher selection criteria applied
for SR3b result in a larger uncertainty for the expected limit. However, the observed limit is
slightly better than the one obtained with SR3a.

20 The small down fluctuation of the data events for the SR1 selection with mCT > 250 GeV (see previous
section) results in a better observed limit compared to the expected limit.



6.6 Interpretation of the Results 113

 [GeV]
1

b
~m

100 200 300 400 500 600 700

 [
G

e
V

]
0 1χ∼

m

0

100

200

300

400

500

600

700

 fo
rb

idden

1

0

χ∼
 b

→
1b

~

1

0
χ∼ b→

1
b
~

 production, 
1

b
~


1

b
~

>150GeV
CT

SR1 m

ATLAS Internal

=8 TeVs, 
1

 L dt = 12.8 fb∫ 1
CDF 2.65 fb

1
D0 5.2 fb

=7 TeVs, 
1

ATLAS 2.05 fb

=7 TeVs, 
1

ATLAS 4.7 fb

)
theory

SUSYσ1 ±Observed limit (

)
exp

σ1 ±Expected limit (

All limits at 95% CL

(a) mCT > 150 GeV
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(b) mCT > 200 GeV
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(c) mCT > 250 GeV
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(d) mCT > 300 GeV

Figure 6.25: Exclusion limit at 95% CL in the sbottom-neutralino mass plane for SR1 applying
the different mCT thresholds. For each plot, the black, dashed line shows the expected limit
if theory uncertainties on the signal are neglected. The yellow band corresponds to the ±1 σ
Gaussian equivalent uncertainty on the expected limit. The red solid line shows the nominal
observed limit, while the red dashed line corresponds to its variation if theory uncertainties on
the signal are taken into account. Previous limits set by the ATLAS [131, 132], CDF [150] and
D0 [151] experiments are also shown.
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(b) SR3a
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Figure 6.26: Exclusion limit at 95% CL in the sbottom-neutralino mass plane for SR2, SR3a
and SR3b. For each plot, the black, dashed line shows the expected limit if theory uncertainties
on the signal are neglected. The yellow band corresponds to the ±1 σ Gaussian equivalent
uncertainty on the expected limit. The red solid line shows the nominal observed limit, while the
red dashed line corresponds to its variation if theory uncertainties on the signal are taken into
account. Previous limits set by the ATLAS [131, 132], CDF [150] and D0 [151] experiments are
also shown.
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Figure 6.27: Exclusion limit at 95% CL in the sbottom-neutralino mass plane, obtained by
taking the signal region which gives the best expected exclusion limit in each point. The black,
dashed line with yellow band shows the expected limit with its ±1 σ Gaussian equivalent uncer-
tainty, if theory uncertainties on the signal are neglected. The red solid line shows the nominal
observed limit, while the red dashed lines correspond to its variation if theory uncertainties on
the signal are taken into account. Previous limits set by the ATLAS [131, 132], CDF [150] and
D0 [151] experiments are also included.

The final exclusion limit is obtained from the combination of all signal regions by selecting
the one giving the best expected exclusion limit for each signal point separately.21 It is
shown in Fig. 6.27. A significant extension compared to the previous limits set by the
ATLAS, D0 and CDF experiments is achieved. Due to the complementary structure of the
signal regions, the limit is extended both to larger sbottom masses (SR1) and compressed
scenarios (SR3). Sbottom masses up to 620 GeV are excluded at 95% CL for massless
neutralinos and neutralino masses up to 320 GeV are excluded for sbottom masses around
550 GeV. Mass differences between the sbottom and neutralino above 40 GeV are excluded
for m

χ̃0
1
< 300 GeV. A gain of about 50 GeV to 100 GeV compared to the results obtained in

summer 2012 [132] is reached.

21 The definition of SR3 is orthogonal to SR1 and SR2. Therefore, a statistical combination of SR1 with SR3
and SR2 with SR3 is in principle possible. However, the gain compared to considering the signal regions
standalone is expected to be small as SR3 is only contributing for very small mass-splittings in which case
neither SR1 nor SR2 provide a significant sensitivity.
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The signal region giving the best expected exclusion limit for each considered signal point
is shown in Fig. 6.28a. A difference compared to the expectations presented in the selection
optimisation study (see Section 6.2.4, Fig. 6.7) is observed. The optimal selection for large
mass-splittings is still SR1 and points with ∆m ≤ 40 GeV are dominated by SR3, but for
medium mass-splittings a large contribution comes from SR1 with a moderate mCT threshold,
while SR2 hardly contributes. The differences may be caused by changes in the systematic
uncertainties and it should be kept in mind, that the optimisation study was performed with
a lower integrated luminosity and centre-of-mass energy. The CLs values obtained for each
signal point are mapped in Fig. 6.28b.
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Figure 6.28: Selected signal region per point (a) and observed CLs values using the nominal
signal cross-sections (b). The signal regions denoted by SR150, SR200, SR250 and SR300 cor-
respond to SR1 with the respective mCT threshold. The bottom line of entries is moved up by
10 GeV, while the leftmost column is shifted to the right by 20 GeV to provide a better visibility
in both figures.

6.7 Re-interpreting the Sbottom Results on Stop Models

In natural SUSY scenarios, the lightest neutralino and chargino are almost pure higgsinos
and therefore nearly degenerate in mass. Therefore, the analysis described in this chapter
can be sensitive also to direct stop-pair production, when the stop decays via:

t̃1 → bχ̃±
1 , (6.3)

χ̃±
1 → W ∗χ̃0

1 → ff ′χ̃0
1, (6.4)

where f and f ′ correspond to fermions produced by the W ∗ decay. In fact, if the chargino-
neutralino mass splitting (∆m(χ̃±

1 ,χ̃
0
1) = mχ̃±

1
− mχ̃0

1
) is small, the W ∗ is very soft and its

decay products might not be reconstructed. The final state signature is therefore identical
to the signature investigated so far for the sbottom-pair production. A drop in the selection
efficiencies is expected for larger ∆m(χ̃±

1 ,χ̃
0
1) values, when the fermions start to pass the

reconstruction thresholds.
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Two sets of stop samples are produced, one with ∆m(χ̃±
1 ,χ̃

0
1) = 5 GeV and one with

∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV. A few signal points with ∆m(χ̃±

1 ,χ̃
0
1) = 10 GeV are added to

study the selection efficiencies at intermediate scenarios. No signal points are produced
for mχ̃±

1
< 100 GeV, since chargino masses up to 103.5 GeV are excluded by LEP [152].

The samples are generated with MADGRAPH interfaced to PYTHIA and the CTEQ6L1
PDF set is used. The cross-sections are the same as the ones for corresponding sbottom
signal points with mt̃1

= mb̃1
(see Ref. [143]) and the same theory uncertainties are assumed.

The fast simulation ATLFAST-II is used and at least 10000 events are generated per signal
point (∼100000 events for mt̃1

≤ 300 GeV, ∼30000 events for mt̃1
= 450 GeV and ∼15000

events for mt̃1
= 600 GeV).

A comparison of the stop and sbottom signal samples is provided in Section 6.7.1 and the
new interpretation of the sbottom results for the stop models are presented in Section 6.7.2.

6.7.1 Comparison of the Stop and Sbottom Signals

Differences between the sbottom and stop results are expected for the selection acceptances.
In particular, the veto on leptons and additional jets can be affected by the additional fermions
produced in the stop decays.
The selection efficiencies for SR1 are compared for three stop signal points (∆m(χ̃±

1 ,χ̃
0
1) =

5, 10, 20 GeV) and the corresponding sbottom signal point (mt̃1
= mb̃1

= 500 GeV, mχ̃0
1

=

300 GeV) in Table 6.22. The efficiency for the lepton veto is decreasing for the stop models
with increasing ∆m(χ̃±

1 ,χ̃
0
1), as expected. In addition, a drop in efficiency is observed for the

harsh mCT thresholds. In contrast, the veto on a third jet with pT > 50 GeV, as well as all
other selection steps, have a similar selection efficiency for all samples. The pT distribution
and the number of leptons are shown for the signal points mentioned above in Fig. 6.29.
The HT,x distributions for t̃1t̃1 and b̃1b̃1 production are shown in Fig. 6.30 for SR2 and SR3.
The ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV and 20 GeV stop signals are compared to the sbottom signal for

mt̃1
= mb̃1

= 600 GeV, mχ̃0
1

= 100 GeV for SR2 and mt̃1
= mb̃1

= 500 GeV, mχ̃0
1

= 450 GeV
for SR3. A difference in the shape is visible, but the impact on the selection efficiency is
small for ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV (within a few percent), while efficiency drops up to 50% are

found for larger ∆m(χ̃±
1 ,χ̃

0
1).

6.7.2 Interpretation for Stop Models

Exclusion limits for the stop signal models are derived in the stop-neutralino mass plane.
They are shown in Fig. 6.31 for the two considered scenarios with ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV and

∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV. For each signal point, the selection which provides the best expected

sensitivity is chosen. In case of the scenario with ∆m(χ̃±
1 ,χ̃

0
1) = 5 GeV, stop masses up to

580 GeV are excluded at 95% CL for mχ̃0
1

= 100 GeV and neutralino masses up to 300 GeV
are excluded for mt̃1

= 500 GeV. The sensitivity is reduced for the very compressed scenarios
with a small neutralino-stop mass-splitting. As expected, a smaller region in the (mt̃1

-mχ̃0
1
)

plane is excluded for ∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV. In this case, the limit on the stop mass is lowered

to 480 GeV for mχ̃0
1

= 100 GeV and the neutralino mass limit to 250 GeV for mt̃1
= 480 GeV.

In addition, the observed upper limits on the signal cross-sections are given in Fig. 6.32 for
all signal points considered.
A summary of the sbottom and stop exclusion limits is shown in Fig. 6.33. Only a slight
degradation of the stop limits compared to the corresponding sbottom limits is observed for
the scenario with ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV, while a significant reduction of the excluded region

is visible for the scenario with ∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV.
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Selection
Sbottom

Stop, ∆m(χ̃±
1 ,χ̃

0
1) =

5 GeV 10 GeV 20 GeV

rel. abs. rel. abs. rel. abs. rel. abs.

Preselection 91% 91% 89% 89% 87% 87% 86% 86%

e/µ veto 99% 90% 98% 87% 94% 82% 84% 72%

Emiss
T >150 77% 70% 75% 66% 74% 60% 71% 51%

≥2 jets 99% 69% 99% 65% 100% 60% 100% 51%

pT (jet1) > 130 GeV 85% 59% 83% 54% 84% 50% 82% 42%

pT (jet2) > 50 GeV 91% 53% 92% 50% 91% 46% 90% 38%

third jet veto 48% 26% 47% 23% 48% 22% 45% 17%

∆φmin > 0.4 89% 23% 89% 21% 88% 19% 84% 14%

Emiss
T /meff > 0.25 97% 22% 98% 20% 98% 19% 98% 14%

b-tagging 35% 7.6% 33% 6.7% 34% 6.4% 33% 4.5%

mCT > 100 GeV 94% 7.2% 93% 6.2% 94% 6.0% 96% 4.3%

mCT > 150 GeV 85% 6.1% 84% 5.2% 81% 4.9% 79% 3.4%

mCT > 200 GeV 66% 4.0% 62% 3.2% 58% 2.8% 56% 1.9%

mCT > 250 GeV 38% 1.5% 37% 1.2% 30% 0.9% 29% 0.6%

Table 6.22: Relative and absolute selection efficiencies for SR1 evaluated for a sbottom signal
point (mb̃1

= 500 GeV, mχ̃0

1

= 300 GeV), and three stop signal points with ∆m(χ̃±

1 ,χ̃
0
1) = 5

GeV, 10 GeV and 20 GeV (mt̃1
= 500 GeV, mχ̃0

1

= 300 GeV). The relative efficiencies (rel.) are
computed with respect to the previous selection step, while the absolute efficiencies (abs.) are
calculated with respect to the initial number of events.
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Figure 6.29: Distributions of (a) pT(jet3) and (b) the number of leptons for the sbottom sample
and the stop samples with ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV, 10 GeV and 20 GeV for signal points with

mb̃1/t̃1
= 500 GeV and mχ̃0

1

= 300 GeV for SR1. The distributions are normalised to unit area
and the overflow is included in the last bin. The ratios, shown in the lower panels, are obtained
by dividing the distributions for the stop samples by the distributions for the sbottom sample.
The error bars correspond to the statistical uncertainties of the signal samples. The distribution
of the pT of the third leading jet is shown before applying the veto on the third jet and the
distribution of the number of leptons is shown after applying the preselection.
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Figure 6.30: Distributions of HT,x for the sbottom sample and the stop samples with
∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV and 20 GeV for (a) SR2 (mb̃1/t̃1

= 600 GeV, mχ̃0

1

= 100 GeV) and (b) SR3

(mb̃1/t̃1
= 500 GeV, mχ̃0

1

= 450 GeV). The distributions are shown before applying the HT,x

thresholds. They are normalised to unit area and the overflow is included in the last bin. The
ratios, shown in the lower panels, are obtained by dividing the distributions for the stop sam-
ples by the distributions for the sbottom sample. The error bars correspond to the statistical
uncertainties of the signal samples.
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Figure 6.31: Expected and observed 95% CL exclusion limits in the stop-neutralino mass plane
for stop models with (a) ∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV and (b) ∆m(χ̃±

1 ,χ̃
0
1) = 20 GeV. The black, dashed

lines with yellow bands show the expected limits with their ±1 σ Gaussian equivalent uncertainty,
if theory uncertainties on the signal are neglected. The red solid lines show the nominal observed
limits, while the red dashed lines correspond to their variations if theory uncertainties on the
signal are taken into account.
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Figure 6.32: Observed upper limits on the signal cross-sections for (a) ∆m(χ̃±

1 ,χ̃
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1) = 5 GeV

and (b) ∆m(χ̃±

1 ,χ̃
0
1) = 20 GeV in the (mt̃1

-mχ̃0

1

) plane, for all signal points considered. The
numbers are given in pb and are overlaid to the corresponding exclusion limits (see Fig. 6.31).
For clarity, numbers of the first column (bottom row) are shifted to the right (upwards, only for
∆m(χ̃±

1 ,χ̃
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1) = 5 GeV) by 10 GeV.
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6.8 Summary

A search for pair-produced sbottom quarks is presented in this chapter. It is assumed that
both sbottom quarks decay directly to a neutralino and a b-quark, leading to a final state
with two b-jets and Emiss

T . Three signal regions, adapted to small, medium and large sbottom-
neutralino mass-splitting scenarios, are exploited.
The results, obtained with the

√
s = 8 TeV dataset for an integrated luminosity of 12.8 fb−1,

are presented and no evidence for pair-produced sbottom quarks is found. The background
contributions, estimated with a combined fit of control regions, are in good agreement with
the observed data yields in all signal regions. Exclusion limits are calculated in the sbottom-
neutralino mass plane for the sbottom SUSY models (b̃1b̃1 production where b̃1 → bχ̃0

1 with
a 100% branching ratio). The following mass constraints are derived at 95% CL:

• mb̃1
> 620 GeV for m

χ̃0
1

≃ 0

• m
χ̃0

1
> 320 GeV for mb̃1

≃ 550 GeV

• ∆m(b̃1, χ̃
0
1) < 40 GeV for m

χ̃0
1
< 300 GeV.

The assumption on the 100% branching ratio for the b̃1 → bχ̃0
1 decay is justified for SUSY

scenarios where the b̃1 → tχ̃±
1 decay is suppressed, as for example if mb̃1

< mχ̃±
1

+ mt or if

the b̃1 is mostly b̃R and the chargino is wino dominated.

The results are re-interpreted in stop models with a similar event topology (t̃1t̃1 production
with t̃1 → bχ̃±

1 → bW ∗χ̃0
1 → bff ′χ̃0

1 for small ∆m(χ̃±
1 ,χ̃

0
1), such that the fermionic decay

products are not reconstructed). The model assumptions are justified for scenarios where
the higgsino mass parameter µ is small compared to the bino and wino mass parameters M1

and M2. In this case, the χ̃0
1 and χ̃±

1 masses are almost degenerate and both of the order of
µ. Scenarios of this type are favoured by naturalness arguments (see Section 2.2). The mass
limits depend strongly on the value of ∆m(χ̃±

1 ,χ̃
0
1) and the following results are obtained at

95% CL:

• ∆m(χ̃±
1 ,χ̃

0
1) = 5 GeV:

– mt̃1
> 580 GeV for mχ̃0

1
≃ 100 GeV

– mχ̃0
1
> 300 GeV for mt̃1

≃ 500 GeV

• ∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV:

– mt̃1
> 480 GeV for mχ̃0

1
≃ 100 GeV

– mχ̃0
1
> 250 GeV for mt̃1

≃ 480 GeV.

The exclusion limits obtained by this analysis provide a significant contribution to the stop
searches by the ATLAS collaboration. A summary of ATLAS searches for stop-pair produc-
tion with 4.7 fb−1 of

√
s = 7 TeV or 13 fb−1 of

√
s = 8 TeV data is shown in Fig. 6.34. The

analysis performed in this thesis covers a large region of the parameter space for large stop
masses (excluded region shown in mint green). However, it should be stressed, that the limit
is only valid for a small chargino-neutralino mass-splitting (∆m(χ̃±

1 ,χ̃
0
1) = 5 GeV).
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CHAPTER 7

Searches for Gluino-Mediated Sbottom Production

Besides the direct production, sbottom quarks can also be produced in the decay chains of
primary produced gluinos. Also for the gluino-mediated sbottom production, a 100% branch-
ing ratio is assumed for the b̃1 → bχ̃0

1 decay. Therefore, the topologies of the gluino-mediated
and direct production have similar final states with b-jets, Emiss

T and no leptons.
First results for SUSY searches with b-jets were published with the 2010 dataset [153]. A
generic event selection with at least one b-jet, ≥ 2 additional jets, moderate Emiss

T

(Emiss
T > 100 GeV) and a harsh Meff threshold (Meff > 600 GeV) was used to exclude

models with g̃g̃ production where the gluinos decay via g̃ → bb̃1 and a corresponding frac-
tion of events with direct b̃1b̃1 production.1 The analysis was first updated using data from
the 2011 dataset corresponding to an integrated luminosity of 0.83 fb−1 [154], where the
number of signal region selections was increased to four (with either ≥ 1 or ≥ 2 b-jets and
Meff > 500 GeV or 700 GeV). Another update using data corresponding to an integrated
luminosity of 2.05 fb−1 was performed at the end of 2011 [155]. All non-QCD background
predictions were previously taken from MC and a data-driven tt̄ estimation was added for
this update. Main contributions within this thesis were made for the background estimation,
in particular the validation of the background estimation via an alternative method. More
details and results for this analysis are presented in Section 7.1.
A general revision of the gluino-mediated sbottom production was performed for the full 2011
dataset [156], corresponding to an integrated luminosity of 4.7 fb−1. A combined analysis was
designed to cover also the gluino-mediated stop production, which was previously considered
in a separate one-lepton analysis [153, 155, 157]. It was found, that also the stop production
channel can be covered by a no-lepton analysis, if a high jet multiplicity is required. In
addition, the re-optimisation of the signal regions led to selections with at least three b-jets.
The gluino-mediated three b-jets analysis was updated using data corresponding to an inte-
grated luminosity of 12.8 fb−1 from the 2012 dataset, collected at

√
s = 8 TeV [158]. Main

contributions to this analysis were made for the background estimation and in particular the
estimation of various sources of systematic uncertainties. Details and results for this analysis
are presented in Section 7.2.
A summary on the analyses for gluino-mediated sbottom (and stop) production is given in
Section 7.3.

1 The fraction of b̃1b̃1 compared to g̃g̃ events depends on the mass splitting between the gluino and sbottom.
For large mass splittings, the production of b̃1b̃1 becomes dominant.
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7.1 Early Searches for Gluino-Mediated Sbottom Production

This section focuses on the gluino-mediated production of sbottom quarks, where the sbot-
toms decay via b̃1 → bχ̃0

1. The latest results obtained with data corresponding to an integrated
luminosity of 2.05 fb−1 are presented.
In the following subsections, the input samples (7.1.1), the event selection (7.1.2), the back-
ground estimation (7.1.3), systematic uncertainties (7.1.4) and the results (7.1.5) are de-
scribed.

7.1.1 Data and Monte Carlo Input

The dataset used for this analysis includes the first L = 2.05 ± 0.07 fb−1 of data collected in
2011 at

√
s = 7 TeV.2

The relevant expected SM background processes are shorty described in the following:

Top Production: The tt̄ and single top samples are simulated with the MC@NLO generator,
interfaced to HERWIG for the fragmentation and hadronisation and JIMMY for the
underlying event. The top mass is set to 172.5 GeV and the next-to-leading order PDF
set CTEQ6.6 [62] is used.
A separate sample is produced to model the tt̄ production in association with b-jets. It is
generated with ALPGEN interfaced to HERWIG and JIMMY, using the CTEQ6L1 [63]
leading order PDF set.

W/Z+jets Production: The W+jets and Z+jets events are generated with ALPGEN, in-
terfaced to HERWIG and JIMMY for the showering and underlying event simulation.
Samples with up to five additional partons are generated (the last one being inclusive).
For the associated production with c- and b-quarks, separate samples, denoted as Wbb,
Wc, Wcc and Zbb, are produced. This introduces an overlap between the nominal
and the additional samples as no heavy-flavour matching is applied by the ALPGEN
generator.3 The events are sorted into heavy-flavour and light-flavour samples based on
the truth information of the partons, also removing the overlap between the different
samples. Scale factors of 1.63 ± 0.76 (Wbb, Wcc) and 1.11 ± 0.35 (Wc) are applied on
top of the nominal normalisation, as discussed in Ref. [159]. No additional scaling is
needed for the Zbb events [160]. The leading order PDF set CTEQ6L1 [63] is used for
the ALPGEN samples.

Diboson Production: WW , WZ and ZZ samples are produced with HERWIG and the
CTEQ6L1 PDF set. It is a minor background for this analysis.

All samples are simulated with the full ATLAS detector simulation. The cross-sections for
the various processes are summarized in Table 7.1.

Signal Samples
Results of this analysis are interpreted in a phenomenological MSSM model, a simplified
model (Gbb) and SO(10) models:

2 Data collected in 2010 is not added as is was taken under different conditions (for example the trigger
setup changed) and would not add much luminosity to the total dataset.

3 For example, an event with a W , two b -quarks and one additional parton can be included in both the
W +3 partons sample (where the bb̄ pair is produced by the parton shower) and the W bb+1 parton sample.
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Process σ [nb] Perturbative order Generator

tt̄ 0.164 NLO + NNLL [161] MC@NLO

single top 0.037 NLO + NNLL [161] MC@NLO

tt̄+bb̄ 0.9 × 10−3 LO [74] ALPGEN

W → ℓν +jets 31.4 NNLO [162] ALPGEN

Z → ℓℓ +jets 3.20 NNLO [162] ALPGEN

Z → νν +jets 5.82 NNLO [162] ALPGEN

Diboson 7.1 × 10−2 NLO [142,163] HERWIG

Table 7.1: Cross-sections for the relevant SM backgrounds with the perturbation order they are
calculated to. In addition, the generator used to simulate the events is given in the last column.
All three lepton flavours are included in the vector boson samples (ℓ = e, µ, τ).

Gluino-sbottom: A phenomenological MSSM scenario, where only gluinos and sbottom
quarks can be produced. The b̃1 is assumed to be the lightest squark and its mass
is below the gluino mass (mg̃ > mb̃1

> mχ̃0
1
). The masses of other squarks are above

the gluino mass and the neutralino mass is fixed at 60 GeV. For this mass hierarchy,
the gluino decays to bb̃1 with a 100% branching ratio and the sbottom to bχ̃0

1. A grid
of signal points is produced in the (mg̃, mb̃1

) plane.

Gbb: A simplified model for gluino-pair production, where the gluinos decay to bb̄χ̃0
1 via an

off-shell sbottom (b̃
(∗)
1 → bχ̃0

1). The b̃1 is the lightest squark, but has a larger mass than
the gluino (mb̃1

> mg̃ > mχ̃0
1
, mb̃1

= 1 TeV). A grid of signal points is produced in the

(mg̃, mχ̃0
1
) plane, providing complementary information to the Gluino-Sbottom model,

where the neutralino mass is fixed.

SO(10): SUSY GUT based on SO(10), as described in Section 2.2.4. Two configurations
are used for this analysis, a HS and a DR3 model. For both models, parameters that
allow for Yukawa coupling unification are chosen. The parameters for the HS model
are: m16(1,2,3) = 10000 GeV, m10 = 12054 GeV, MD = 3287 GeV, A0 = −19947,
tan β = 50.4 and µ > 0. The parameters for the DR3 model are: m16(1,2) = 11806 GeV,
m16(3) = 10840 GeV, m10 = 13903 GeV, MD = 1851 GeV, A0 = −22786, tan β = 50
and µ > 0. In both cases m1/2 is the only free parameter, that is varied to scan over
the gluino mass (in the range allowing Yukawa coupling unification).

The mass spectra and branching ratios are calculated with SUSYHIT [79] for the Gluino-
Sbottom and Gbb models and ISASUSY [80] for SO(10). The signal samples are generated
with HERWIG++, using the CTEQ6.6M PDF set [164]. Cross-sections at NLO are calculated
with PROSPINO [81]. A summary of the signal samples is shown in Table 7.2.

7.1.2 Event Selection

The final states of the SUSY scenarios investigated in this analysis include four b-jets and
large Emiss

T due to two neutralinos:
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Model Generator Main parameters Main processes

Gluino-Sbottom SUSYHIT mg̃, mb̃1
g̃g̃, b̃b̃, g̃b̃

(Pheno. MSSM) mχ̃0
1

=60 GeV g̃ → bb̃1, b̃ → bχ̃0
1

Gbb SUSYHIT mg̃, mχ̃0
1

g̃g̃

(Simplified Model) mg̃ < mb̃1
g̃ → bb̄χ̃0

1

HS model ISASUSY mg̃ g̃g̃, χ̃0
2χ̃

±
1

(SO(10)) tanβ=50.4, m16=10 TeV, µ > 0 g̃ → bb̄χ̃0
2

DR3 model ISASUSY mg̃ g̃g̃, χ̃0
2χ̃

±
1

(SO(10)) tanβ=50, m16 ∼11 TeV, µ > 0 g̃ → bb̄χ̃0
1

Table 7.2: Summary of signal samples considered in this analysis. The generator refers to the
mass-spectrum calculation.

• Gluino-Sbottom: g̃g̃ production4 with g̃ → bb̃1, b̃1 → bχ̃0
1.

• Gbb: g̃g̃ production with g̃ → bb̄χ̃0
1.

• SO(10): g̃g̃ production with g̃ → bb̄χ̃0
2 or g̃ → bb̄χ̃0

1.

The signal regions are based on the b-jet multiplicity and the Meff variable built by the three
leading jets, which were found to be the best performing variables in terms of separating
the signal and background contributions while allowing for a suitable background estimation.
The different steps for the event selection, including the object definitions and preselection,
are described in the following.

Object Definitions
The object reconstruction follows the methods described in Section 4.2. The exact definitions
used for the gluino-mediated analysis are:

Jets: Jets are calibrated with the EM+JES calibration scheme and are required to have
pT > 20 GeV and |η| < 2.8.

b-Jets: The JetFitterCombNN algorithm is used to identify b-jets. They are selected at a
60% efficiency working point (weight> 2)5 and are required to have pT > 50 GeV and
|η| < 2.5.

Leptons: Electrons are selected following the medium criteria and are required to have
pT > 20 GeV and |η| < 2.47. Muons are identified if a match between the inner
detector track and at least one track segment in the muon spectrometer is obtained.
They are required to have pT > 10 GeV and |η| < 2.4.
Tighter lepton selections are applied for the control regions, where a lepton is required.

4 Also sbottom-pair production is included in this model, but this analysis focuses on the gluino-mediated
signatures, while the b̃1b̃1 production is specifically targeted by the analysis presented in the previous
chapter.

5 The 60% efficiency is obtained for a tt̄ MC sample. The corresponding rejection factors are 378, 8 and 28
for light-jets, c-jets and τ -leptons.
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The isolation criteria are applied, the pT thresholds raised to 25/20 GeV (e/µ) and the
electrons must fulfill the tight criteria.

The identified jets and leptons are sorted by their transverse momentum.

Preselection
A Jet+Emiss

T trigger is used to select the events for this analysis. At event filter level, a
jet with pT greater than 75 GeV and Emiss

T greater than 45 GeV is required. The trigger
turn-on characteristics are shown in Fig. 7.1 for data and tt̄ MC events as a function of Emiss

T .
The efficiency plateau is reached at Emiss

T > 130 GeV for events with at least one jet with
pT > 130 GeV.
The data quality criteria applied for the gluino-mediated analysis are summarized in Table 7.3
(see Section 5.3 for a detailed description).

 Simplified Ref Final
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Figure 7.1: Trigger efficiency for the Jet+Emiss
T trigger as a function of an offline Emiss

T threshold
for data and tt̄ MC events. It is calculated with respect to a single jet trigger and at least one
jet with pT > 130 GeV is required to ensure working on the efficiency plateau of the jet trigger.

In addition to the trigger and data quality selections, the following requirements are added
to the event preselection. Events with at least one electron or muon are removed. To ensure
working on the trigger efficiency plateau, one jet with pT > 130 GeV and Emiss

T > 130 GeV
are required. Two additional jets of 50 GeV are required and enter the Meff calculation
together with the leading jet. Multi-jet background contributions are reduced by requiring
∆φmin > 0.4 for the three leading jets and Emiss

T /Meff > 0.25.

Signal Region Definition
The kinematic properties of the considered final states depend on the mass difference of the
primary produced gluinos and the neutralinos. For large mass splittings, the average momenta
of the final state objects are larger. The Meff variable is used as final discriminating variable
in the signal region selections. Its distribution is shown in Fig. 7.2 for various signal points
of the Gbb grid. Only tiny differences are observed by signal points with the same mass
splitting, while the Meff distribution is shifted to higher values with increasing ∆m(g̃,χ̃0

1).
Different Meff thresholds are used for the signal region definitions.
An optimisation of the event selection was carried out for the results obtained with the data
corresponding to an integrated luminosity of 0.83 fb−1 [154], by varying the b-jet multiplicity,
the Emiss

T threshold and the Meff threshold. It was also tested, if better results are obtained by
replacing the Meff threshold by a HT threshold. Four signal regions with at least one or two
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Name Description and Implementation

Data Quality remove events recorded with mis-functioning detector devices

Trigger Jet+Emiss
T trigger

Vertex Selection require ≥ 4 tracks pointing to the primary vertex

Corrupted Events reject noise-burst affected events

LAr hole remove events with large Emiss
T fraction due to LAr hole

Overlap Removal remove jets within ∆R = 0.2 of an electron

remove electrons and muons within ∆R = 0.4 of a jet

Bad Jets veto events with bad jets that have pT > 20 GeV

Jet Charged Fraction remove events if any selected jet has chf < 0.05 and |η| < 2.0

Table 7.3: Summary of the event preselection for the gluino-mediated sbottom analysis. “Se-
lected jets” refers to the leading three jets. The Overlap Removal is not a selection criteria in the
sense that events are rejected, but it is included in the list to better understand the status of the
reconstructed objects at the current selection step.

b-jets andMeff > 500 GeV or 700 GeV were found to provide an optimal sensitivity throughout
the different signal scenarios. For this analysis, a harsher Meff threshold of 900 GeV is added
as the dataset considerably increased.
The selection efficiency highly depends on the SUSY scenario. The efficiency increases from
about 1% for ∆m(g̃,χ̃0

1) = 200 GeV to 45% with increasing mass splitting for the Gbb

(a) ∆m(g̃,χ̃0
1) = const. (b) 100 GeV < ∆m(g̃,χ̃0

1) < 800 GeV

Figure 7.2: Distribution of Meff for various Gbb signal points with (a) a constant gluino-
neutralino mass splitting and (b) a varying mass splitting. The distributions are normalized to
unity.



7.1 Early Searches for Gluino-Mediated Sbottom Production 131

model. For the Gluino-Sbottom model, efficiencies around 5-50% are found for the sensitive
parameter region. The efficiencies for both models are shown in Fig. 7.3, separately for the
loosest and harshest selection thresholds.
In Figure 7.4 it is shown, which selection provides the best expected sensitivity for the Gbb
signal grid. It is based on a simplified S/

√
B significance calculation, where the background

B is estimated from MC. The 2b-jets selection is found best performing for most signal points,
while the 1b-jet selection only contributes for points with very small mass splitting.
A summary of the event selections with one b-jet (SR0-1b) and two b-jets (SR0-2b) is given
in Table 7.4.
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Figure 7.3: Selection efficiencies in percent for the Gbb model in the (mg̃-mχ̃0

1

) plane and
the Gluino-Sbottom model in the (mg̃-mb̃1

) plane for the loose and tight signal region selections.
The loose selection refers to ≥ 1b -jet, Meff > 500 GeV and the tight selection refers to ≥ 2b -jets,
Meff > 900 GeV.

7.1.3 Background Estimation

The dominant SM background process in the gluino-mediated signal regions is top production.
It is followed by contributions from W and Z boson production in association with heavy-
flavour jets. The W and Z backgrounds contribute about 30% to SR0-1b and 10% to SR0-
2b. The top normalisation is estimated via a semi data-driven method, while the W and
Z backgrounds are estimated directly from MC. Also the sub-dominant diboson contributions
are estimated from MC. A validation of the background estimation is presented at the end
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Figure 7.4: Optimal expected signal region for the Gbb model in the (mg̃-mχ̃0

1

) plane. The
selection, as listed in the legend, providing the highest expected significance is choosen per signal
point.

Description
Signal region

SR0-1b SR0-2b

Trigger Jet+Emiss
T trigger

Data Quality Apply event cleaning

Leptons No e/µ with pT > (20/10) GeV

Emiss
T > 130 GeV

Jets ≥ 3 jets with pT > 50 GeV, pT(jet1) > 130 GeV

QCD Rejection ∆φmin > 0.4, Emiss
T /Meff > 0.25

b-tagging ≥ 1b-jet ≥ 2b-jet

Meff > 500, 700, 900 GeV > 500, 700, 900 GeV

Table 7.4: Summary of the gluino-mediated event selections. The jets are sorted by their
transverse momentum.

of this section. Multi-jet production is a minor background for this analysis and estimated
via the jet-smearing method.

Estimation of the Multi-Jet Background
The seed events for the jet-smearing method are collected from data by applying single jet
triggers. Different trigger thresholds are used to ensure that enough events for the different
kinematic regimes are selected. In addition, the seed events are required to have three recon-
structed jets with pT > 30 GeV and one b-jet with pT > 20 GeV.
Separate response functions are constructed and used for b-jets and light jets (including all
jets that are not b-tagged).
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A special treatment needs to be applied to estimate the effect of events affected by the LAr
hole. The energy loss due to the hole causes additional mis-measurements that are taken into
account by a separate response function, obtained from a MC sample of tt̄ events where the
hole is implemented in the simulation process. It is applied to an appropriate fraction of seed
events, for which the direction of one of the jets is shifted to point into the hole.
The smeared events are normalized in a multi-jet control region with a reverted ∆φmin thresh-
old (∆φmin < 0.4). Otherwise the signal region selection is applied up to the b-tagging (miss-
ing the Meff thresholds). The normalisation is done separately for events with one and two
b-jets and for the LAr hole affected events. In Figure 7.5, the Emiss

T and Meff distributions
are shown for the multi-jet control region with one b-jet. The event yields obtained for the
signal regions are given in Table 7.5. It can be seen, that the relative contribution of LAr
hole affected events is of the order of a few percent.

Selection Nominal LAr hole Total

SR0-1b
500 GeV 48.7 1.0 49.7

(Meff)
700 GeV 3.8 0.2 4.0
900 GeV 0.4 0.04 0.44

SR0-2b
500 GeV 14.0 0.5 14.5

(Meff)
700 GeV 1.3 0.04 1.34
900 GeV 0.2 0.01 0.21

Table 7.5: Estimate of the multi-jet background from the jet-smearing method for the gluino-
mediated signal regions. The contributions from nominal events and LAr hole affected events are
shown separately.
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T and (b) Meff for the multi-jet control region with ∆φmin <

0.4 and ≥ 1b -jet. The non-QCD processes are taken from MC.
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Estimation of the Top Background
A semi data-driven method is used to estimate the dominant SM background process. The
statistical framework described in Section 5.8.1 was not yet available when performing this
analysis. Therefore, a stand-alone approach is employed here.
The normalisation of events from the production of top quarks is obtained from a control
region with one electron or muon. The events are selected by a single lepton trigger and the
tight lepton selection criteria are applied. Otherwise the same preselection and jet and Emiss

T

thresholds as for the signal regions are applied: at least three jets with pT > 130, 50, 50 GeV
and Emiss

T > 130 GeV. Two control regions are defined with either one b-jet (CR0-1) or two
b-jets (CR0-2) to account for the different signal region selections. A mediumMeff threshold of
Meff > 600 GeV is applied for both. In addition, it is required that 40 GeV < mT < 100 GeV
to reduce a possible signal contamination. A summary on the control region selections is
given in Table 7.6.

Description
Control region

CR0-1 CR0-2

Trigger Single lepton trigger

Data Quality Apply event cleaning

Leptons one e or µ with pT > 25 or 20 GeV

Emiss
T > 130 GeV

Jets ≥ 3 jets with pT > 50 GeV, pT(jet1) > 130 GeV

Signal Contamination 40 GeV < mT < 100 GeV

b-tagging ≥ 1b-jet ≥ 2b-jets

Meff > 600 GeV

Table 7.6: Summary of the control regions used to estimate the top background. The jets are
sorted by their transverse momentum.

The contributions from tt̄, single top and tt̄ +bb̄ production are summed together to the
total top contribution which is normalized by the control regions. The contamination of W
and Z events is estimated from MC. Other contributions include the diboson and multi-jet
background and are found to contribute less than 1% to the control regions. While the
diboson background is estimated from MC, a data-driven method needs to be applied for the
multi-jet background6.
The Emiss

T and Meff distributions for the CR0-1 and CR0-2 selections are shown in Fig. 7.6
and Fig. 7.7, separately for events with one electron and events with one muon. The number

6 The multi-jet background is dominated by “fake” leptons, that are either produced by photon conversion
and heavy-flavour decays or identified wrongly by the lepton reconstruction. The probability to reconstruct
a fake lepton is estimated in a multi-jet enriched control region (low Emiss

T ) and used to assess the multi-jet
contribution. More details on the method can be found in Ref. [165].
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of top events in the signal region is estimated following Eq. (5.9):

NTop
SR = Tf (Ndata

CR −Nnon−Top
CR ), (7.1)

where the number of non-top background events Nnon−Top
CR is subtracted from the observed

events Ndata
CR in the control regions and the transfer factor is given by the MC top event yields

(Tf = NMC,Top
SR /NMC,Top

CR ). The event yields for the control regions are given in Table 7.7.
The numbers are separated into events with one electron and events with one muon and the
sum of both contributions is used as input for Eq. (7.1). As a result, the data-driven and
MC based top event yields agree for the signal regions with one b-jet (normalisation obtained
from data ∼ 1). The event yield is shifted up by about 30% for the signal regions with two
b-jets for the data-driven approach, which can be explained by imperfect b-tagging scaling
factors. In both cases, a reduction of the systematic uncertainties, as discussed in the next
section, is obtained with the data-driven method.

Control Region Top W/Z Other Total Data

CR0-1 (e) 187 48 1 235 ± 45 217

CR0-1 (µ) 146 22 1 169 ± 45 177

CR0-2 (e) 53 2 0.1 55 ± 20 64

CR0-2 (µ) 42 3 0.1 45 ± 17 62

Table 7.7: Expected background and observed data event yields for the top control regions,
separated for events with one electron and one muon. The multi-jet and diboson contributions
are included in “Others”. The uncertainty for the total SM prediction includes only experimental
systematic uncertainties (dominated by JES and b-tagging uncertainties).

Validation
Several validation regions are defined to cross-check the background estimation. The top
background estimation is in particular validated in selections similar to the control region
selections, but with a low value of Meff (Meff < 600 GeV) and either small mT (40 GeV <
mT < 100 GeV) or large mT (mT > 100 GeV). In Table 7.8, results for the control and
validation region with two b-jets are given separately for electron and muon events. Only
statistical uncertainties are included, but good agreement between the SM expectation and
observed event yields is obtained for all selections.
A second validation is performed by a combined fit of multiple control regions. The general
idea is based on extracting global normalisations for the SM backgrounds from different con-
trol regions that allow separating the SM contributions.7

The top, W and Z normalizations are obtained from CRs with different b-jet and lepton
multiplicities: the b-jet multiplicity allows to separate top from W/Z events. In addition, a
different lepton multiplicity is expected for the W and Z events. In total six control regions
with either no leptons or one lepton and 0,1,≥ 2 b-jets are exploited. For the no-lepton
CRs, the Meff threshold is reverted (Meff < 500 GeV) to avoid signal contamination, while
40 GeV < mT < 100 GeV and Meff > 600 GeV is requested for the leptonic CRs. The MC

7 It is the same idea that is used for the background estimation of later analyses, like the sbottom-pair
production analysis. However, here the fit is performed stand-alone.
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Figure 7.6: Distributions of Emiss
T and Meff in the top control regions with one b -jet (CR0-1).

The distributions are shown separately for events with one electron and events with one muon.
The Z, diboson and multi-jet contributions are included in "Others". The uncertainty bands
include experimental and theoretical uncertainties for the SM backgrounds.

and data event yields for the control regions are filled into one histogram, such that each bin
corresponds to one CR. A template fit is performed with MC templates for the SM back-
grounds to extract the scaling factors sTop, sW and sZ giving the optimal agreement with the
measured data distribution. The estimated values are sTop = 1.11 ± 0.05, sW = 0.80 ± 0.06
and sZ = 0.93 ± 0.17 with a reduced chi-square value of 0.25. The CR distribution is shown
together with the fit result in Fig. 7.8. The SM prediction for the signal regions is given by
N exp

SM = sW ·NSM
W + sZ ·NSM

Z + sTop ·NSM
Top.

Systematic uncertainties for the JES and b-tagging are evaluated with pseudo experiments.
A data distribution is emulated by adding the nominal MC templates for the SM processes,
using the normalisation obtained from MC. About 10000 pseudo experiments are generated
by applying independent Poissonian fluctuations for each of the control regions. The pseudo
experiments are fitted with the nominal and shifted MC templates, and the systematic uncer-
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Figure 7.7: Distributions of Emiss
T and Meff in the top control regions with two b -jets (CR0-2).

The distributions are shown separately for events with one electron and events with one muon.
The Z, diboson and multi-jet contributions are included in "Others". The uncertainty bands
include experimental and theoretical uncertainties for the SM backgrounds.

tainty is obtained from the relative difference of the mean values of the nominal and shifted
fit results. A correlation of the JES uncertainty for the CR and SR selections leads to a re-
duced uncertainty on the final event yields, while the b-tagging uncertainties are only partly
reduced for the top background.
In general, good agreement with the results from the nominal background estimation is
achieved.

7.1.4 Systematic Uncertainties

The systematic uncertainties on the final event yields include the experimental and theoretical
uncertainties as introduced in Section 5.7. For the MC based estimates (W/Z) they are
computed directly, but for the top background the uncertainties on the transfer factor need
to be calculated and propagated accordingly.
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Selection SM prediction data

1-electron

CR0-2 70 ± 8 64

VR (low mT) 40 ± 7 37

VR (high mT) 10 ± 3 13

1-muon

CR0-2 56 ± 8 62

VR (low mT) 43 ± 7 39

VR (high mT) 12 ± 3 15

Table 7.8: The total SM expectation (after the data-driven determination of the top background)
and the observed event yields for the control and validation regions with 2 b -jets. The quoted
errors only includes statistical uncertainties.
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Figure 7.8: Distribution of the event yields in the CRs for the combined background fit. The
first three bins contain the CRs with no leptons and 0, 1, ≥ 2 b -jets and the last the bins contain
the corresponding CRs with a lepton. The distribution of the total SM background as obtained
after the fit is shown as black line.

The dominant experimental uncertainties arise from the imperfect knowledge of the JES and
the b-tagging efficiencies. The relative uncertainties on the final event yields amount to ±(20-
30)% (JES) and ±10/30% (b-tagging SR0-1b/SR0-2b) for a MC based top estimation. Other
experimental uncertainties, including the uncertainties on the JER, the lepton identification
efficiencies and the luminosity measurement, are found to be negligibly small.
The background process dependent uncertainties are given in the following:

Multi-jet
Different sources for systematic uncertainties for the multi-jet background estimate are inves-
tigated. They include uncertainties arising from statistical uncertainties for the normalisation
and seed event selection, uncertainties on the shape of the response function and possible bi-
ases in the seed event selection. The relative uncertainty on the multi-jet event yield ranges
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from ±(50-70)% in the different signal regions. When the experimental uncertainties are
included a total uncertainty of ±(70-100)% is obtained for the multi-jet background.

Top
Theoretical uncertainties for the top background are evaluated for tt̄ events and then also
applied for single top events which roughly amount to ±10% of the top background for the
selections considered within this chapter. A ±100% uncertainty is assumed for the minor
contribution of tt̄+ bb̄ events.
Generator uncertainties for the tt̄ background are obtained by comparing the MC@NLO event
yields to event yields obtained for POWHEG and ALPGEN samples. The POWHEG com-
parison shows the effect of using a different NLO calculation and the ALPGEN comparison
is sensitive to uncertainties related to the presence of additional jets. Uncertainties on the
parton showers are obtained by comparing two sets of POWHEG samples, using either HER-
WIG or PYTHIA for the showering. ISR and FSR uncertainties are evaluated with specific
ACERMC samples.
When computing the transfer factors for the top-background estimation, the theoretical un-
certainties are dominating the transfer factor uncertainties. Values of ±(11-35)% are ob-
tained, while the experimental uncertainties are found below ∼ ±5%. In Table 7.9, the
relative theoretical uncertainties on the top-event yields in the signal regions are shown to-
gether with the statistical and different experimental uncertainty contributions.

Signal region JES+JER b-tagging Lepton Theory Other Total

SR0-1b
500 GeV 4% 3% 2% 11% 10% 15%

(Meff)
700 GeV 3% 3% 2% 20% 10% 22%

900 GeV 3% 4% 2% 35% 11% 37%

SR0-2b
500 GeV 3% 3% 2% 15% 11% 19%

(Meff)
700 GeV 3% 4% 2% 20% 10% 22%

900 GeV 3% 2% 2% 30% 12% 32%

Table 7.9: Relative uncertainties for the top background estimated by the semi data-driven
method for the six signal regions. Statistical uncertainties on the event yields in the control
regions and systematic uncertainties on the non-top contributions are included in “Other”. The
total uncertainty is given in the last column.

W and Z
The uncertainty for the W and Z production in association with b-jets is taken from the
additional normalisation factors introduced in Section 7.1.1. A ±50% uncertainty is obtained
for W events and a ±100% uncertainty is assumed for Z events.
For the W and Z production in association with light jets, the uncertainty is evaluated by
varying the relative cross-sections of samples with a different number of outgoing partons and
comparing ALPGEN samples with different parameter settings, as for example the renormal-
ization and factorisation scales. It is evaluated for the SR0-1b selection before applying any
Meff threshold and roughly amounts to ±30%.
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7.1.5 Results and Interpretation

In this section, the final results obtained for the analysis considering gluino-mediated sbottom
production for L = 2.05 fb−1 are presented.
The expected and observed event yields for all signal regions are shown in Table 7.10. Good
agreement between the observed event yields and the SM expectation is obtained for all
selections. As expected, the background is dominated by top production for all signal regions.
The large contribution is also given by the W +Z background in the signal region with 1b-jet
(about 25-40% of the total background). For the signal region with 2b-jets, the contribution
from W + Z events is found below 10%.
In Figure 7.9, the Meff and Emiss

T distributions are shown for the 1b-jet and 2b-jet signal
regions. The distributions for the observed data events are well described by the distributions
for the expected SM background.

Channel
≥ 1 b-jet, Meff threshold ≥ 2 b-jets, Meff threshold

500 GeV 700 GeV 900 GeV 500 GeV 700 GeV 900 GeV

Observed 1112 197 34 299 43 8

SM Total 1000 ± 180 190 ± 50 39 ± 14 316 ± 72 54 ± 11 9.8 ± 3.2

Top 705 ± 110 119 ± 26 22 ± 8 272 ± 65 47 ± 10 8.5 ± 3

W + Z 248 ± 150 67 ± 42 16 ± 11 23 ± 15 4.5 ± 3 0.8 ± 1

Other 53 ± 21 7.3 ± 4.7 1.5 ± 1 21 ± 12 2.8 ± 1.7 0.5 ± 0.4

Table 7.10: Expected and observed event yields for all signal regions. The “Other” background
component includes the multi-jet contribution, obtained by the jet-smearing method, and diboson
predictions. The top-background estimate is obtained by the semi data-driven approach.

As no deviation from the SM expectation is observed, first model independent limits and
then exclusion limits8 for the different signal models are calculated. The upper limits on the
maximal allowed number of signal events and the corresponding visible cross-sections σvis, as
defined in Section 5.8.3, are given in Table 7.11.
The exclusion limit for the phenomenological MSSM (g̃g̃ and b̃1 b̃1 production with g̃ → bb̃1

and b̃1 → bχ̃0
1) is shown in the (mg̃-mb̃1

) plane in Fig. 7.10. It is obtained by choosing
the selection which returns the best expected exclusion limit for each signal point. Gluino
masses up to 900 GeV are excluded for mb̃1

< 800 GeV. The limit obtained by the sbottom-
pair production analysis with the same dataset is included in the figure and it can be seen
that complementary results are obtained by the gluino-mediated search. The limit extends
well beyond previous limits set by the ATLAS, CDF and D0 experiments.
The exclusion limit for the Gbb model is shown in the (mg̃-mχ̃0

1
) plane in Fig. 7.11, together

with the upper limits on the signal cross-sections. For this model, gluino masses up to
900 GeV are excluded for mχ̃0

1
< 300 GeV.

Limits for the SO(10) SUSY scenarios are calculated in combination with the results obtained

8 Remark: the signal theory uncertainties are directly included together with all other uncertainties in the
limit calculation within this section.
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Figure 7.9: Distributions of Meff and Emiss
T for the signal regions with one b -jet (top) and two

b -jets (bottom), with the lowest Meff threshold applied (Meff > 500 GeV). The distributions for
two reference signal points from the Gbb model are also shown (mg̃ = 800 GeV and mχ̃0

1

=
300/600 GeV).

by the one-lepton channel, which is published together with this analysis in Ref. [155].9 The
limits are shown in Fig. 7.12 as a function of the gluino mass. They are dominated by
the results from the no-lepton analysis for low gluino masses, while the one-lepton analysis
becomes dominant for heavy gluinos because decay modes involving top quarks become more
relevant. Gluino masses up to 650 GeV (620 GeV) are excluded for the DR3 (HS) model.
This excludes the most favoured signal ranges, as the degree of Yukawa coupling unification
decreases with increasing gluino mass.10

9 The one-lepton analysis focuses on stop production and is based on a similar event selection but with a
lepton requirement instead of the lepton veto.

10 The degree of coupling unification is given by the quantity R = max(ft,fb,fτ )/min(ft,fb,fτ ) for the t,
b and τ Yukawa couplings ft, fb and fτ . The deviation of R from unity raises above a few percent for
mg̃ > 500 GeV for both models considered.
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Signal region
UL on BSM event yield UL on σvis [fb]

observed expected observed expected

SR0-1b
500 GeV 580 520 283 254

(Meff)
700 GeV 133 133 65 65

900 GeV 31.6 34.6 15.4 16.9

SR0-2b
500 GeV 124 134 61 66

(Meff)
700 GeV 29.6 31.0 14.4 15.0

900 GeV 8.9 10.3 4.3 5.0

Table 7.11: Upper Limits (UL) at 95% CL on generic beyond SM (BSM) signal yields and the
visible cross-sections σvis for the gluino-mediated signal regions with at least one or two b -jets.
Systematic uncertainties on the SM backgrounds are included.
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Figure 7.10: Observed and expected 95% CL exclusion limits for the Gluino-Sbottom phe-
nomenological MSSM in the (mg̃-mb̃1

) plane. The solid red line corresponds to the observed limit
and the dashed blue with dotted green lines to the expected limit with its ±1σ uncertainties.
For each scenario, the signal region providing the best expected limit is chosen. Previous limits
from the ATLAS [153] and CDF [166] experiments for the same decay topology are also included.
In addition, limits for the direct sbottom-pair production from the CDF [150], D0 [151] and
ATLAS [131] experiments are shown.
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Figure 7.11: Observed and expected 95% CL exclusion limits for the Gbb model in the (mg̃-
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) plane. The solid red line corresponds to the observed limit and the dashed blue with dotted
green lines to the expected limit with its ±1σ uncertainties. The numbers give the observed upper
limits on the signal cross-sections in pb. For each scenario, the signal region selection providing
the best expected limit is chosen.
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7.2 The Three b-jets Analysis

A new approach to the gluino-mediated searches for light third generation squarks is accom-
plished with the three b-jets analysis. It focuses on models, where the gluinos decay via
off-shell sbottom or stop quarks. It should be noted that the latest results presented here are
published with the same dataset as the sbottom analysis presented in the previous chapter.
Thus, many commonalities are found, for example in the preselection and MC input.
In the following subsections, a short summary is given on the input samples (7.2.1), the event
selection (7.2.2), the background estimation (7.2.3), systematic uncertainties (7.2.4) and the
results (7.2.5).

7.2.1 Data and Monte Carlo Input

Data corresponding to the first 14.0 fb−1 of integrated luminosity collected at
√
s = 8 TeV

are used for this analysis. The effective luminosity is reduced to 12.8 fb−1 by data quality
requirements and the chosen trigger. For the SM processes, the same MC samples are used
as described in Section 6.1 for the sbottom analysis.
The results of this analysis are interpreted in two signal grids. Both are based on gluino-pair
production and each gluino decays to the LSP either through an off-shell sbottom quark (Gbb
model) or an off-shell stop quark (Gtt model):

• Gbb: g̃ → bb̄χ̃0
1, mb̃1

> mg̃

• Gtt: g̃ → tt̄χ̃0
1, mt̃1

> mg̃

Masses of all other sparticles are set to be above the TeV scale. The signal samples are
produced in the gluino-neutralino mass plane. They are generated with HERWIG++, using
the CTEQ6L1 PDF set [63]. About 20000 events are produced per signal point with the fast
simulation ATLFAST-II in case of the Gbb model and the full detector simulation in case
of the Gtt model. The cross-sections are calculated to next-to-leading order precision with
PROSPINO and next-to-leading-logarithmic corrections are added for the resummation of
soft gluon emission [81,144,167–169].

7.2.2 Event Selection

Final states with large Emiss
T and four b-jets are expected for the models considered in this

analysis. The event selection is based on reconstructing at least three b-jets and applying a
harsh threshold of the effective mass. Two classes of signal regions are defined, one optimised
for the Gbb models and the other optimised for the Gtt models. The object definitions,
preselection and signal region selections are described in the following.

Object Definition
The methods and thresholds used to identify the objects, based on Section 4.2, are:

Jets: Jets are calibrated with the LCW+JES calibration scheme and are required to have
pT > 20 GeV and |η| < 2.8. The selected jets are sorted by their transverse momentum.
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b-Jets: The MV1 algorithm is used to identify b-jets. They are selected at a 75% efficiency
working point11 and are required to have pT > 20 GeV and |η| < 2.5.12

Leptons: Electrons are selected following the medium criteria and are required to have
pT > 20 GeV and |η| < 2.47. Muons are identified if a match between the inner
detector track and at least one track segment in the muon spectrometer is obtained.
They are required to have pT > 10 GeV and |η| < 2.4.

Preselection
The events are selected with the same Emiss

T trigger as described in Section 6.2.2 for the
sbottom-pair production analysis. Also the event cleaning follows closely the one summarised
in Table 6.2 of the sbottom analysis.13

A Emiss
T threshold of 200 GeV and a pT threshold of 90 GeV for the leading jet is applied to

all selections (assuring being in the trigger plateau). Even though leptons can be expected
for the Gtt models, where four top quarks are produced, a lepton veto is applied to all signal
regions.14 Two requirements are added to reduce the multi-jet events: ∆φmin > 0.4 and
Emiss

T /Meff > 0.2. Both variables, ∆φmin and Meff, are calculated from the four leading jets.

Signal Regions
Events are selected that have at least three b-jets with pT > 30 GeV. Two sets of signal
regions are defined to achieve a high sensitivity for the Gbb as well as the Gtt models. They
are classified by the minimal number of requested jets with pT > 50 GeV:

• SR4: ≥ 4 jets (Gbb model)

• SR6: ≥ 6 jets (Gtt model)

Final states with four jets are expected for the Gbb model, while additional jets from the top
quark decays are expected for the Gtt model. The sensitivity of the SR4 selection is enhanced
by raising the pT threshold of the b-jets to 50 GeV. The event selections are completed by
harsh Meff thresholds. The Meff variable is computed from the four leading jets for the SR4
selection, while all jets with pT > 30 GeV are included in the Meff calculation for the SR6
selection. A loose (L), medium (M) and tight (T) Meff threshold is defined for each selection
class. In general, a better sensitivity is achieved with the tight selection for high gluino masses
and large gluino-neutralino mass splittings. The looser selections provide a better sensitivity
for small ∆m(g̃,χ̃0

1), as softer jets and lower Emiss
T values are expected. A summary on the

signal regions is given in Table 7.12.

7.2.3 Background Estimation

The dominant reducible background for this analysis is tt̄+jet production where the third
b-jet can arise from misidentifying one of the W decay products. Another major contribu-

11 The working point is defined such that a 75% efficiency is obtained for a tt̄ MC sample. The corresponding
rejection factors are 58, 4 and 8 for light-jets, c-jets and τ -leptons.

12 In contrast to the sbottom-pair production analysis, the b -tagging scaling factors are applied in this
analysis.

13 A small difference exists for the Jet Charged Fraction requirement: here, events are rejected if any of
the two leading jets with pT > 100 GeV and |η| < 2.0 either has chf<0.02 or it has chf<0.05 and the
electromagnetic energy fraction is greater than 0.9.

14 In the optimisation study, a similar sensitivity was found for selections based on a high jet multiplicity
(≥ 6 jets) and a lepton veto as for selections requiring a lepton.
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Description
Signal region

SR4-L,M,T SR6-L,M,T

Trigger Emiss
T trigger

Data Quality Apply event cleaning

Leptons No e/µ with pT > (20/10) GeV

Emiss
T > 200 GeV

QCD Rejection ∆φmin > 0.4, Emiss
T /Meff > 0.2

Jets
pT(jet1) > 90 GeV

≥ 4 jets with pT > 50 GeV ≥ 6 jets with pT > 50 GeV

b-tagging
≥ 3b-jets

pT(b-jets) > 50 GeV pT(b-jets) > 30 GeV

Meff > 900, 1100, 1300 GeV > 1100, 1300, 1500 GeV

Table 7.12: Summary of the event selections for the three b -jets analysis. The jets are sorted
by their transverse momentum. The Meff variable for the final threshold is calculated from the
four leading jets (all jets with pT > 50 GeV) for SR4 (SR6).

tion is given by the irreducible process of tt̄ production in association with b-jets, which
contributes up to 25% of the total background. The tt̄ MC sample is produced inclusive with
respect to the tt̄+ b/bb̄ contribution and the truth information of the MC sample is assessed
to separate the tt̄ + b/bb̄ events from the remaining reducible part. While the reducible tt̄
background is estimated with a control region, the tt̄+ b/bb̄ normalisation is taken from MC.
Additional reducible background components are single top, tt̄ + W/Z, diboson and W/Z
production in association with heavy-flavour jets. They amount to 10-20% of the total back-
ground and are estimated directly from the MC samples. The multi-jet background is studied
with the jet-smearing method, but negligible contributions are found for all signal regions
(no events pass the selection criteria) and the top control regions (< 1%).

Estimation of the Top Background
The reducible tt̄ background is estimated from a control region with exactly two b-jets. Two
CR selections are defined, one adapted for SR4 (CR4) and one adapted for SR6 (CR6). The
selection of the corresponding signal region is applied apart from the b-jet requirement and
relaxed Emiss

T and Meff thresholds. The Emiss
T threshold is reduced to 150 GeV and the Meff

threshold to 500 GeV for CR4 and 600 GeV for CR6. In Figure 7.13, the Emiss
T and Meff

distributions are shown for the two CRs.
The tt̄ background estimation is implemented as a profile likelihood fit, as described in Sec-
tion 5.8.1. The overall tt̄ normalisation is the only free parameter and systematic uncertainties
are treated as nuisance parameters.
The fit results are extrapolated to validation regions to cross-check the background estimation.
Two validation regions, located kinematically between the corresponding SR and CR, are ex-
ploited: one with a reduced Emiss

T selection (150 GeV < Emiss
T < 200 GeV, Meff > 500 GeV

(VR4-1) or Meff > 600 GeV (VR6-1)) and one with a reduced Meff selection (Emiss
T > 200 GeV,
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Figure 7.13: Distributions of Emiss
T and Meff for the CR4 and CR6 control regions before

reweighting the tt̄ contribution. The error bands include statistical and experimental systematic
uncertainties. The reducible tt̄, tt̄+W/Z and single top processes are included in "top production".

500 GeV < Meff < 900 (VR4-2) or 600 GeV < Meff < 1100 (VR6-2)) compared to the SR
selection. Results obtained for the control and validation regions associated with SR4 and
SR6 are given in Table 7.13 and 7.14, respectively. The expected SM event yields are found
in agreement with the observed event yields for all validation regions.

7.2.4 Systematic Uncertainties

Experimental and theoretical uncertainties are investigated and added as nuisance parameters
in the profile likelihood fit for the background estimation. The experimental uncertainties
are dominated by the JES, JER and b-tagging uncertainties. Additional uncertainties are
included for the pile-up reweighting, the energy scale and resolution of the Emiss,CellOut

T term
and the luminosity measurement.
Several effects for the MC modelling are investigated for the reducible tt̄ background compo-
nent. The generator choice is evaluated by comparing the POWHEG event yields to event
yields obtained with samples generated with ALPGEN. The nominal POWHEG samples,
interfaced to PYTHIA, are compared to samples generated with POWHEG interfaced to
JIMMY and HERWIG to assess the parton shower uncertainty. ISR and FSR uncertainties
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Channel CR4 VR4-1 VR4-2

Observed events 2518 249 158

Total background events 2518 ± 80 291 ± 50 176 ± 30

(MC prediction) (2400 ± 700) (280 ± 100) (170 ± 60)

tt̄ + jets events 1936 ± 200 217 ± 40 126 ± 24

(MC prediction) (1800 ± 600) (210 ± 70) (120 ± 40)

tt̄ + b/bb̄ events 155 ± 150 46 ± 46 25 ± 25

single top events 125 ± 45 12 ± 5 8 ± 3

tt̄ + W/Z events 28 ± 15 3 ± 2 4 ± 2

W/Z events 269 ± 120 12 ± 7 13 ± 8

diboson events 5 ± 3 – –

Gbb: (mg̃,mχ̃0
1
) = (1000, 600) GeV 39 ± 16 12 ± 2 29 ± 5

Gbb: (mg̃,mχ̃0
1
) = (1200, 1) GeV 8.9 ± 5.5 0.1 ± 0.1 0.1 ± 0.1

Table 7.13: Expected and observed event yields obtained for CR4 and the validation regions
associated with CR4. For the tt̄ and total SM predictions, the nominal MC expectation is given
in addition to the result from the background fit. The expectations for two Gbb signal points, one
with small and one with large ∆m(g̃,χ̃0

1), are also given. Statistical plus systematic uncertainties
are shown (for the signal points no theoretical uncertainties are included).

Channel CR6 VR6-1 VR6-2

Observed events 255 52 34

Total background events 255 ± 20 55 ± 15 32 ± 9

(MC prediction) (255 ± 100) (55 ± 26) (32 ± 17)

tt̄ + jets events 205 ± 30 35 ± 8 20 ± 5

(MC prediction) (205 ± 80) (35 ± 16) (20 ± 11 )

tt̄ + b/bb̄ events 24 ± 24 16 ± 16 9 ± 9

single top events 10 ± 4 2 ± 1 1 ± 1

tt̄ + W/Z events 5 ± 3 1 ± 1 1 ± 1

W/Z events 11 ± 6 1 ± 1 2 ± 1

diboson events – – –

Gtt: (mg̃,mχ̃0
1
) = (1000, 400) GeV 15 ± 5 5.9 ± 0.6 8.6 ± 0.8

Gtt: (mg̃,mχ̃0
1
) = (1200, 1) GeV 3.6 ± 1.6 0.2 ± 0.1 0.1 ± 0.1

Table 7.14: Expected and observed event yields obtained for CR6 and the validation regions
associated with CR6. For the tt̄ and total SM predictions, the nominal MC expectation is given
in addition to the result from the background fit. The expectations for two Gtt signal points, one
with small and one with large ∆m(g̃,χ̃0

1), are also given. Statistical plus systematic uncertainties
are shown (for the signal points no theoretical uncertainties are included).
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are estimated from dedicated ACERMC samples. Also for single top events, ACERMC sam-
ples are used to assess the ISR and FSR uncertainties. A ±100% uncertainty is assumed for
the tt̄+ b/bb̄ contribution and a ±50% uncertainty for the tt̄+W/Z events.
For the W and Z production, uncertainties were evaluated in detail for the 2011 data re-
sults [156] and a ±60% (±100%) uncertainty is assumed for W (Z) production in association
with b-jets.
Theoretical uncertainties for the signal samples include uncertainties on the PDF set and
renormalisation and factorisation scales [149]. They amount to ±15% for mg̃ ∼ 200 GeV and
increase to ±40% for mg̃ ∼ 1400 GeV. Experimental uncertainties for the signal samples are
dominated by JES and b-tagging uncertainties and sum up to values of ±(2-25)%.

7.2.5 Results and Interpretation

In this section, the results obtained for the three b-jet analysis are summarised. The observed
and expected background event yields are shown in Table 7.15 for the SR4 and Table 7.16
for the SR6 selections. The expected event yields for two representative signal points are also
given. Good agreement between the observed and expected SM event yields is observed for
all signal regions. The contribution of the reducible top background is dominant for all signal
regions. The Emiss

T and Meff distributions are shown in Fig. 7.14 for the SR4-L and SR6-L
selections. The distributions for the expected background events agree with the distributions
for the data events within their uncertainties.
Since no deviation from the SM expectation is observed, direct limits on the number of generic
signal events and the corresponding visible cross-sections are calculated for all signal regions.
The results are given in Table 7.17.
Exclusion limits for the Gbb and Gtt signal models, as introduced in Section 7.2.1, are
presented in Fig. 7.15 in the (mg̃-mχ̃0

1
) plane. For the Gbb model, gluino masses up to

1240 GeV are excluded for massless neutralinos and neutralino masses up to 570 GeV are
excluded for mg̃ ∼ 1100 GeV. For the Gtt model, gluino masses up to 1150 GeV are excluded
for mχ̃0

1
< 200 GeV and neutralino masses up to 440 GeV are excluded for mg̃ ∼ 1100 GeV.

At very low gluino-neutralino mass splittings, no sensitivity is achieved for the Gbb model
as soft jets and very low Emiss

T are expected. A gain of about 250 GeV is obtained for both
models compared to the previous results published with the 2011 dataset [156].
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Channel SR4-L SR4-M SR4-T

Observed events 38 8 4

Total background events 46 ± 10 10.7 ± 2.9 2.9 ± 1.0

(MC prediction) (44 ± 17) (10.3 ± 4.6) (2.7 ± 1.3)

tt̄ + jets events 30 ± 6 7.0 ± 1.8 2.4 ± 0.9

(MC prediction) (29 ± 11) (6.6 ± 2.5) (2.3 ± 1.1)

tt̄ + b/bb̄ events 8.1 ± 8.3 2.5 ± 2.5 0.1 ± 0.2

single top events 3.5 ± 1.3 0.4 ± 0.5 0.2 ± 0.1

tt̄ + W/Z events 1.4 ± 0.8 0.5 ± 0.3 0.2 ± 0.1

W/Z events 2.6 ± 1.9 0.4 ± 0.6 –

diboson events – – –

Gbb: (mg̃,mχ̃0
1
) = (1000, 600) GeV 30 ± 7 11 ± 3 3.8 ± 1.3

Gbb: (mg̃,mχ̃0
1
) = (1200, 1) GeV 17 ± 2 17 ± 2 15 ± 2

Table 7.15: Predicted SM background and observed event yield for the signal regions with four
jets. For the tt̄ and total SM predictions, the nominal MC expectation is given in addition to the
result from the background fit. The expectations for two Gbb signal points, one with small and
one with large ∆m(g̃,χ̃0

1), are also given. Statistical plus systematic uncertainties are shown (for
the signal points no theoretical uncertainties are included).

Channel SR6-L SR6-M SR6-T

Observed events 20 4 2

Total background events 18 ± 6 6.3 ± 2.4 2.2 ± 1.3

(MC prediction) (18 ± 9) (6.3 ± 3.4) (2.2 ± 1.8)

tt̄ + jets events 12 ± 4 4.3 ± 1.9 1.7 ± 1.0

(MC prediction) (12 ± 6) (4.3 ± 2.4) (1.7 ± 1.5)

tt̄ + b/bb̄ events 4.6 ± 5.0 1.3 ± 1.4 0.2 ± 0.3

single top events 0.6 ± 0.3 0.4 ± 0.2 0.2 ± 0.1

tt̄ + W/Z events 0.8 ± 0.4 0.3 ± 0.2 0.1 ± 0.1

W/Z events 0.1 ± 0.1 – –

diboson events – – –

Gtt: (mg̃,mχ̃0
1
) = (1000, 400) GeV 18 ± 3 8.8 ± 2.2 3.6 ± 1.2

Gtt: (mg̃,mχ̃0
1
) = (1200, 1) GeV 8.2 ± 0.4 7.8 ± 0.5 6.8 ± 0.6

Table 7.16: Predicted SM background and observed event yields for the signal regions with six
jets. For the tt̄ and total SM predictions, the nominal MC expectation is given in addition to the
result from the background fit. The expectations for two Gtt signal points, one with small and
one with large ∆m(g̃,χ̃0

1), are also given. Statistical plus systematic uncertainties are shown (for
the signal points no theoretical uncertainties are included).
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Figure 7.14: Distributions of Emiss
T and Meff the SR4-L and SR6-L signal regions. The SM

expectations are shown before applying the background fit. The error bands include statistical
and experimental systematic uncertainties. Two Gbb (Gtt) signal points are overlaid in the SR4-L
(SR6-L) plots, one with small and one with large ∆m(g̃,χ̃0

1).

Signal Region
UL on BSM event yield UL on σvis [fb]

observed expected observed expected

SR4-L 17.9 20.5+8.0
−5.2 1.4 1.6

SR4-M 7.6 8.8+3.5
−2.1 0.59 0.69

SR4-T 6.5 5.0+2.2
−1.1 0.51 0.39

SR6-L 17.0 15.5+6.2
−3.8 1.3 1.2

SR6-M 5.9 6.6+2.8
−1.5 0.46 0.52

SR6-T 5.1 4.6+1.9
−0.6 0.40 0.36

Table 7.17: Observed and expected upper limits (UL) at 95% CL on the number of signal events
and the visible cross-section σvis for all signal regions. The systematic uncertainties on the SM
background estimation are included.
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Figure 7.15: Expected and observed exclusion limits for the (a) Gbb and (b) Gtt model in
the (mg̃-mχ̃0

1

) plane at 95% CL. The dashed blue lines with yellow bands show the expected
limits with their ±1σ uncertainty. Theoretical uncertainties for the signal are not included in
the expected limits. The nominal observed limits are indicated by the solid red lines, while the
dashed red lines show the observed limits if theoretical uncertainties for the signal are taken into
account. For each signal point, the selection providing the best expected limit is chosen. For
reference, the previous limits obtained with the 2011 dataset are also shown [156].
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7.3 Summary for the Gluino-Mediated Sbottom Production

In this chapter, the production of gluino pairs is investigated, where a decay of the gluinos
to the LSP via a sbottom quark is assumed. Two analysis are presented, the first published
with data corresponding to an integrated luminosity of 2.05 fb−1 of the 2011 dataset and
the second published with data corresponding to an integrated luminosity of 12.8 fb−1 of the
2012 dataset. In the latter case, also the gluino-mediated stop production is included. For
both analyses, good agreement between the predicted SM event yields and the observed data
events is obtained.
The L = 2.05 fb−1 analysis is based on selections with at least one or two b-jets and harsh
Meff thresholds. The results are interpreted in a phenomenological MSSM model (Gluino-
Sbottom), a simplified model (Gbb) and two SO(10) scenarios (DR3 and HS). The following
limits are obtained at 95% CL:

• mg̃ > 900 GeV for mb̃1
< 800 GeV (Gluino-Sbottom)

• mg̃ > 900 GeV for mχ̃0
1
< 300 GeV (Gbb)

• mg̃ > 650 GeV (DR3)

• mg̃ > 620 GeV (HS)

The event selection is adapted to require at least three b-jets for the L = 12.8 fb−1 analysis.
The results are interpreted in simplified models with gluino-mediated sbottom (Gbb) and stop
(Gtt) production. Signal regions with at least four jets are optimised for the Gbb models,
while selections with at least six jets are used for the Gtt models. The following limits are
obtained at 95% CL:

• mg̃ > 1240 GeV for mχ̃0
1

= 0, mχ̃0
1
> 570 GeV for mg̃ ∼ 1100 GeV (Gbb)

• mg̃ > 1150 GeV for mχ̃0
1
< 200 GeV, mχ̃0

1
> 440 GeV for mg̃ ∼ 1100 GeV (Gtt)

The limits for the Gbb model are significantly improved by the updated analysis.
In general, complementary results to the sbottom-pair production analysis are provided by
the gluino-mediated searches.
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CHAPTER 8

Summary

Several analyses targeting the possible production of third generation squarks in the ATLAS
detector are presented. The main focus is set on the search for the supersymmetric partner
of the bottom quark, the sbottom particle. Scenarios with stop production are considered in
cases where similar final state topologies are expected.

An enhanced production of the third generation squarks at the LHC is characteristic for
supersymmetric extensions of the Standard Model that provide a natural solution of the hi-
erarchy problem because the stop and sbottom particles are required to be light compared to
other SUSY particles. The analyses are performed within the context of R-parity conserving
SUSY scenarios, where the lightest supersymmetric particle is stable. In the exploited mod-
els, the lightest neutralino is assumed to be the LSP, which provides a good candidate for
dark matter.
Two different scenarios for the sbottom and stop production are considered, the direct pair
production and the gluino-mediated production in case of light gluinos. In general, the final
state topologies are based on b-jets (coming from the sbottom or stop decays), missing trans-
verse momentum (coming from the LSPs that leave the detector undetected) and a veto on
leptons (a focus is set on scenarios where no leptons occur in the decay chains).
For the direct sbottom-pair production scenarios, a 100% branching ratio for the b̃1 → bχ̃0

1

decay is assumed and exactly two b-jets are expected in the final state. A similar topology
is provided by models considering direct stop-pair production, where the stop decays via a
chargino to the neutralino in case of small chargino-neutralino mass differences, t̃1 → bχ̃±

1 →
bW ∗χ̃0

1 → bf f̄ χ̃0
1, such that the additional fermions are not reconstructed.

Several models are considered for the gluino-mediated production. The main scenarios as-
sume gluino-pair production, and a subsequent decay of the gluinos to the LSP via sbottom

or stop particles, which can be on- or off-shell (g̃ → bb̃
(∗)
1 → bb̄χ̃0

1 or g̃ → tt̃
(∗)
1 → tt̄χ̃0

1). For
these models, the final states have exactly four b-jets. Additional jets from the top decays
are expected in models for gluino-mediated stop production.
For each analysis, specific signal-region selections are exploited to gain sensitivity for the dif-
ferent parameter configurations of the considered scenarios. Dedicated methods are applied
to ensure a robust estimation of the Standard Model background contributions. A fundamen-
tal strategy is based on extracting the normalisations for the main background contributions
from data using control regions. For all analyses good agreement between the observed data
event yields and the predicted Standard Model contributions is found and the results are
used to set upper limits on the SUSY signals. The exclusion limits obtained at 95% CL by
the different analyses are summarised in the following.
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The results presented for the direct sbottom- and stop-pair production are based on data cor-
responding to an integrated luminosity of 12.8 fb−1, collected in pp collisions at

√
s = 8 TeV.

For scenarios with sbottom-pair production, where each sbottom decays via b̃1 → bχ̃0
1 with a

100% BR, sbottom masses up to 620 GeV are excluded for massless neutralinos. Neutralino
masses up to 320 GeV are excluded for mb̃1

≃ 550 GeV. The limits obtained for scenarios

with stop-pair production, where t̃1 → bχ̃±
1 → bW ∗χ̃0

1 → bf f̄ χ̃0
1 with 100% BR is assumed,

highly depend on the chargino-neutralino mass splitting. For ∆m(χ̃±
1 ,χ̃

0
1) = 5 GeV, stop

masses up to 580 GeV are excluded for mχ̃0
1

≃ 100 GeV. The limit is lowered to 480 GeV for

∆m(χ̃±
1 ,χ̃

0
1) = 20 GeV.

For the gluino-mediated production, two analyses are presented. The first is based on selec-
tions with at least one or two b-jets and uses data corresponding to an integrated luminosity
of 2.05 fb−1, collected in pp collisions at

√
s = 7 TeV. For models considering g̃g̃ and b̃1b̃1

production with subsequent g̃ → bb̃1 and b̃1 → bχ̃0
1 decays, gluino masses up to 900 GeV

are excluded for mb̃1
< 800 GeV and mχ̃0

1
= 60 GeV. For scenarios based on the decays via

off-shell sbottoms (g̃ → bb̄χ̃0
1 with 100% BR), gluino masses up to 900 GeV are excluded for

mχ̃0
1
< 300 GeV. Additional interpretations of the results are presented for SO(10) GUT

scenarios, excluding gluino masses up to 650 (620) GeV for models assuming D-term (Higgs)
splitting.
The second analysis is based on selections with at least three b-jets. The results are presented
for data corresponding to an integrated luminosity of 12.8 fb−1, collected in pp collisions at√
s = 8 TeV. Gluino masses up to 1240 GeV are excluded for models considering the decays

via off-shell sbottoms (g̃g̃ production with g̃ → bb̄χ̃0
1 with 100% BR) in case of massless

neutralinos. Neutralino masses up to 570 GeV are excluded for mg̃ ≃ 1100 GeV. For scenar-
ios considering the decays via off-shell stops (g̃g̃ production with g̃ → tt̄χ̃0

1 with 100% BR),
gluino masses up to 1150 GeV are excluded for mχ̃0

1
< 200 GeV.

The results presented in this thesis give an outstanding contribution to the SUSY search
effort by the ATLAS collaboration. Together with the results from searches for first and
second generation squarks, the direct stop production and the electroweak SUSY production,
these results exclude large regions of the SUSY parameter space. Nevertheless, given the
huge number of possible SUSY configurations, there are still many scenarios that could not
yet be tested with the available data. In the coming years, the LHC is expected to operate at
higher centre-of-mass energies of 13-14 TeV and collect data up to an integrated luminosity of
about 300 fb−1. This will open new search possibilities, providing sensitivity to the scenarios
that are currently out of reach.
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APPENDIX A

Search for a h → bb̄ Resonance in SUSY

In this appendix, a strategy for a search for bb̄ resonances in final states with supersymmetric
particles is described. Such resonances might appear in the decays of Higgs bosons in cascade
decays of SUSY particles. It should be stressed that the study was performed in form of a
feasibility study before the data taking of the LHC started. All results presented are based
purely on Monte Carlo simulation for a centre-of-mass energy of

√
s = 10 TeV and 14 TeV.

The study is performed for different mSUGRA scenarios, where the presence of b-jets in the
SUSY decay cascades is enhanced for large values of tan β (see Section 2.2.5). In addition,
b-jets may also result from decays of SUSY particles into a Higgs boson, which subsequently
decays into a pair of b-jets. The event selection is based on the inclusive SUSY searches with
final states with b-jets and missing transverse energy, as described in Ref. [170].
A profile likelihood approach is used to estimate the significance of a possible signal on top
of the background from Standard Model and SUSY processes. Although the focus is set on
the Higgs boson production in the SUSY decay chain, the method is more general and can
be applied to other resonance searches as well.
In the following sections, the exploited Monte Carlo samples are presented (A.1), the object
definitions and event selections are summarised (A.2), and the Higgs content in different
mSUGRA parameter configurations is discussed (A.3). The actual method to extract the
signal significance for a bb̄ resonance is presented in Section A.4, together with the results
for specific mSUGRA scenarios and a discussion of sources of systematic uncertainties. The
conclusions are presented in Section A.5.

A.1 Monte Carlo Samples

All samples are produced assuming a centre-of-mass energy of 10 TeV. Results for
√
s =

14 TeV are obtained by an appropriate scaling, as described in Section A.4.2.

Signal
The signal samples are generated with HERWIG, interfaced to ISASUSY [80] for the particle
spectrum, and simulated with ATLFAST-II. The mSUGRA model is assumed and two grids
in the (m0 - m1/2) plane with A0 = 0, µ > 0 and tan β = 10 and 50 are used, in order to
explore different SUSY decay chains. Next-to-leading order cross-sections are calculated with
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PROSPINO1 [81] and shown in Fig. A.1. For each signal point, a Monte Carlo sample of
30000 events is produced.
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Figure A.1: Cross-sections at NLO (in pb) for the mSUGRA signal points in the (m0-m1/2)
plane for tan β = 10 (left) and tan β = 50 (right), assuming A0 = 0 and µ > 0.

Throughout this analysis, four signal points are used as benchmark points for different regions
of the parameter space, as indicated in Table A.1. In addition, the mSUGRA signal point
named SU9 (m0 = 300 GeV, m1/2 = 425 GeV, A0 = 20 GeV, tan β = 20, µ > 0) is also taken
as reference.

Point m0 [GeV] m1/2 [GeV]

230_170 230 170
770_228 770 228
1170_356 1170 356
430_345 430 345

Table A.1: Values of m0 and m1/2 for the reference mSUGRA points. Other parameters are
A0 = 0, µ > 0. Both values of tan β (tan β = 10 and 50) are considered.

SM Background
The expected signature consists of a high jet multiplicity, Emiss

T and b-jets. Only the most
relevant backgrounds are considered. They include top-pair production, inclusive production
of W and Z bosons and multi-jet QCD production processes. The full detector simulation is
used for all background samples.

Top Pair Production: tt̄ events are generated with MC@NLO interfaced to HERWIG and
JIMMY. Both the fully hadronic decay mode, where both W bosons decay hadroni-
cally, as well as the semi-leptonic decay modes, where at least one W boson decays
leptonically, are considered.

W/Z+jets Production: Events for the W and Z production are generated with ALPGEN.
The cross-sections are normalised to the NNLO prediction of the FEWZ [162] program.

Multi-jet Processes: Multi-jet events from QCD processes are generated with ALPGEN.
Due to the large cross-section, the samples are generated in different pT ranges for

1 For simplicity, only gluino and squark production processes are considered in the calculation.
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each parton final state configuration. Since the heavy-flavour content of the multi-jet
samples is limited to gluon-splitting processes (g → bb̄), a dedicated production of bb̄
events was performed (pT(b) > 20 GeV and ∆R(bb̄) > 0.7), given the importance of
b-jets for the analysis considered. The double counting introduced is neglected in the
present analysis. All multi-jet samples are normalised to LO cross-sections.

A.2 Event Selection

The object definitions and event selection follow the prescription established in Ref. [170],
which was published assuming a centre-of-mass of 14 TeV. Small adaptions are implemented
to account to the

√
s = 10 TeV scenario.

Object Definitions
The object reconstruction is described in detail in Section 4.2. Here, a summary of the exact
definitions for the h → bb̄ analysis is given:

Jets: Jets are reconstructed using a cone algorithm with cone size 0.4. They are selected if
they have pT > 20 GeV and |η| < 2.5.

b-Jets: b-jets are selected using the IP3DSV1 algorithm at a 50% efficiency working point
(weight>6.75). They are required to have pT > 20 GeV and |η| < 2.5. Since this is a
pure MC study, no b-tagging scaling factors are applied.2

Leptons: Electrons are reconstructed following the medium selection criteria. Muons are
reconstructed with the STACO algorithm. Both electrons and muons are required to
be isolated and have pT > 10 GeV and |η| < 2.5.

Trigger
Due to the rich final state topology of SUSY events and the relatively strong selection criteria
applied in this analysis, the trigger efficiency is expected to be above 95% if a trigger involving
multi-jets and Emiss

T is considered. The results presented in the following are not corrected
for any trigger efficiency losses.

Nominal Event Selection
The event selection is based on large jet multiplicities and high Emiss

T values, that were
found to be powerful discriminators against the major SM background processes [170]. The
following requirements are imposed for the nominal event selection:

1. ≥4 jets with pT > 40 GeV;

2. pT(jet1) > 80 GeV;

3. Emiss
T > 80 GeV;

4. Emiss
T > 0.2 Meff;3

5. ST > 0.2;4

2 The b -jets are corrected for muons by adding muons found within a cone of ∆R = 0.4. The pT of the
b -jets is additionally corrected for neutrinos, see Ref. [109].

3 Here, Meff is defined as the scalar sum of the missing transverse energy and the transverse momenta of the
four leading jets and isolated leptons: Meff = Emiss

T +
∑4

i=1
(jeti) +

∑
pT(lepton).

4 The transverse sphericity ST is computed using the 2 × 2 sphericity tensor Sij =
∑

k
pkip

kj including all

jets and isolated leptons. ST is defined via the eigenvalues λ1 and λ2 of Sij : ST = 2λ2

λ1+λ2
.
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6. ≥2 b-jets;

7. ∆φmin(jet1..3,E
miss
T ) > 0.2;

8. Meff > 800 GeV.

Figure A.2 shows the Meff distribution before applying the Meff threshold for two signal points
and for the background from SM processes. A good separation of SM background events and
the signal events is visible for high Meff values.
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Figure A.2: Distribution of Meff before applying the Meff threshold for two signal points with
tan β = 50 and the SM background processes.

The numbers of expected events, corresponding to an integrated luminosity of 10 fb−1, are
shown in Table A.2 for all relevant background processes and in Table A.3 for two signal
points (770_228 and 430_345 with tan β = 50) together with the total SM background. The
results are visualised in Fig. A.3. As can be seen, the requirement of two b-jets removes
comparably large fractions of the W and Z backgrounds, while the ∆φmin requirement is
a powerful discriminator against the multi-jet QCD processes. The last selection on Meff

suppresses the tt̄ contribution significantly. The main background after the event selection is
tt̄, which accounts for more than 80% of the total SM contribution.

cut tt̄ QCD W+jets Z+jets

1-3 (1.719 ± 0.006)·105 (4.44 ± 0.20)·105 (1.05 ± 0.01)·105 (2.58 ± 0.03)·104

4 (1.156 ± 0.005)·105 (1.12 ± 0.15)·105 (6.52 ± 0.09)·104 (1.73 ± 0.03)·104

5 (7.29 ± 0.04)·104 (5.60 ± 1.27)·104 (3.54 ± 0.07)·104 (9.06 ± 0.19)·103

6 (1.79 ± 0.02)·104 (2.33 ± 1.39)·104 167 ± 47 8 ± 6
7 (1.61 ± 0.02)·104 134 ± 67 142 ± 43 8 ± 6
8 564 ± 34 66 ± 47 54 ± 27 0 ± 0

Table A.2: Number of expected background events after the event selection, assuming an inte-
grated luminosity of 10 fb−1 and a centre-of-mass energy of 10 TeV. The uncertainties represent
the statistical uncertainties of the MC simulation.

Alternative Event Selections
The sensitivity of this analysis is also tested by adopting two alternative event selections.
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cut 770_228 430_345 SM

1-3 (2.62 ± 0.02)·104 (1.091 ± 0.008)·104 (7.47 ± 0.20)·105

4 (1.36 ± 0.02)·104 (7.77 ± 0.07)·104 (3.10 ± 0.15)·105

5 (1.08 ± 0.01)·104 (5.53 ± 0.06)·103 (1.73 ± 0.13)·105

6 (3.85 ± 0.08)·103 (1.68 ± 0.03)·103 (2.04 ± 0.14)·104

7 (3.49 ± 0.08)·103 (1.50 ± 0.03)·103 (1.64 ± 0.19)·104

8 (2.10 ± 0.06)·103 (1.25 ± 0.03)·103 684 ± 64

Table A.3: Number of expected signal events for two selected points (770_228 and 430_345 with
tan β = 50) and the expected total number of background events from SM processes, assuming
an integrated luminosity of 10 fb−1 and a centre-of-mass energy of 10 TeV. The uncertainties
represent the statistical uncertainties of the MC simulation.
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Figure A.3: Expected signal and background events at the different steps of the event selection,
assuming an integrated luminosity of 10 fb−1 and a centre-of-mass energy of 10 TeV. For the two
signal points a value of tan β = 50 is assumed.

The CSC selection, based on an ATLAS study published in Ref. [109] and the TDR selection
based on a study published by the the CMS collaboration [171]5:

ATLAS CSC selection:

1. ≥4 jets;

2. pT(jet1) > 100 GeV;

3. pT(jet2) > 100 GeV;

4. Emiss
T > 300 GeV;

5. ≥2 b-jets with pT > 50 GeV;

6. No leptons (e or µ).

5 The hemisphere separation technique and the ∆R pairing of the b -jets are not applied here.
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CMS TDR selection:

1. ≥4 jets with pT > 30 GeV;

2. pT(jet1) > 200 GeV;

3. pT(jet2) > 150 GeV;

4. pT(jet3) > 50 GeV;

5. Emiss
T > 200 GeV;

6. ≥2 b-jets.

A.3 Higgs Boson Signatures in SUSY Scenarios

The aim of this study is to evaluate how well possible Higgs boson decays into bb̄ final states,
appearing in SUSY decay cascades, can be identified. A study at parton level is presented in
Section A.3.1 that adresses the Higgs content of the mSUGRA samples and other sources for
b-quarks. The invariant mass of the reconstructed b-jets is used to access the Higgs boson
resonance. The corresponding distributions are shown in Section A.3.2.

A.3.1 Parton Level Study

In mSUGRA, the lightest Higgs boson h may occur in χ0
2 → hχ0

1 decays, if kinematically
allowed by the SUSY mass spectrum. For the mSUGRA parameter configurations used in
this analysis, the lightest Higgs boson produced in the cascades has a mass of ∼ 115 GeV. In
Figure A.4, the percentage of events with two true b-jets6 that contain at least one h → bb̄
decay is shown for both tan β scenarios. This fraction is found to be large for large m1/2 and
medium m0 values.
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Figure A.4: Percentage of SUSY events with two true b-jets that have at least one h → bb̄
decay for tan β = 10 (left) and tan β = 50 (right) before the event selection.

Decays of particles involving b-quarks other than the Higgs boson are a source of background
for the resonance search. Therefore, the different decays to b-quarks in SUSY cascades are
investigated and considered as an additional background component. The percentage of

6 A true b -jet is defined by matching the b -jet to a b -quark at parton level.
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decays into b-quarks is shown in Table A.4 for various sources of b-quarks for the reference
signal points with tan β = 50. It should be noted that the different decay processes can add
up to more than 100% because more than one process may contribute in the SUSY decay
chains of a single event. The numbers show that for all benchmark points gluino decays
constitute the main source of background.

Point h → bb̄ Z → bb̄ g̃ → bb̄χ̃ g̃ → bb̃ b̃b̃,b̃t̃,t̃t̃ χ̃ → bb̄χ̃

230_170 2.6 % 0.88 % 0.045 % 90 % 6.6 % 7.9 %

770_228 7.5 % 3 % 86 % 0 % 1.9 % 20 %

1170_356 69 % 6.4 % 45 % 0 % 0.81 % 0 %

430_345 49 % 4.2 % 0.39 % 69 % 4.8 % 0.016 %

Table A.4: Percentage of the most dominant decays to b-quarks, normalised to the number
of events with at least two b-quarks, for the reference signal points for tan β = 50. A simplified
notation is used: the three body decay g̃ → bb̄χ̃ includes g̃ → bb̄χ̃0, g̃ → tt̄χ̃0, g̃ → bt̄χ̃+ and
g̃ → tb̄χ̃−. The column marked g̃ → bb̃ also includes g̃ → tt̃. Furthermore it should be noted that
b̃, t̃ and t decay to b+X.

The Higgs boson resonance is expected to be visible in the distribution of the invariant mass
of the b-jets, mbb. In Figure A.5, the mbb distribution at parton level is shown for the four
reference signal points for tan β = 50. For the points 1170_356 and 430_345, where a
significant h → bb̄ contribution appears, a peak can be seen at the Higgs mass of 115 GeV.
The bulk of the non-resonant distribution is due to b-quarks coming from gluino decays. This
is illustrated in Figure A.6, where the mbb distribution at parton level is shown separately for
the different decays considered in Table A.4 for the two reference points with a large Higgs
content.
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Figure A.5: Distribution of mbb at parton level for the reference signal points for tan β = 50,
before the event selection.

Figure A.7 shows the pT distribution of the b-quarks for the different decay modes. It can be
seen that the b-quarks originating from Higgs decays tend to have lower pT values than the
ones from gluino decays, which reflects the different mass values of the decaying particles.
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Figure A.6: Distribution of mbb, decomposed into the contributions from various bb̄ decays,
for the two reference points at tan β = 50 with the highest Higgs content. The distributions are
shown at parton level, before the event selection.
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Figure A.7: Distribution of pT of the two b-quarks (two or more entries per event) at parton
level separated for the origin of the b-jets for the reference points 1170_356 (a) and 430_345 (b)
for tan β = 50 before the event selection.

A.3.2 Reconstructed Mass Distributions

The mbb distributions at reconstruction level are obtained by considering all possible com-
binations of all reconstructed b-jets, if more than two b-jets are identified in the final state.
This leads to a significant increase of the combinatorial background. The distributions are
shown in Fig. A.8 for the reference signal points for tan β = 50, before and after the nominal
event selection. As compared to Fig. A.5, the effects of the detector resolution and recon-
struction lead to a significant degradation of the bb̄ resonance.
In Figure A.9, the mbb distributions are shown for the signal point 430_345 on top of the
background from SM processes for the different event selections, as discussed in the previous
section. The distributions suggest that the background from SUSY itself has a larger impact
for the identification of the resonance than the SM background. Since Fig. A.7 suggests a
difference in the pT values of b-quarks from Higgs decays as compared to b-quarks from gluino
decays, an additional upper pT threshold on the b-jets of 150 GeV is applied for Fig. A.9b.
Although there is still no convincing appearance of a Higgs resonance above the combinato-
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rial background, the purity, defined as the fraction of events in the final sample containing a
h → bb̄ decay, has slightly improved.
The comparison of the distributions for the different event selections shows that the signal-to-
background conditions and in particular the shapes of the combinatorial background coming
from SUSY itself depend on the selection. Therefore, accurate assumptions on the shapes
are difficult to make.
For the simulated benchmark scenarios at

√
s = 10 TeV and L = 10 fb−1 a possible dis-

covery appears challenging. In order to quantify this statement and to extract a discovery
significance, a dedicated study is presented in the following section.
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Figure A.8: Distribution of mbb for reconstructed b -jets for the reference SUSY points for
tan β = 50 (a) before and (b) after applying the event selection.

A.4 Discovery Potential for a h → bb̄ Resonance

A.4.1 Method

As an attempt to assess the potential for the discovery of a Higgs resonance on top of the
SUSY combinatorial and Standard Model backgrounds, a fit of the mbb distribution is per-
formed assuming a Gaussian resonance on top of a smooth background. The width of the
Gaussian has to be compatible with the expected detector resolution. The background dis-
tribution is parametrised using a simple polynomial function. It should be noted that in such
a search the precise shape of the background is unknown. Even if the SM contribution can
be constrained with some definite uncertainty, the SUSY background shape, which is un-
predictable, is dominating. Hence, the only assumption in the procedure is that the overall
background shape is smooth. In order to determine the significance for the discovery of a
Higgs-like resonance when using collected data, the following procedure is established.

Fitting the mbb distribution
In a first step the mbb distribution is fitted with a third order polynomial plus a Gaussian:

p0 + p1 · x+ p2 · x2 + p3 · x3 + c · Gauss (µ,σ) , (A.1)

where the Gaussian is assumed to describe the resonance peak while the combinatorial plus
Standard Model background should be described by the polynomial. The Gaussian width is
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Figure A.9: Distribution of mbb for reconstructed b -jets for the different event selections
(Nominal (a), Nominal plus an upper threshold of 150 GeV on the b -jet momenta (b), CSC (c),
TDR (d)). The distributions for the signal point 430_345 are superimposed to the distributions
of the SM background. An integrated luminosity of 10 fb−1 and a centre-of-mass energy of 10
TeV are assumed.

constrained to be within 5 and 30 GeV. This range has been chosen to be roughly consistent
with a detector mass resolution of ∼ 10% in the range of interest. These constraints have also
been varied in order to study their impact on the fit (see below). The fit itself is performed
over the mass range from 50 to 250 GeV.

Generation of a log-likelihood distribution for the background-only hypothesis
Using the resulting parameters of the polynomial (p0,...,p3), 10000 MC experiments are gen-
erated. The fit function is used to describe the true background shape and background events
are generated according to this shape. Each histogram is filled with the corresponding num-
ber of events for a given luminosity and selection efficiency. The result of each MC experiment
is fitted once with a polynomial and once with a polynomial plus Gaussian distribution. The
fit is done using a binned likelihood. For each histogram, the log-likelihood ratio (LLR) is
computed as the ratio of the likelihood values for the polynomial fit λpol and that for the
polynomial plus Gaussian λpol+Gauss:

LLR = −2 · log

(
λpol

λpol+Gauss

)
. (A.2)
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To determine the 5σ discovery limit, an exponential extrapolation of the LLR distribution is
performed.

Generation of a log-likelihood distribution for the signal hypothesis
The same procedure as described above is applied, but this time the whole fitting function
(pol +Gauss) is used for the generation of Monte Carlo experiments.

A.4.2 Results

The method described in the previous section is first applied using the nominal event se-
lection. The fitted mbb distributions and the corresponding distributions of LLR values are
shown in Fig. A.10 for the signal points 430_345, both for tan β = 10 and 50, and SU9. As
anticipated from the mbb distributions, where a small signal rate and a peak position close
to the kinematic edge of the background distribution is observed, the Higgs boson cannot be
discovered for the chosen signal points at 10 TeV with data corresponding to an integrated
luminosity of 10 fb−1. This is reflected in the large overlap of the LLR distributions for the
signal and the signal+background hypotheses.
The results for the same signal points are also evaluated for the CMS TDR and the ATLAS
CSC selections. The fitted mbb distributions and the obtained distributions of LLR values
are shown in Fig. A.11 and Fig. A.12 for the TDR and CSC selection, respectively.
Compared to the default selection, a better separation between the background and the sig-
nal+background hypotheses is visible for the TDR selection. The fraction of MC experiments
for which the signal+background LLR takes values beyond the 5σ upper value of the back-
ground hypothesis is significantly increased. A discovery appears more difficult in the SU9
point. In this case also for the TDR selection, the fraction of events with LLR values for the
(S+B) hypothesis exceeding the 5σ values of the background hypothesis is small, although
again significantly larger than for the nominal selection discussed above. Also for the CSC
selection a slight improvement of the LLR distribution compared to the standard selection
is visible. However, it is not as large as the shift obtained using the TDR selection.
A more detailed comparison of the event selections is presented in Table A.5, where the frac-
tion of MC experiments is shown for which the LLR value of the signal hypothesis exceeds
the 5σ threshold of the background-only hypothesis for the three signal points (430_345 with
tan β = 10 and 50 and SU9). In addition to the nominal selection as defined in Section A.2,
the same selection with an upper threshold on the pT of the b-jets (pT(b) < 150 GeV) is also
considered. It is found to provide a better performance for the 430_345 signal point than
the nominal selection. For the signal point 430_345, the TDR selection leads to the highest
fraction of successful MC experiments, while the CSC selection performs best for SU9.
Both the CMS TDR and the ATLAS CSC selections show a better performance than the
nominal selection discussed in Section A.2, which was derived from the inclusive SUSY search
with final states with b-jets. This illustrates that a careful optimisation of the event selection
needs to be applied to optimise the performance for the resonance searches.

To estimate the behaviour for larger event yields, the procedure is tested for a centre-of-
mass energy of 14 TeV and integrated luminosities of 10 and 30 fb−1. When changing from√
s = 10 TeV to

√
s = 14 TeV the signal cross-sections are increased by a larger factor than the

cross-sections for SM background processes, leading to a better signal-to-background ratio.
To estimate the discovery sensitivity for these scenarios, the expected numbers of events are
scaled up according to the corresponding ratios for the relevant cross-sections. The results
obtained for this estimation are shown in Fig. A.13 for the SU9 signal point. Using this
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(d) 430_345 (tan β = 50): LLR
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Figure A.10: Fit of the mbb distribution and distribution for the obtained LLR values for the
nominal event selection for the signal points 430_345 for tan β = 10 and tan β = 50 and SU9
for

√
s = 10 TeV, assuming an integrated luminosity of 10 fb−1. The LLR values are shown

for the signal+background hypothesis (red) and for the background-only hypothesis (blue) (see
Section A.4.1).

method, a Higgs boson discovery for the signal point SU9 seems to be possible with 30 fb−1

at
√
s = 14 TeV.

The discovery potential in the (m0-m1/2) plane for the two mSUGRA signal grids is also
estimated assuming

√
s = 14 TeV and an integrated luminosity of 30 fb−1. Since the number
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(b) 430_345 (tan β = 10): LLR
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Figure A.11: Distribution of mbb (left) and the corresponding LLR values (right) for the
CMS TDR selection for the signal point 430_345 for tan β = 10 and tan β = 50 and SU9
(
√
s = 10 TeV,L = 10 fb−1). The results of the fit are superimposed on the mbb distributions.

of Monte Carlo events for each point is limited to 30000, the following procedure is applied
in order to mimimise the effects of statistical fluctuations:

• Only points where at least 300 events pass the entire event selection are considered.
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(b) 430_345 (tan β = 10): LLR
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(d) 430_345 (tan β = 50): LLR
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Figure A.12: Distribution of mbb (left) and the corresponding LLR values (right) for the
ATLAS CSC selection for the signal point 430_345 for tan β = 10 and tan β = 50 and SU9
(
√
s = 10 TeV,L = 10 fb−1). The results of the fits are superimposed on the mbb distributions.

• The mbb distributions are smoothed separately for Higgs and non-Higgs events7 and

7 The Higgs and non-Higgs events are separated by a matching procedure based the parton information
stored in the MC samples. If less than 100 Higgs events are found, all Higgs and non-Higgs events are
considered together.
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Selection 430_345 (tan β = 10) 430_345 (tan β = 50) SU9

Nominal 0.48 % 1.57 % 0.01 %
Nominal, pT(b) < 150 GeV 2.40 % 9.10 % – %

CMS TDR 13.83 % 39.81 % 0.12 %
ATLAS CSC 3.5 % 2.66 % 0.62 %

Table A.5: Percentage of cases where the LLR value of the (S+B) hypothesis exceeds the 5σ
LLR-threshold value of the background-only hypothesis (

√
s = 10 TeV,L = 10 fb−1). The results

are shown for three different SUSY points and for different selections (see text).
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s = 14 TeV)

Figure A.13: Distribution of the LLR values for the nominal selection for SU9, assuming
√
s =

14 TeV and an integrated luminosity of 10 fb−1 (a) and 30 fb−1 (b). The LLR values are shown
for the signal+background hypothesis (red) and for the background-only hypothesis (blue).

afterwards randomly filled with the number of events corresponding to
√
s = 14 TeV

and 30 fb−1.

The filling is performed 100 times providing 100 initial histograms on which to perform the
LLR method as described before8. For each of those the percentage of cases where the signal
LLR is above the 5σ threshold of the background-only LLR is computed. Finally, the mean
values of the resulting percentages are calculated. For this part of the study the Gaussian
resolution for the fits is restricted to be within 10 and 20 GeV. The results obtained are shown
in Fig. A.14 for the three considered event selections. Making the conventional requirement
that a point can be discovered, if the median of the MC experiments for the signal hypothesis
is found beyond the 5σ LLR threshold for the background-only hypothesis, Higgs bosons
decaying to bb̄ can be discovered in the region at large m1/2 values for m0 values around 500
GeV. The performance of the CMS TDR selection is found to be superior and, compared
to the other selections, the discovery region is larger. Since the CSC selection is based on
harsher thresholds, the number of SUSY points for which the analysis is performed is smaller
(due to the requirement on the expected event numbers).
An example of a signal point for which discovery could be claimed is shown in Fig. A.15.
This figure should be compared to the corresponding figure at a lower centre-of-mass energy
and a lower integrated luminosity (Fig. A.10).

8 The number of MC experiments is reduced to 1000 instead of 10000 to reduce the computing time.
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(b) Nominal: tan β = 50
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(c) TDR: tan β = 10
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(d) TDR: tan β = 50
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(e) CSC: tan β = 10
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(f) CSC: tan β = 50

Figure A.14: The discovery potential for the nominal, the CMS TDR, and the ATLAS CSC
event selections for tan β = 10 (left) and tan β = 50 (right), assuming

√
s = 14 TeV, and an

integrated luminosity of 30 fb−1. The fraction of Monte Carlo experiments is shown for which the
LLR value for the signal hypothesis is above the 5σ threshold of the background-only hypothesis.
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Figure A.15: Distribution of mbb for the SUSY point 430_345 for tan β = 10 after applying
the whole event selection for

√
s = 14 TeV and assuming an integrated luminosity of 30 fb−1.

The result of the signal plus background fit is superimposed.

A.4.3 Effect of Systematic Uncertainties

The proposed procedure to extract the discovery significance has systematic uncertainties.
The most important one is linked to the modelling of the background contribution. One im-
portant question is whether fake signals can be reconstructed if the polynomial parametriza-
tion is not adequate to describe the background shape. To answer this question, three different
background shapes are assumed and used to generate the MC experiments. The background
distributions are modeled according to the following functions:

• A Gamma distribution: GammaDist (5, 10, 30).

• A Gaussian distribution: Gauss (150, 75).

• A semi-circle distribution:
√

1502 − (x− 150)2.

In order to minimise the effect of statistical fluctuations and purely address the effect of the
assumptions made on the shape, the distributions are randomly filled with 10000 events per
MC experiment. The resulting background distributions are exemplarily shown in Fig. A.16.
Following the procedure described in Section A.4.1, the distributions are fitted with a poly-
nomial for the background-only hypothesis and a polynomial plus Gaussian distribution for
the signal hypothesis to obtain the LLR values.
If the width of the Gaussian is left unconstrained, a non-physical width (too narrow) is fitted
for most of the MC experiments. The fractions of experiments with reasonable results for the
Gaussian width (5 < σ < 30 GeV or 10 < σ < 20 GeV), i.e. compatible with the expected
resolution of a Higgs resonance, are given in the second and third columns of Table A.6.
They are found below 20% for Gaussian widths in the range of 10-20 GeV. Out of the MC
experiments with a reasonable width, the fraction is calculated where the LLR value is above
20.9 The resulting fractions are given in the third and fourth column of Table A.6. They are

9 The value of 20 is taken as a reference value. This is a conservative value concerning a 5σ discovery. As
can be seen from the LLR distributions of the background-only fits presented in the previous sections, the
5σ thresholds are found for LLR values around 35.
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found to be small, indicating that the probability to fake Higgs-resonance like signals due to
the assumptions made on the background shape are small.
The corresponding LLR distributions for the MC experiments that have a Gaussian width
compatible with the experimental resolution are shown in Fig. A.17 for the two regions of the
Gaussian widths constraints. Although with the semi-circle shape model the largest fraction
of fits with an acceptable Gaussian width is found, the fraction of experiments passing the
LLR > 20 threshold is the smallest. From the background shapes considered, the Gamma
distribution leads to the largest fraction of experiments in the tail.
The fraction of experiments in the tail, and therefore the systematic uncertainties due to the
background model, can be largely reduced by tighter constraints on the LLR threshold and
the accepted Gaussian width. For a search in data, the LLR threshold to claim a discovery
should be raised to larger values in order to prevent a fake discovery. Thereby the discov-
ery sensitivity would be slightly degraded. The size of the degradation also depends on the
constraints that are put on the width of the signal shape.
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Figure A.16: Exemplary background distributions obtained for the three assumptions on the
shape (Gaussian, semi-circular and Gamma distributed).
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Figure A.17: Distributions of the LLR values for fits to the MC experiments based on the three
background models discussed above. Only the LLR values of those experiments are considered,
for which the fitted Gaussian width is found in the range of 5-30 GeV (left) and 10-20 GeV (right).



A.5 Summary 187

Background shape
σ in range LLR > 20

5 – 30 GeV 10 – 20 GeV 5 – 30 GeV 10 – 20 GeV

Gamma distribution 16.7% 6.0% 0.57% 0.05%
Gauss distribution 31.3% 12.6% 0.39% 0.04%
Semi-circle distribution 42.1% 18.0% – –

Table A.6: Percentage of cases where the fitted Gaussian width of the MC experiments is found
within 5 GeV < σ < 30 GeV (second column) or within 10 GeV < σ < 20 GeV (third column),
and fraction of successful MC experiments with LLR > 20 for both cases where 5 GeV < σ <
30 GeV (fourth column) or 10 GeV < σ < 20 GeV (last column).

A.5 Summary

A strategy for the search of bb̄ resonances in SUSY final states has been presented. Such
resonances might appear via decays of Higgs bosons in cascade decays of SUSY particles.
In order to identify a resonance in the presence of the Standard Model background and an
unknown background from the production of SUSY particles, a model independent fit of the
mbb distribution is applied. No strong assumptions on the background are made, except that
it has a smooth shape that can be parametrized by a polynomial. A Gaussian resonance on
top of this background is assumed for the signal. A likelihood ratio approach was used to
evaluate the ATLAS discovery potential. The probability to fake a signal due to an imperfect
modelling of the background was studied and found to be small (below 0.1% for the assumed
scenarios).
Applying the method to mSUGRA scenarios, the ATLAS discovery reach was studied for
several benchmark points for tan β values of 10 and 50, A0 = 0 and µ > 0. A discovery seems
possible for 400 < m0 < 700 GeV and 330 < m1/2 < 430 GeV at

√
s = 14 TeV, for both

tan β = 10 and tan β = 50 scenarios. It would, however, require integrated luminosities of
30 fb−1 or higher.
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APPENDIX B

The DCS Data Viewer

In this appendix, the layout of the DCS Data Viewer (DDV) is presented. It is a web-based
application that allows to access and visualise the historical data of the ATLAS DCS.
The DCS was shortly introduced in Section 3.2.5 and provides information for the monitoring
of the infrastructure and the different subsystems of the ATLAS detector. All relevant data
of the subsystems are written to an online database. The online database is replicated to an
offline database which can be accessed via the DDV interface. In Figure B.1, the data access
path is illustrated.

Figure B.1: Schematic illustration of the access to the DCS information via the DDV inter-
face [172].

The DDV interface was developed considering the following specifications:

• platform and browser independence,

• reasonable startup (< 10 s) and response time (∼ s),

• multiple data selection options,

• multiple output formats (chart, table, ASCII, ROOT),

• reproducible configuration of the output with the XML format,

• protection mechanism to avoid malicious use of the database.

The implementation is performed in a modular structure, based on a server-client model.
The advantage of this approach is that the access to the data resources is centralised in
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the server part, while the client part is flexible enough to integrate new output formats and
plugins. Requests from the client to the server are made with the Hypertext Transfer Protocol
(HTTP). A schematic view of the architecture is shown in Fig. B.2.
The main contributions within this thesis were made to the development on the client side.
In particular a ROOT output format was implemented, multiple options were added to the
default output plugin in form of a Java Applet chart and a user friendly menu to configure
the options for the chart was implemented.
More information on the server and client setup are given in Sections B.1 and B.2, respectively.

Figure B.2: Schematic illustration of the DDV architecture [172].

B.1 Server

The server is designed to handle the communication with the database. A copy of the
metadata information (e.g. variable names of the archived data) is stored directly on the
server to allow for a quick response time to metadata queries.1 For the actual data this
procedure is not possible because the number of stored items is too large (∼ 108). A request
to the database contains the metadata information of the requested item (its variable name
and the database schema the item belongs to) and the desired time range. The database
response consists of the complete metadata information of the requested item and its recorded
values and timestamps within the selected time range.

B.2 Client

The client part of DDV is developed in Java. It is compiled using the Google Web Toolkit
(GWT) [173] to provide a browser independent AJAX-based (Asynchronous JavaScript and
XML) [174] web application.
The selection and the configuration of the requests are managed with the GWT framework
(via menu items, buttons, tables and other widgets). Variables can be selected by browsing
the metadata information either through a column-based list or with the help of a search
engine. The configuration primarily consists of the chosen options for the visualisation of the
data (e.g. line colors and axis ranges). Is is possible to store the configuration in the XML
format and reload it at a later time. The dataset information and configuration options are
passed to the output plugins. The output can be either stored into files, e.g. in a ROOT or
ASCII format, or directly visualised in the browser.

1 The metadata information is updated every 24 hours.
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Java Applet Chart
The default output is a chart which is implemented in the form of a Java Applet and based
on the JfreeChart libraries [175]. The data can be displayed as time series, and one- or two-
dimensional histograms if applicable. In Fig. B.3, two examples for the configuration of the
chart are shown. Some of the options to display the data can be changed interactively in the
chart, others can only be accessed in the configuration panel.2

(a) option with multiple axis and crosshair information

(b) histogram option

Figure B.3: Examples for the Java Applet chart output.

2 Also variables that are provided in a string format (e.g. ON and OF F for a power setting module) can
be displayed. However, a reduced number of configuration options is available in this case.
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APPENDIX C

Additional Information on Sbottom Validation Regions

Results for the validation regions, defined for the sbottom-pair production searches in Sec-
tion 6.3.2, are presented here. The nominal no lepton validation regions are labeled as VR0L
and the multi-jet enriched regions are labeled as VR0LQCD. The validation regions used to
study the b-tagging stability are denoted by VR0L0B, VR1L1B and VR2L1B.
The results for the no lepton validation regions and the eµ selection, in case of SR2 and SR3,
are shown in Table C.1 for SR1, C.2 for SR2 and C.3 for SR3. The b-tagging validation
regions results are given in Table C.4 for SR1, C.5 for SR2 and C.6 for SR3.

channel VR0L_SR1 VR0LQCD_SR1

Observed events 204 1113

Fitted bkg events 176.64 ± 28.12 518.31 ± 352.29

Fitted Top events 140.45 ± 32.22 55.81 ± 15.36

Fitted Z events 25.70 ± 5.35 15.68 ± 2.85

Fitted W events 7.77 ± 5.55 9.58 ± 6.19

Fitted QCD events 2.04 ± 2.03 435.74 ± 351.63

Fitted Others events 0.68 ± 0.53 1.51 ± 0.85

MC exp. SM events 190.40 533.76

MC exp. Top events 152.29 60.53

MC exp. Z events 24.69 15.06

MC exp. W events 10.71 13.20

MC exp. QCD events 2.04 443.46

MC exp. Others events 0.68 1.51

Table C.1: Results of the background-only fit and observed data events for the no lepton
validation regions for SR1. Also the MC expectations before applying the fit are shown.
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channel VR0L_SR2 VR0LQCD_SR2 CR2LDF_SR2

Observed events 121 131 121

Fitted bkg events 110.51 ± 22.11 103.72 ± 57.49 96.21 ± 9.24

Fitted Top events 95.60 ± 22.90 15.50 ± 4.88 95.21 ± 9.35

Fitted Z events 9.28 ± 1.66 2.71 ± 0.60 —

Fitted W events 2.80 ± 1.09 4.33 ± 2.18 —

Fitted QCD events 2.20 ± 2.21 80.32 ± 56.85 —

Fitted Others events 0.63 ± 0.56 0.87 ± 0.55 1.00 ± 0.57

MC exp. SM events 117.27 81.36 103.59

MC exp. Top events 102.68 16.62 102.58

MC exp. Z events 8.95 2.62 —

MC exp. W events 2.80 4.34 —

MC exp. QCD events 2.20 81.36 —

MC exp. Others events 0.64 0.87 1.00

Table C.2: Results of the background-only fit and observed data events for no lepton validation
regions for SR2. Also the MC expectations before applying the fit are shown.

channel VR0L_SR3 VR0LQCD_SR3 CR2LDF_SR3

Observed events 2272 3762 54

Fitted bkg events 2259.01 ± 474.67 4307.92 ± 1717.73 51.39 ± 10.10

Fitted Top events 1810.47 ± 425.47 1153.83 ± 269.60 50.96 ± 10.10

Fitted Z events 128.39 ± 59.53 72.69 ± 29.13 —

Fitted W events 118.53 ± 46.04 78.09 ± 25.35 —

Fitted QCD events 169.21 ± 168.42 2973.57 ± 1653.12 —

Fitted Others events 32.42 ± 18.36 29.75 ± 17.51 0.44 ± 0.24

MC exp. SM events 2227.23 2954.96 51.11

MC exp. Top events 1803.54 1149.51 50.68

MC exp. Z events 103.52 58.61 —

MC exp. W events 118.47 78.06 —

MC exp. QCD events 169.21 2955.11 —

MC exp. Others events 32.38 29.72 0.44

Table C.3: Results of the background-only fit and observed data events for the no lepton
validation regions for SR3. Also the MC expectations before applying the fit are shown.
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channel VR1L1B_SR1 VR2L1B_SR1 VR0L1B_SR1

Observed events 2244 1121 3241

Fitted bkg events 2231.80 ± 374.43 901.69 ± 147.92 2818.55 ± 491.36

Fitted Top events 1507.54 ± 316.56 71.23 ± 21.30 1124.88 ± 278.40

Fitted Z events 6.06 ± 1.41 784.51 ± 144.21 951.07 ± 189.77

Fitted W events 590.77 ± 449.66 — 660.20 ± 498.77

Fitted Others events 127.43 ± 63.66 45.95 ± 22.75 82.40 ± 40.94

MC exp. SM events 2580.16 876.58 3123.72

MC exp. Top events 1633.65 77.19 1219.26

MC exp. Z events 5.81 753.46 913.23

MC exp. W events 813.35 — 908.90

MC exp. Others events 127.34 45.92 82.34

Table C.4: Results of the background-only fit and observed data events for the one b -jet
validation regions for SR1. Also the MC expectations before applying the fit are shown.

channel VR1L1B_SR2 VR2L1B_SR2 VR0L1B_SR2

Observed events 4875 1121 1543

Fitted bkg events 5008.13 ± 501.14 899.52 ± 162.66 1361.02 ± 160.88

Fitted Top events 3413.93 ± 642.45 71.80 ± 21.82 284.87 ± 81.49

Fitted Z events 11.07 ± 2.86 782.03 ± 157.41 570.81 ± 117.64

Fitted W events 1412.34 ± 342.22 — 465.09 ± 100.07

Fitted Others events 170.78 ± 88.99 45.70 ± 23.60 40.27 ± 21.11

MC exp. SM events 5279.42 876.58 1362.50

MC exp. Top events 3680.12 77.19 305.85

MC exp. Z events 10.68 753.46 549.89

MC exp. W events 1417.08 — 466.18

MC exp. Others events 171.57 45.92 40.45

Table C.5: Results of the background-only fit and observed data events for the one b -jet
validation regions for SR2. Also the MC expectations before applying the fit are shown.
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channel VR1L1B_SR3 VR2L1B_SR3 VR0L1B_SR3

Observed events 5886 1223 2667

Fitted bkg events 6455.88 ± 1017.20 1435.77 ± 339.94 2420.63 ± 357.02

Fitted Top events 5403.35 ± 1013.73 363.74 ± 101.77 994.42 ± 250.39

Fitted Z events 11.58 ± 5.11 1057.18 ± 354.83 647.61 ± 210.77

Fitted W events 1010.80 ± 246.37 0.56 ± 0.09 767.36 ± 180.88

Fitted Others events 30.15 ± 15.90 14.29 ± 7.39 11.25 ± 5.97

MC exp. SM events 6730.60 1041.30 2219.48

MC exp. Top events 5681.23 382.32 1045.38

MC exp. Z events 7.06 644.11 394.53

MC exp. W events 1012.13 0.56 768.30

MC exp. Others events 30.18 14.30 11.26

Table C.6: Results of the background-only fit and observed data events for the one b -jet
validation regions for SR3. Also the MC expectations before applying the fit are shown.
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