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Abstract

This thesis documents the results of analyses performed searching for BSM processes in

final states consisting of b−tagged jets and missing transverse energy (Emiss
T ) using the

ATLAS detector at the Large Hadron Collider.

The results of searches for the direct pair production of bottom squarks decaying via

b̃→ b+χ̃0
1 are presented. The first search used 3.2 fb−1 of Run 2 data at a centre-of-mass

energy (
√
s) of 13 TeV and placed exclusion limits on sbottom masses up to 840 GeV

for massless neutralinos [1]. The updated search uses a total integrated luminosity of

36.1 fb−1 and provides sensitivity to heavier sbottom masses, excluding sbottom masses

up to 950 GeV for mχ̃0
1

= 1 GeV.

Two searches for the pair production of third generation squarks decaying asymmetri-

cally in the one-lepton 2-b−jets and Emiss
T final state are presented. The Run 1 search,

using an integrated luminosity of 20.3 fb−1 collected at
√
s = 8 TeV, placed exclusion lim-

its in pMSSM scenarios with mQl3 excluded between 340 and 680 GeV for µ = 110 GeV.

Exclusion limits are also placed in simplified model scenarios, where mt̃ is excluded be-

tween 300 and 510 GeV for mχ̃0
1

=110 GeV assuming ∆m(χ̃±1 , χ̃
0
1) = 5 GeV [2]. The Run

2 search, performed using 36.1 fb−1 collected at
√
s = 13 TeV, placed limits in simplified

model scenarios, with sbottom masses up to 800 GeV excluded considering neutralinos

of mass 110 GeV. A statistical combination of this analysis and the 36.1 fb−1 sbottom

analysis extends this exclusion to 880 GeV for mχ̃0
1

= 110 GeV. The results of these

analyses is scheduled to be published in Summer 2017.

Finally a search for direct dark matter production in association with b−jets, in the

0-lepton, 2 b−jets and Emiss
T final state using 13.3 fb−1 of Run 2 (

√
s = 13 TeV) data

is presented. Cross section upper limits are placed, in simplified model scenarios, on a

range of scalar and pseudoscalar masses assuming a dark matter mass of 1 GeV [3].
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has proven to be a robust framework to

describe the natural world. It has been placed under more and more scrutiny during

the years of data-taking by the experiments at the Large Hadron Collider (LHC) but,

as of yet, remains the most complete picture of nature that we possess. This is not

to say that the theory is without fault, as it does not explain everything that we see

in nature. Significant effort is made to investigate Beyond the Standard Model (BSM)

physics, seeking to further our understanding of the universe. Searches for evidence of

Supersymmetry (SUSY) or other BSM physics plays a significant part in the research

programs for the two general purpose detectors, ATLAS and CMS, at the LHC.

This thesis1 proceeds as follows. The first chapter introduces the SM, building from

the electromagnetic Lagrangian, through to the Higgs mechanism and electroweak sym-

metry breaking. Problems with the SM are discussed, and the theory of SUSY is dis-

cussed as a possible extension of the SM. Additionally a generic dark matter production

model, as searched for at the LHC, is introduced.

This is followed by a brief introduction of the LHC complex, and a more in-depth

overview of the ATLAS (A Toroidal LHC ApparatuS) detector. This chapter culminates

in a review of the author’s work developing an application for the online recovery of

Semiconductor Tracker (SCT) modules.

A chapter introducing the requirements taken into account when modelling physical

processes follows, including the considerations made when building a Monte Carlo gener-

ator. This chapter also contains the author’s work investigating: the interference effects

1For the purposes of this thesis the convention ~ = c = 1 is used throughout.
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Chapter 3. Introduction 2

between the single-top and tt̄ processes; and producing a parameterisation to estimate

the modelling uncertainties associated with the V+jets (V = W/Z) processes.

Subsequently the physics objects used in the analyses are presented, with the dif-

ferences between the Run 1 and Run 2 definitions noted. This chapter also contains a

comprehensive overview of the kinematic variables used in the analyses.

Three analysis chapters follow from the above, each containing the results of searches

for BSM physics. In all cases, the author has contributed to the analyses covering

a variety of aspects which include the definition of the event selection optimised to

maximise signal over SM background yields, the estimate of the SM background using

partially data-driven techniques, the estimate of the systematic uncertainties and the

statistical interpretations of the results. The most relevant contributions concerning the

above topics are reported.

(a) b̃b̃→ bb+ χ̃0
1χ̃
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1 Introduction81

A search for direct top squark (stop, t̃1) and bottom squark (sbottom, b̃1) pair production is82

presented in this note, assuming mixed decays of the top or bottom squarks to neutralinos83

(c̃0
1 ) and charginos (c̃±

1 ). This process can lead to a final state consisting of a top and bottom84

quark and significant missing transverse momentum (Emiss
T ). If, as suggested in the so-called85

“natural” theories, the neutralino and the chargino are almost mass degenerate, the final state86

only includes soft final state particles in addition to the top and bottom quarks, and neutralinos.87

If gluino and squarks of the first two generations have masses of the order >1-2 TeV, di-88

rect sbottom and/or stop pair production may be the only process accessible at the LHC. De-89

pending on the gaugino mass spectrum, the sbottoms/stops can decay either directly into the90

lightest supersymmetric particle (LSP), generally referred to as the neutralino (b̃1 ! b + c̃0
1 ,91

t̃1 ! t + c̃0
1 ) or via intermediate decay into charginos (b̃1 ! t + c̃±

1 , t̃1 ! b + c̃±
1 ). The analysis92

presented in this note aims at scenarios in which sbottoms or stops are directly pair-produced93

and one of them decays directly to a neutralino, while the other decays via a chargino. Natu-94

ralness arguments bring the lightest chargino and neutralino masses to be close to one another,95

so the resulting final state is characterised by the presence of a top quark, a bottom quark, and96

neutralinos escaping the detector. Additional particles may be present, whose transverse mo-97

menta depend on the mass difference between the chargino and the neutralino. A Feynman98

diagram representing the tb+MET signature from such stop/sbottom decays can be seen in99

Figure ??.100

Figure 1: Feynman diagrams of the tb+MET final state signature produced by asymmetric
decays of the stop or sbottom into the neutralinos and charginos.

Some aspects of the event selection are driven by the triggers used, while other aspects are101

the result of a Monte Carlo based optimisation. The leptonic and hadronic decays of the top102

quark have been studied to find the best sensitivity to the signal models of interest. The leptonic103

channel, giving a final state of two b-jets, one lepton and Emiss
T , was found to give the best signif-104

icances. The dominant SM background processes in the signal regions (SRs) are semileptonic tt̄105

and single top production as well as W +hf production, where hf indicates heavy-flavour b-jets106

and c-jets. The Standard Model background is evaluated using a combination of Monte Carlo107

and semi data-driven techniques.108

The note is structured as follows: first, definition of the MSSM scenarios considered, details109

(b) b̃b̃/t̃t̃→ bt+ χ̃±1 χ̃
0
1

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

(a) s-channel spin-0 mediators

Figure 1: A representative Feynman diagram for s-channel spin-0 mediator production is shown.

models in heavy flavour quark final states. Final states involving bottom quarks are considered in this51

search, while final states with top quarks are investigated in Ref. [] add confs when out. Following the52

notation of Ref. [17], the model has four parameters: m�, the mass of the mediator, m�, the mass of the53

DM particle, g�, the DM- mediator coupling, gq, the universal SM-mediator coupling. Without loss of54

generality for the result, the additional assumption gq = g� = g is made.55

A representative Feynman diagram for tree-level production of this model is shown in Fig. 1(a). The56

mediator is assumed to decay into a pair of DM particles with a branching ratio of 100%.57

The result for a search of associated production of DM and bottom quarks using 8.7 fb�1 of pp collisions58

at
p

s = 13 TeV collected by the ATLAS experiment at the LHC in 2015-2016 are presented in this59

note. The search is performed in events characterised by the presence of large missing transverse mo-60

mentum and two jets identified as containing B-hadrons (b-jets). The signal region is defined to provide61

sensitivity to the kinematic topologies arising from the production of light mediators (< 200 GeV) and62

light DM particles (1 GeV), which are characterised by high production cross section but also strong kin-63

ematic similarities with the major SM background processes such as Z-boson associated production with64

b-jets.65

2 ATLAS detector66

The ATLAS detector [19] is a multi-purpose particle physics detector with a forward-backward symmetric67

cylindrical geometry and nearly 4⇡ coverage in solid angle1. The inner tracking detector consists of68

pixel and silicon microstrip detectors covering the pseudorapidity region |⌘| < 2.5, surrounded by a69

transition radiation tracker which enhances electron identification in the region |⌘| < 2.0. Starting in70

Run-2, a new inner pixel layer, the Insertable B-Layer [20], has been inserted at a mean sensor radius71

of 3.3 cm. The inner detector is surrounded by a thin superconducting solenoid providing an axial 272

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz)/(E � pz)] where E denotes the energy and pz is the component of the momentum
along the beam direction.

25th July 2016 – 18:15 3

(c) Direct DM production

Figure 1.1: Diagrams of the BSM processes investigated within this thesis. (a) Direct
sbottom pair production: b̃b̃ → bb + χ̃0

1χ̃
0
1 (Chapter 6). (b) Direct sbottom/stop pair

production decaying asymmetrically via b̃b̃/t̃t̃ → bt + χ̃±
1 χ̃

0
1 (Chapter 7). (c) Direct

production of dark matter, (Chapter 8).

The first analysis chapter contains the results of the Run 2 searches for direct sbottom
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pair production, as seen in Figure 1.1(a), in the 0-lepton, 2-b−jets and Emiss
T final state.

The first of these searches was performed using the 3.2 fb−1 of luminosity collected during

2015. The second search is an improvement and an update of the previous analysis using

the full 2015 and 2016 dataset with a total luminosity of 36.1 fb−1.

The second analysis chapter documents two searches performed to target more com-

plex signal models where more than one decay mode is kinematically allowed. Such

scenarios, referred to as asymmetric (or “mixed”) scenarios, arise from either bottom

or top squark pair production and this is shown in Figure 1.1(b). These searches were

performed in the one-lepton, two-b−jet and Emiss
T final state. The first of the analyses

presented uses the Run 1 dataset comprising a total luminosity of 20.1 fb−1 at a centre

of mass energy
√
s = 8 TeV. The author has led the update of this analysis using the

2015+2016 Run 2 dataset, building on the Run 1 analysis and targeting similar models

at a higher centre of mass energy,
√
s = 13 TeV.

The final analysis chapter presents a search performed using the Run 2 data in-

vestigating direct dark matter production in association with b−jets. The final state

investigated contains 0-leptons, 2-b−jets and Emiss
T . The full 2015 dataset (3.2 fb−1) and

a partial 2016 dataset (11.1 fb−1) is used resulting in a total luminosity of 13.3 fb−1.

The presented analyses using the full Run 1 and partial Run 2 datasets have been

published in Ref. [2], Ref. [1] and Ref [3]. The analyses using the full Run 2 dataset are

in the final stages of approval within the ATLAS collaboration.



Chapter 2

Theoretical Overview

In this chapter an overview of the building blocks of the Standard Model of particle

physics is discussed. This includes an overview of the Lagrangians for quantum electro-

dynamics and quantum chromodynamics and finally the Lagrangian for the electroweak

force. An overview of the Higgs mechanism and spontaneous symmetry breaking is pro-

vided, resulting in the full formalism of the Standard Model. Shortfalls in the Standard

Model and unanswered questions, such as the Higgs hierarchy problem and the nature

of dark matter, are discussed, before introducing supersymmetry as a possible solution

to these questions.

2.1 Fundamental Particles

The Standard Model (SM) is a theory of interactions between the fermionic particles and

three of the four fundamental forces: electromagnetism (EM); the strong force; and the

weak force. The SM also implies the existence of the Higgs boson which is required to

generate the masses of the weak vector bosons. An overview of the particles as described

by the SM is presented in Table 2.1.

The forces present in the SM arise due to symmetries relating the quantum numbers of

particles and the conservation of these quantum numbers dictated by Noether’s theorem.

For example, the discovery of baryons composed of three of the same type of fermion (for

example the ∆++ baryon consisting of three up-type quarks) requires the introduction

of a new quantum number (referred to as colour), in order for the state to satisfy the

Pauli exclusion principle. The introduction of the colour charge implied a symmetry,

leading to the description of strong force.

4
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Fermions

Generation Name Label Spin Charge [e] Mass

I

Up-quark u 1/2 +2/3 2.2 MeV

Down-quark d 1/2 -1/3 4.7 MeV

Electron e 1/2 -1 0.511 MeV

Electron-neutrino νe 1/2 0 < 2 eV

II

Charm-quark c 1/2 +2/3 1.27 GeV

Strange-quark s 1/2 -1/3 96 MeV

Muon µ 1/2 -1 105 MeV

Muon neutrino νµ 1/2 0 < 2 eV

III

Top-quark t 1/2 +2/3 174.2 GeV

Bottom-quark b 1/2 -1/3 4.18 GeV

Tau τ 1/2 -1 1.78 GeV

Tau-neutrino ντ 1/2 0 < 2 eV

Bosons

Force Name Label Spin Charge [e] Mass

Electromagnetic Photon γ 1 0 0

strong Gluon g 1 0 0

weak W-boson W± 1 ±1 80.4 GeV

weak Z-boson Z0 1 0 91.2 GeV

– Higgs Boson h 0 0 125.1 GeV

Table 2.1: An overview of the particles described by the SM. Particle masses taken
from [5].

Fermions are the constituents of matter, and have intrinsic spin, s, of 1/2. Everyday

matter such as protons, neutrons and atomic nuclei are composed of the lightest fermions,

referred to as the first generation fermions. The heavier fermions of the second and third

generations are produced predominantly in high energy particle collisions. Fermions can

be further categorised into particles that can interact via the strong force, known as

quarks, and particles that do not interact via the strong force, known as leptons.

The quarks themselves can be categorised into up-type quarks (u, c, t) which have

electromagnetic charge +2/3, and down-type quarks (d, s, b) which have charge −1/3.

Quarks also carry the colour charge and exist in a colour triplet, enabling interactions via

the strong force. The left-handed up- and down-type quarks can interact via the weak

force, as they form part of a weak isospin doublet. All quarks, except the top-quark,

undergo hadronisation after a period of time resulting in baryons or mesons. As the
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top-quark is much more massive than the other quarks, with a lifetime τt ≈ 0.5× 1024 s,

it decays via the weak force before it can hadronise.

Similarly to the up- and down-type quarks, the left-handed leptons also form isospin

doublets under the weak force. The charged leptons (e, µ, τ) have electromagnetic

charge −1, whereas the neutrinos (νe, νµ, ντ ,) are chargeless.

The vector bosons (γ, g, W±, Z0) are force mediators and have intrinsic spin of 1. In

the SM, the vector bosons are exchange particles, for example two particles interacting

via the electromagnetic force will exchange a photon. The concept of gauge invariance

suggests that all force mediators should be massless, as is the case for the photon and

gluon. This is not the case for the W and Z bosons which have mass, but are not

allowed to have Dirac mass terms in the Lagrangian. The Higgs mechanism is required

to generate the W and Z masses. The Higgs boson is the only known fundamental

scalar (s = 0) and unlike the other bosons in the SM, the Higgs boson is not associated

directly with one of the fundamental forces. Instead, the Higgs is an excitation of the

Higgs field. The Higgs field permeates through the universe and interacts (via the Higgs

boson) with particles to provide mass to the massive particles, allowing the W and Z

bosons to have mass terms and also obey gauge invariance.

As alluded to above, the main guiding principle in the construction of the SM is

the concept of gauge invariance. The interactions described by the SM arise due to

the requirement that the forces are locally gauge invariant. Local gauge invariance

implies that the interactions are invariant under local gauge transformations. The SM

is built by applying local gauge invariance to the three forces, and in doing so the

interactions between the fermions and the bosons arise naturally. The SM can be written

in shorthand as SU(3)C × SU(2)L × U(1)Y, with each component corresponding to the

symmetry group which generates the interactions (eg SU(3)C corresponding to colour,

SU(2)L corresponding to weak-isospin and U(1)Y corresponding to the hypercharge).

The derivations of quantum electrodynamics (QED), quantum chromodynamics (QCD)

and electroweak (EW) unification closely follow Ref. [6]. As an initial step in building

the SM Lagrangian it is intuitive to begin with the simplest interactions described by

the SM: QED.
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2.2 Quantum Electrodynamics

The Lagrangian for QED can be formed by starting with the Dirac Lagrangian and

applying local gauge invariance. It is easily recognised that under a global phase trans-

formation (α) of the wavefunction, ψ, of the form ψ(x) → ψ′(x) = eiαψ(x), Equation

2.1, which contains the Dirac mass term m, is invariant.

LDirac = iψ̄γµ∂µψ −mψ̄ψ. (2.1)

However under a local phase transformation of the form ψ(x)→ ψ′(x) = eiα(x)ψ(x) this

is not the case, as can be seen in Equation 2.2.

LDirac → L′Dirac = iψ̄′γµ∂µψ′ −mψ̄′ψ′

= iψ̄e−iα(x)γµ∂µ[eiα(x)ψ]−mψ̄e−iα(x)eiα(x)ψ

= iψ̄e−iα(x)γµ(eiα(x)∂µψ + ieiα(x)ψ∂µ[α(x)])−mψ̄ψ

= iψ̄γµ∂µψ −mψ̄ψ + ψ̄γµψ∂µ[α(x)].

(2.2)

In order to construct a locally gauge invariant Dirac Lagrangian, the derivative of the

wavefunction must transform in the same manner as the wavefunction itself, Dµψ(x)→
D′µψ

′(x) = eiα(x)Dµψ(x). To do this, the covariant derivative Dµ is defined as:

Dµ = ∂µ + ieAµ. (2.3)

The gauge field (Aµ) is introduced, which transforms as:

Aµ → A′µ = Aµ −
1

e
∂µα(x). (2.4)

The Dirac Lagrangian can then be rewritten with the covariant derivative, which in-

troduces the Aµ term into the Lagrangian, corresponding to the photon, or in a more

generic case, the mediator of the force. The associated kinetic energy term is given by:

Fµν = ie([∂µAν ]− [∂νAµ]). (2.5)

By introducing the covariant derivative into the Lagrangian, it can be shown that the

Lagrangian is now invariant under local gauge transformation:
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LDirac → L′Dirac = iψ̄′γµD′µψ
′ −mψ̄′ψ′

= iψ̄e−iα(x)γµ(∂µ + ieAµ − i∂µα(x))[eiα(x)ψ]−mψ̄e−iα(x)eiα(x)ψ

= iψ̄e−iα(x)γµ(eiα(x)∂µψ + ieAµe
iα(x)ψ

− ieiα(x)ψ∂µ[α(x)] + ieiα(x)ψ∂µ[α(x)])−mψ̄ψ

= iψ̄γµDµψ −mψ̄ψ.
(2.6)

A complete Lagrangian for QED can now be obtained by adding in the kinetic energy

term −1
4FµνF

µν :

LEM = −1

4
FµνF

µν + iψ̄ /Dψ −mψ̄ψ. (2.7)

It is seen that by forcing the Lagrangian to be locally gauge invariant and hence in-

troducing the covariant derivative, interactions between the force (Aµ) and the matter

fields (ψ) arise naturally.

It is at this stage that it is useful to investigate a scenario where a Dirac mass term is

introduced into the Lagrangian for the mediator. For brevity, only the transformation of

the Dirac mass term is considered, as the invariance of the terms in the above Lagrangian

has already been demonstrated:

L = m2AµA
µ

L → L′ = m2A′µA
′µ

= m2(Aµ −
1

e
∂µα(x))(Aµ − 1

e
∂µα(x))

6= m2AµA
µ.

(2.8)

It is seen that the introduction of a direct Dirac mass term into the Lagrangian is not

locally gauge invariant. Another important aspect characterising the QED Lagrangian,

is the commutation relation between the covariant derivatives taken at two different

gauges:

[Dµ, Dν ] = (∂µ + ieAµ)(∂ν + ieAν)− (∂ν + ieAν)(∂µ + ieAµ)

= [∂µ, ∂ν ] + ie([∂µ, Aν ]− [∂ν , Aµ])

= ieFµν .

(2.9)
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Due to the abelian nature of QED, it can be seen that the commutator reduces to the

classical EM result.

2.3 Quantum Chromodynamics

The Lagrangian for quantum chromodynamics (QCD) can be built in a similar man-

ner to the QED Lagrangian, using the concept of gauge invariance. However further

experimentally verified considerations must also be taken into account:

• quarks are the constituents of hadrons;

• quarks are fermions which can interact via the colour charge;

• the colour charge obeys an SU(3) symmetry;

• the colour interaction is mediated by the gluon, which does not interact via any

other force.

Requiring the colour charge to obey an SU(3) symmetry suggests that a QCD La-

grangian can be constructed based upon non-Abelian SU(3) Yang-Mills theory [7]. This

requires that the fermion wavefunctions (Dirac spinors) are written as 3-vectors consist-

ing of the three colours ψf :

ψf =


ψr

ψg

ψb

 , ψ̄f = (ψ̄r, ψ̄g, ψ̄b). (2.10)

Following from the above, a QCD Lagrangian can be constructed of the form:

LQCD = −1

4
F aµνF

µν
a +

∑
f

ψ̄fi (i /Dij −mfδij)ψ
f
j . (2.11)

The QCD Lagrangian is summed over the quark flavours (f) and the colour charges (a).

The covariant derivative and field strength tensor for QCD are also slightly different

with respect to QED:

Dµ
ij ≡ ∂µδij + igst

a
ijA

µ
a . (2.12)

F aµν ≡ ∂µAaν − ∂νAaµ − gsfabcAbµAcν . (2.13)
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The gauge coupling (gs) term present in both Equations 2.12 and 2.13 is similar to the

charge in QED and regulates the strength of the interaction. The covariant derivative

contains the three colour matrices (taij) which are the generators of the SU(3) group.

The definition of the field tensor contains terms proportional to the coupling, which

correspond to a self-interaction between the mediators of the field. Further to this, these

terms contain the structure constants of the SU(3) algebra (fabc), which are defined via

the commutation relations:

[ta, tb] = ifabctc. (2.14)

A very important property of QCD is that the gauge coupling, is dependent upon the

momentum transfer of a process (Q2):

g2
s(Q

2) =
4π

β0ln( Q2

Λ2
QCD

)
, (2.15)

known as a running coupling (αs = g2
s/4π), this relationship is shown in Equation 2.15.

This leads to two important physical observations, asymptotic freedom and confinement.

In the asymptotic limit at high energies (Q2 → ∞), it can be seen from Equation

2.15 and Figure 2.1 that the strong coupling tends to 0. It is in this regime that QCD

calculations are performed as quarks and gluons can be treated as quasi-free particles.

The range where the assumption that quarks and gluons are free is known as perturbative

QCD (pQCD). For physics at the LHC, αS is evaluated at the characteristic scale of

the interaction being considered, for example, for Z0 boson production αS is evaluated

at the Z-mass with a value of 0.118. Contrastingly, at low energies (Q2 → Λ2
QCD)

the strong coupling tends to infinity. ΛQCD is known as the hadronisation scale and is

usually taken to be around the pion mass (≈200 MeV). A consequence of this behaviour

is that only colourless states are observed in nature, as at low energies coloured states

hadronise. The physical representation of this is that bare quarks and gluons are not

observed directly in particle detectors. Instead they are observed as a flow of hadrons,

known as a jet.
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QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
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Figure 2.1: Theoretical expectation and experimental measurements of the strong
coupling constant (αs) as a function of the momentum transfer of a process (Q2).

Taken from [5].

The modelling of proton-proton collisions requires additional information due to the

energy dependence of the strong coupling and the substructure of the proton. Aspects

involved in the modelling of proton-proton collisions are discussed in Section 4.

2.4 Electroweak Unification

The weak force can be constructed in a similar manner to QCD, via a non-Abelian Yang-

Mills SU(2) theory, modelling the interactions between the left-handed fermions. The

electromagnetic and weak interactions are themselves manifestations of the Electroweak

(EW) force. When unifying the electromagnetic and weak forces into a single interaction

described by a Yang-Mills theory [8, 9, 10], the symmetry group is SU(2)L × U(1)Y,

corresponding to the SU(2)L group of the weak force and the U(1)Y group which is similar

to electromagnetism, however now the force acts upon the hypercharge (Y = 2(Q−T3),

where T3 is the third component of weak isospin), with the coupling gY . As such, the

mediator of this force is no longer the photon, and instead the mediator is represented

by Bµ. The EW Lagrangian can be written in the form:

LEW = −1

4
W i
µνW

µν
i −

1

4
BµνB

µν + ψ̄(i /D −m)ψ. (2.16)
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It differs from the EM Lagrangian as there are now multiple field terms: W i
µν which

corresponds to SU(2)L, the group of the weak isospin interaction interacting with only

the left-handed fermions; and Bµν , the field corresponding to the U(1) hypercharge. The

corresponding covariant derivative and kinetic terms are:

Dµ ≡ ∂µ +
igW

2
~τ . ~Wµ + igY

Y

2
Bµ, (2.17)

W i
µν = ∂µW i

ν − ∂νW i
µ − gWε

ijkW j
µW

k
ν . (2.18)

The Bµν term is of the same form as Fµν in Equation 2.9. The field tensor term for

the weak force follows a similar structure to that of QCD, requiring the summation over

the three SU(2) gauge fields and also includes a self-interaction term proportional to the

coupling (gW). The self-interaction term again arises due to the non-Abelian nature of

the SU(2) group, and this term also contains the structure constants of the group (εijk).

The covariant derivative is also similar to QCD, containing the three generators of the

group (~τ).

An important aspect to note is that the weak components of the Lagrangian act only

on the left-handed isospin doublets (Equation 2.19) of the Standard Model, whereas

the hypercharge components act on both the left- and right-handed components. The

right-handed components are singlets under the SU(2)L symmetry:

ψLeft =

e−L
νeL

 ,

µ−L
νµL

 ,

τ−L
ντL

 ,

dL
uL

 ,

sL
cL

 ,

bL
tL

 (2.19)

ψRight = eR, µR, τR, dR, uR, sR, cR, bR, tR. (2.20)

The direct inclusion of a Dirac mass term for the Bµ and W 0, 1, 2
µ fields is irreconcilable

with local gauge invariance. However, the physically observed photon and weak vector

bosons are the mass eigenstates of the Wµ and Bµ fields. It is this incompatibility which

requires the introduction of another method to produce massive gauge bosons, known

as the Higgs mechanism.

Before introducing the Higgs mechanism, it is possible to foreshadow the relationships

between the mediator states used in the Lagrangian, and the physical states, shown in

Equation 2.21. The photon and Z-boson are related to the W 3
µ and Bµ states by the

weak mixing angle (θW ):
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W± = 1/
√

2(W 1
µ ± iW 2

µ),

γ = W 3
µ sin θW +Bµ cos θW ,

Z0 = W 3
µ cos θW +Bµ sin θW .

(2.21)

The W -bosons are charged (Q = ±1) and the Z0 and γ are neutral.

2.5 The Higgs Mechanism

Local gauge invariance was integral in the construction of the Lagrangians that have

been considered in earlier sections. It can be shown that by adding a Dirac mass term

to either the QCD or EW Lagrangians the princple of local gauge invariance is broken.

For QED and QCD this is not a problem, as the respective vector bosons for these

forces are massless. However, for the massive electroweak bosons this poses a problem.

As the concept of local gauge invariance is well founded, with the experimentally verified

predictions of QED and QCD, it is desirable to propose an alternative mechanism to

generate the W± and Z0 masses conserving the principle of local gauge invariance. The

Higgs mechanism [11, 12, 13] was originally formulated in 1964 and is explained in the

following.

2.5.1 Spontaneous Symmetry Breaking

Consider a Klein-Gordon Lagrangian for a scalar field with a modified mass term, µ,

and a field self-interaction term λ:

LH =
1

2
∂µφ∂

µφ+
1

2
µ2φ2 − 1

4
λ2φ4. (2.22)

When compared to the unmodified Klein-Gordon Lagrangian, it is seen that this mod-

ified Lagrangian has an unphysical (complex) mass term. Comparing Equation 2.22 to

a generic Lagrangian of the form L = T − U , T corresponds to the kinetic energy term

(1
2∂µ∂

µ), and the potential term (U) can be written as:

U(φ) = −1

2
µ2φ2 +

1

4
λ2φ4, (2.23)

which can be graphically represented as shown in Figure 2.2.
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Figure 2.2: Graphical representation of the Higgs potential.
Taken from [14].

The ground state of this potential is then found by expanding around the minima.

Considering a one-dimensional case there are three possible values where ∂U
∂φ = 0: φ =

0; and φ = ±µ
λ . By inspection of this potential it can be seen that φ = 0 corresponds to

a maxima, whilst φ = ±µ
λ correspond to two minima. It is now possible to rewrite the

Lagrangian for this field in terms of a new variable η:

η = φ± µ

λ
(2.24)

The rewritten Lagrangian takes the form:

LH =
1

2
∂µη∂

µη +
1

2
µ2η2 ± µλη3 − λ2η4

4
− µ4

4λ2
. (2.25)

The Lagrangian now contains a mass term (1
2µ

2η2) with the correct sign, corresponding

to a field with a boson of mass m =
√

2µ. The higher order terms in η are the field

self-coupling terms corresponding to triple and quartic couplings.

Upon comparing Equation 2.25 to Equation 2.22, the rewritten Lagrangian is no

longer invariant under the transformation η → −η. The symmetry of the Lagrangian

has been broken by the act of chosing to work with one of the ground (or vacuum) states.

This is known as spontaneous symmetry breaking.

2.5.2 Spontaneous Symmetry Breaking of the SU(2) group

Extending the scalar singlet in the previous example to a complex scalar SU(2) doublet,

will lead to the spontaneous symmetry breaking of the SU(2) group, and eventually a

method for the generation of the W and Z boson masses. The required form of the

complex scalar doublet is:
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φ =

φa
φb

 =

φ1 + iφ2

φ3 + iφ4

 , (2.26)

leading to a Lagrangian for this field of the form:

LH =
1

2
(∂µφ)†(∂µφ) +

1

2
µ2(φ†φ)− 1

4
λ2(φ†φ)2. (2.27)

Requiring the above Lagrangian to be invariant under local SU(2) transformations im-

plies the introduction of the covariant derivative and field terms defined in Equations

2.17 and 2.18 respectively. The Lagrangian now becomes:

LH =
1

2
[(∂µ +

igW

2
~τ . ~Wµ + igY

Y

2
Bµ)φ]†[(∂µ +

igW

2
~τ . ~Wµ + igY

Y

2
Bµ)φ]

+
1

2
µ2(φ†φ)− 1

4
λ2(φ†φ)2 − 1

4
WµνW

µν − 1

4
BµνB

µν .

(2.28)

Using the same approach introduced in the previous section, it is found that the potential

is minimised when φ†φ = −µ2/λ2. A gauge is chosen, such that φ1 = φ2 = φ4 = 0, with

φ3 = −µ2/λ2 ≡ v2, where v is known as the vacuum expectation value (VEV). For this

particular gauge, when expanded around the minima, Equation 2.26 becomes:

φ0 =

0

v

 =

 0

v + h(x)

 . (2.29)

By substituting the above minimised field term into Equation 2.28 and expanding the

terms in a similar manner to Equation 2.25, it is found that the equation contains a

mass term for the φ−field, corresponding to a scalar boson with mh =
√

2λv2.

2.5.3 The origin of the W & Z Boson masses

With the Lagrangian described in Equation 2.28, it is now possible to “give” mass to

the W and Z bosons, by taking the covariant derivative terms:

1

2
[(∂µ +

igW

2
~τ . ~Wµ + igY

Y

2
Bµ)φ]†[(∂µ +

igW

2
~τ . ~Wµ + igY

Y

2
Bµ)φ]. (2.30)

Expanding the above equation by performing the summation over the SU(2) generators,

introducing the ground-state Higgs field, and defining h.c, as the Hermitian conjugate

leads to:
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1

8

gWW
3
µ + gYBµ gW(W 1

µ − iW 2
µ)

gW(W 1
µ + iW 2

µ) −gWW
3
µ + gYBµ

0

v

+ h.c. (2.31)

The physical W± are then defined as a linear superposition of the W1 and W2 fields of

the forms: W±µ = 1√
2
(W 1

µ ± iW 2
µ). Expanding the above expression and including the

Hermitian conjugate terms, yields:

1

4
v2g2

W(W+
µ W

µ−) +
v2

8
(gYBµ − gWW

3
µ)(gYB

µ + gWW
µ 3). (2.32)

The first term in this expression is identified as the mass term for the W± fields, corre-

sponding to mW = 1
2gWv. The final term in the expression concerns the Z0 boson and

photon and can be rewritten in matrix form as:

v2

8

(
W 3
µ Bµ

) g2
W −gYgW

−gYgW g2
Y

Wµ 3

Bµ

 . (2.33)

This 2× 2 matrix can then be diagonalised to give the massless photon state (Aµ) and

the physical Z−boson state (Z0), with mass given by:

mZ =
v

2

√
g2

Y + g2
W. (2.34)

Due to the dependence of mW on the weak-coupling, it is possible to write a relationship

between the W and Z boson masses. Equation 2.21, previously introduced the weak

mixing angle, also known as the Glashow-Weinberg angle, θW, which can be defined as

either sin(θW ) ≡ gY/
√
g2

W + g2
Y or mW = mZ cos(θW).

This relationship acts as a powerful theoretical prediction of the SU(2)L× U(1)Y

theory, as contained within is the unification of the electromagnetic and weak forces and

the spontaneous symmetry breaking provided by the Higgs mechanism.

2.5.4 The origin of the Fermion Masses

An additional attribute of the Higgs field is that it also gives rise to the fermion masses

in a simple manner, by introducing Yukawa mass terms into the Lagrangian. The terms

can be written of the kind:

gf ψ̄LφψR, (2.35)
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Where gf is the Yukawa coupling between the fermion and the Higgs field, and the

ψ terms correspond to the wavefunction of the fermion. After spontaneous symmetry

breaking, in the ground state of the Higgs potential, this becomes:

gf
v√
2
ψ̄LφψR, (2.36)

resulting in a mass term for the fermion:

mf =
gfv√

2
. (2.37)

The Yukawa couplings, and hence the fermion masses, are not predicted in the SM and

must be experimentally measured.

2.6 The Standard Model

A compact formalism of the SM Lagrangian is shown in Equation 2.38. Contained within

the equation are the kinetic terms of the three fundamental forces (SU(3)C× SU(2)L×
U(1)Y ), the interactions between the fermions and the forces (contained within the

coveriant derivative term), the Yukawa terms related to the fermion masses, and the

Higgs kinetic and field terms.

LSM = −1

4
FµνF

µν

+ iψ̄ /Dψ + h.c

+ ψiyijψjφ+ |Dµφ|2 − V (φ).

(2.38)

The predictions from the above Lagrangian are experimentally verified to an incredible

degree by many experiments and across a wide range of energy scales. Figure 2.3 shows

the cross section predictions for a variety of SM processes as measured by the ATLAS

experiment. The cross sections are related to the probability of a given process occuring,

and are further discussed in Chapter 4.1.1. The grey boxes are the theoretically predicted

cross sections at the relevant energy scale for the processes under consideration and the

coloured boxes are the experimentally measured values for the cross section. As seen

in the plot there is remarkable consistency between the theoretical predictions and the

experimentally measured values.



Chapter 2. Theoretical Overview 18

pp

total (x2)

inelastic

Jets
R=0.4

nj ≥ 1
0.1< pT < 2 TeV

nj ≥ 2
0.3<mjj < 5 TeV

γ

fid.

pT > 25 GeV

pT > 100 GeV

W

fid.

nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

Z

fid.

nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

nj ≥ 0

nj ≥ 1

nj ≥ 2

nj ≥ 3

nj ≥ 4

nj ≥ 5

nj ≥ 6

nj ≥ 7

t̄t
fid.

total

nj ≥ 4
nj ≥ 5

nj ≥ 6

nj ≥ 7

nj ≥ 8

t

tot.

s-chan

t-chan

Wt

VV
tot.

ZZ

WZ

WW

ZZ

WZ

WW

ZZ

WZ

WW

γγ

fid.

H

fid.

H→γγ

VBF
H→WW

ggF
H→WW

H→ZZ→4ℓ

H→ττ

total

Vγ

fid.

Zγ

Zγ

Wγ

t̄tW
tot.

t̄tZ
tot.

t̄tγ

fid.

Zjj
EWK

fid.

WW
Excl.

tot.

Zγγ

fid.

Wγγ

fid.

VVjj
EWK
fid.

W ±W ±

WZ

σ
[p

b]

10−3

10−2

10−1

1

101

102

103

104

105

106

1011 Theory

LHC pp
√
s = 7 TeV

Data 4.5 − 4.9 fb−1

LHC pp
√
s = 8 TeV

Data 20.3 fb−1

LHC pp
√
s = 13 TeV

Data 0.08 − 14.8 fb−1

Standard Model Production Cross Section Measurements Status: August 2016

ATLAS Preliminary

Run 1,2
√

s = 7, 8, 13 TeV

Figure 2.3: An overview of the cross section predictions taken from the SM (in grey)
compared to the experimentally measured values at

√
s = 7, 8, 13 TeV (blue, orange

and purple respectively).
Taken from [15]

With the discovery of the Higgs Boson in 2012 [16, 17, 18, 19], with mass mh ≈
125 GeV the final piece of the SM was confirmed, validating the theory of electroweak

symmetry breaking and the concept of gauge invariance.

2.6.1 Open questions

Even with the discovery of the Higgs boson many questions remain unanswered. In

fact, the very discovery of the Higgs boson causes a new problem to arise, known as the

hierarchy problem [20, 21, 22, 23].

An intuitive way to consider the hierarchy problem is to postulate that there is no

new physics between the current electroweak scale (taken to be the Higgs mass) and

the Planck scale (where gravity is equally as strong as the other forces) mPlanck ≈
1019 GeV. Assuming that there exists a fundamental theory which unifies the SM and

gravity, then the ratio of the EW symmetry breaking scale and Planck scale is very small

(mh/mPlanck ≈ 10−17) which seems unnatural.

A more mathematically rigorous way of evaluating this is to consider quantum loop

corrections to the Higgs mass known as the technical hierarchy problem. Particles that
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gain mass by the Higgs mechanism are involved in quantum loop corrections to the

physical Higgs mass. Equation 2.39 considers the first order correction to the Higgs

mass from a fermion (f).

∆m2
h = −

g2
f

8π2
(Λ2

UV+)− 6m2
f ln(ΛUV/mf ) + ... (2.39)

To regulate the loop integral an energy scale cut-off is introduced (ΛUV) which is the

energy scale at which new physics would be present. If, in this scenario the scale at

which new physics is introduced is the Planck scale (Λ = mPlanck) and the correction to

the Higgs mass is calculated for the top-quark, then the magnitude of the correction is

of the order 30 times larger than the known value of ∆mh ≈ 90 GeV. This discrepancy

between the measured value and the theoretically predicted value is one hint that new

physics must exist somewhere between the electroweak and Planck scales.

Astronomical observations also provide hints of new physics beyond the Standard Model

(BSM). Measurement of galactic rotation curves represent the orbital velocities of stars

in galaxies and the distance of the star from the galactic centre. When comparing the

rotation curve expected due to the luminous matter present in the galaxy, with the

observed rotational curve, there is a discrepancy which implies additional, non-luminous

matter present in these galaxies [24]. This extra matter, known as Dark Matter (DM)

due to the fact it does not interact with light, remains unexplained in the SM.

The theoretical predictions of the SM are generally in very good agreement with a

wide range of experimentally measured values however, some discrepancies are known.

Another hint of BSM physics is related to the anomalous magnetic moment of the muon.

The Dirac equation predicts a magnetic moment of the muon gµ = 2 at tree level. When

taking into account higher order corrections from SM particles, the magnetic moment

of the muon is expected to increase slightly. The contribution to the magnetic moment

from the higher order corrections is known as the anomalous magnetic moment, and is

defined as:

aµ =
gµ − 2

2
. (2.40)

Using Equation 2.41, the magnetic moment of the muon can be determined experi-

mentally to a very high precision by measuring the precession frequency of muons in a

magnetic field, such as when in a storage ring.
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~M = gµ
e

2mµ

~S. (2.41)

Previous experiments have measured a discrepancy between the theoretical value of aµ

and the experimental value, measured to be ≈ 3.4−3.6σ [25]. A further measurement of

the anomalous magnetic moment of the muon is planned in 2018 with the g-2 experiment

in Fermilab [26]. If the discrepancy between the experimental value and the theoretical

value persists, it could suggest extra non-SM particles involved in the loop corrections.

A final unresolved question arises when considering the possibility of developing a grand-

unified theory (GUT). When creating a GUT it is supposed that the three forces cur-

rently explained by the SM are representations of a single force. If this is the case, then

the running couplings related to the forces in the SM should all converge at a certain

energy. If the couplings as currently described by the SM are extrapolated to higher

energies then it is seen that the three forces do not converge at the same point. To

correct this, BSM physics can contribute to the running of the couplings, allowing the

forces to converge at the same point.

2.7 Supersymmetry

There are many possible ways to propose BSM physics. For example, a simple method

to provide a candidate for DM and its interactions would be to insert new terms into

the SM Lagrangian that directly satisfy the postulated DM interactions. An example of

this is discussed in Section 2.8.

Another method to generate BSM physics is to continue with the previous theme of

symmetries, as the concept of symmetry was an integral component in the creation of the

SM. The concept of supersymmetry (SUSY) [27, 28, 29, 30, 31, 32, 33, 34] introduces an

internal symmetry between bosons and fermions, such that a fermionic state can change

to a bosonic state, and vice versa. The following derivations closely follow Ref. [35].

Introducing a symmetry of this form is not arbitrary, as the Coleman-Mandula the-

orem [36] states thats that there is no non-trivial way to extend the Poincaré algebra

(generators of Lorentz boosts and rotations) when considering three space-like and one

time-like dimension, and maintain non-zero scattering amplitudes. The theorem postu-

lates that the only non-trivial mix of Poincaré and internal symmetries is the product

of the two (Poincaré× Internal). Thankfully there is a loophole in the theorem, due to
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the axiom that the internal symmetries considered were bosonic in their nature. When

considering a fermionic operator (the type of operator that would be required to change

a boson into a fermion), the Coleman-Mandula theorem no longer prevents the inclusion

of this symmetry. As such, it is possible to introduce an operator (Q) to transform

between fermionic and bosonic states:

Q|ψBoson〉 ∝ |ψFermion〉 Q|ψFermion〉 ∝ |ψBoson〉 (2.42)

This new symmetry introduces a group orthogonal to the SM, leading to a representation

of the form SU(3)C× SU(2)L× U(1)Y × SUSY. The orthogonality of this group implies

that the SM quantum numbers of a particle will not change when that particle undergoes

a SUSY transformation. This increases the number of degrees of freedom in the theory

and doubles the number of particles. The consequences of this are two-fold, the first

being that for each particle in the SM there exists a supersymmetric version of the

particle, known as a superpartner. The superpartners have identical mass and quantum

numbers, but differ by half a unit of spin. The second consequence is that the SM

particles and their superpartners can be placed in supermultiplets. There are two types

of supermultiplet, chiral multiplets, and gauge multiplets.

The SM fermions are one component of a chiral multiplet, with the other component

being their scalar superpartner. The naming convention of the supersymmetric particles

present in the chiral multiplets is to introduce the pre-fix “s” for scalar, and example of

this is the stop which is the superpartner of the top quark. The SM vector bosons are

one component of the gauge multiplets, with the other component being the relevent

spin-1
2 superpartner. The convention for the super partners in this case is that “ino”

is appended to the end of the boson name, for example the superpartner of the gluon,

becomes the gluino.

The final particle that remains to be placed in a supermultiplet is the Higgs boson.

In the SM there exists one Higgs doublet. The doublet couples with the up-type quarks

and its charge conjugate couples with the down-type quarks. When introducing the

superpotential, this is no longer allowed due to charge conservation requirements.

Instead an extended Higgs sector is required as a prelude to SUSY, which requires two

doublets. One doublet (Hu) gives masses to the up-type quarks, and the other doublet

(Hd) gives masses to the down-type quarks. These two doublets introduce four gauge

eigenstates: H0
u, H0

d , H+
u and H−u which mix to form the mass eigenstates: h0, H0, A0
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and H±. In this scenario the lighest CP even mass eigenstate (h0) is the SM Higgs boson

and the other mass eigenstates are decoupled at high masses. It is the gauge eigenstates

introduced by the extended Higgs sector that are placed into multiplets with their SUSY

counterpart. Continuing the previously defined nomenclature, the superpartners of the

Higgs bosons are referred to as Higgsinos.

Names Symbol spin 0 spin 1
2

SU(3)C× SU(2)L× U(1)Y

squarks, quarks Q (ũL, d̃L) (uL, dL) (3, 2, 1
6
)

(3 families) u ũr
∗ u†L (3, 1, − 2

3
)

d d̃r
∗

d†R (3, 1, 1
3
)

sleptons, leptons L (ν̃, ẽL) (ν, eL) (1, 2, − 1
2
)

(3 families) e ẽr
∗ e†L (1, 1, 1)

Higgsinos, Higgs Hu (H+
u , H0

u) (H̃+
u , H̃0

u) (1, 2, + 1
2
)

Hd (H0
d , H−d ) (H̃0

d , H̃−d ) (1, 2, − 1
2
)

Table 2.2: An overview of the chiral supermultiplet groupings required by Supersym-
metry. The table presents the eigenstates under the SUSY transformation, which do

not correspond to the mass eigenstates, which are described in Table 2.4.

Names spin 1
2

spin 1 SU(3)C× SU(2)L× U(1)Y

gluino, gluon g̃ g (8,1,0)

winos, W -bosons W̃± W̃ 0 W±W 0 (1,3,0)

bino, B-boson B̃0 B0 (1,1,0)

Table 2.3: An overview of the gauge supermultiplet groupings required by Super-
symmetry. As in the previous table, this table shows the eigenstates under the SUSY
transformation, which do not correspond to the mass eigenstates, which are described

in Table 2.4

Tables 2.2 and 2.3 give an overview of the supermultiplet groupings of particles and

sparticles required in the minimal supersymmetric standard model (MSSM).

2.7.1 Mass Eigenstate Mixing

An aspect of SUSY as it would present itself in nature is the difference between the

gauge eigenstates of the theory and the mass eigenstates. The superpartners that are

represented in the chiral and gauge multiplets of Tables 2.2 and 2.3 are not necessarily

the physical mass eigenstates.
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Table 2.4 contains the gauge and mass eigenstates of SUSY and the extended Higgs

sector. There is mixing between the neutral electroweak gaugino and higgsino eigen-

states to produce four neutral particles, referred to as “neutralinos”(χ̃0
1,2,3,4). Mixing

also occurs between the charged electroweak and Higgsino eigenstates to produce two

“chargino” states (χ̃±1,2). Mixing is also present in the squark sector, the amount of

which is related to the masses of the relevant SM particles, and as such is only signif-

icant for the top and bottom squarks and the tau sleptons. The gauge eigenstates of

the stop are denoted by t̃L and t̃R. The left and right terms here do not refer to the

“handedness” of the particle, but instead refer to the handedness of its SM partner. The

gauge eigenstates of the stop mix to form two mass eigenstates (t̃1, t̃2), with the t̃1 the

lighter state. As the superpartner of the left-handed bottom quark (b̃L) is placed in a

doublet with the t̃L, similar mixing occurs between the sbottom gauge eigenstates, to

produce two mass eigenstates (b̃1, b̃2); and the stau gauge eigenstates, producing again

two mass eigenstates (τ̃1, τ̃2).

Names Spin RP Gauge Eigenstates Mass Eigenstates

Higgs Bosons 0 +1 H0
u, H

0
d , H

+
u , H

−
d h0, H0, A0, H±

squarks 0 -1

ũL, ũR, d̃L, d̃R same

s̃L, s̃R, c̃L, c̃R same

t̃L, t̃R, b̃L, b̃R t̃1, t̃2, b̃1, b̃2

sleptons 0 -1

ẽL, ẽR, ν̃e same

µ̃L, µ̃R, ν̃µ same

τ̃L, τ̃R, ν̃τ τ̃1, τ̃2, ν̃τ

neutralinos 1
2

-1 B̃0, W̃ 0, H̃0
u, H̃

0
d χ̃0

1, χ̃
0
2, χ̃

0
3, χ̃

0
4

charginos 1
2

-1 W̃±, H̃+
u , H̃

−
d χ̃±1 , χ̃

±
2

gluino 1
2

-1 g̃ same

Table 2.4: An overview of the gauge and mass eigenstates of the SUSY particles and
the extended Higgs sector.

2.7.2 Unification

A beneficial aspect of SUSY is that it leads naturally to the unification of the strong

and electroweak forces. The evolution of the couplings in the SM are shown in Figure

2.4. It can be seen that the evolution of the couplings as a function of energy does

not converge (dashed line), which contradicts the prediction that there is a GUT scale

where the forces unify. The addition of sparticles results in extra contributions to the
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renormalisation of the couplings. These extra contributions change the evolution of the

couplings such that at very high energies the couplings converge (solid line), suggesting

the unification of the forces.

Figure 6.8: Two-loop renormaliza-
tion group evolution of the inverse
gauge couplings α−1

a (Q) in the Stan-
dard Model (dashed lines) and the
MSSM (solid lines). In the MSSM
case, the sparticle masses are treated
as a common threshold varied be-
tween 500 GeV and 1.5 TeV, and
α3(mZ) is varied between 0.117 and
0.121.
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This unification is of course not perfect; α3 tends to be slightly smaller than the common value of
α1(MU ) = α2(MU ) at the point where they meet, which is often taken to be the definition of MU .
However, this small difference can easily be ascribed to threshold corrections due to whatever new
particles exist near MU . Note that MU decreases slightly as the superpartner masses are raised. While
the apparent approximate unification of gauge couplings at MU might be just an accident, it may also
be taken as a strong hint in favor of a grand unified theory (GUT) or superstring models, both of which
can naturally accommodate gauge coupling unification below MP. Furthermore, if this hint is taken
seriously, then we can reasonably expect to be able to apply a similar RG analysis to the other MSSM
couplings and soft masses as well. The next section discusses the form of the necessary RG equations.

6.5 Renormalization Group equations for the MSSM

In order to translate a set of predictions at an input scale into physically meaningful quantities that
describe physics near the electroweak scale, it is necessary to evolve the gauge couplings, superpotential
parameters, and soft terms using their renormalization group (RG) equations. This ensures that the
loop expansions for calculations of observables will not suffer from very large logarithms.

As a technical aside, some care is required in choosing regularization and renormalization procedures
in supersymmetry. The most popular regularization method for computations of radiative corrections
within the Standard Model is dimensional regularization (DREG), in which the number of spacetime
dimensions is continued to d = 4 − 2ϵ. Unfortunately, DREG introduces a spurious violation of su-
persymmetry, because it has a mismatch between the numbers of gauge boson degrees of freedom and
the gaugino degrees of freedom off-shell. This mismatch is only 2ϵ, but can be multiplied by factors
up to 1/ϵn in an n-loop calculation. In DREG, supersymmetric relations between dimensionless cou-
pling constants (“supersymmetric Ward identities”) are therefore not explicitly respected by radiative
corrections involving the finite parts of one-loop graphs and by the divergent parts of two-loop graphs.
Instead, one may use the slightly different scheme known as regularization by dimensional reduction,
or DRED, which does respect supersymmetry [109]. In the DRED method, all momentum integrals
are still performed in d = 4 − 2ϵ dimensions, but the vector index µ on the gauge boson fields Aa

µ

now runs over all 4 dimensions to maintain the match with the gaugino degrees of freedom. Running
couplings are then renormalized using DRED with modified minimal subtraction (DR) rather than

61

Figure 2.4: Evolution of the couplings in the SM (dashed) and SUSY (solid, with
various sparticle mass assumptions).

Taken from [35].

2.7.3 SUSY Breaking

The masses of the superpartners are known not to be the same as the SM particles at

the energy scales currently investigated. For example, no particles have been observed

consistent with a spin 0 electron at the mass 511 keV. This implies that SUSY must be

a broken symmetry at the electroweak scale.

The concept of symmetry breaking has been previously discussed with regards to the

Higgs Lagrangian. A similar method can also be applied to the SUSY Lagrangian to

break the symmetry. Assuming that the super potential is symmetric about the origin,

but is no longer symmetric (a non-zero vacuum expectation value) when in the ground

state, results in different masses for the individual components of the supermultiplets.

In order to maintain the beneficial aspects of the theory, whilst breaking the symmetry,

the SUSY Lagrangian must be written in the form:
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L = LSUSY + Lsoft (2.43)

The LSUSY term contains all of the gauge and Yukawa couplings, while the Lsoft term

contains only positive mass/gauge parameters, as a consequence of requiring the energy

of the ground state to be positive.

2.7.4 Solution to the Hierarchy Problem

The introduction of a boson (fermion) of equal quantum numbers and mass to each

SM fermion (boson) can now be used in order to solve the hierarchy problem discussed

in Section 2.6.1. When assessing the quantum corrections to the Higgs mass from the

introduction of SUSY, the contributions from the superpartners must be taken into

account. Equation 2.39 displays the correction to the Higgs mass due to the coupling

between a fermion (gf ) and the Higgs. However the contribution from the superpartner

(a scalar in this case) also enters via loop corrections. The correction due to the coupling

of a scalar particle to the Higgs is seen in Equation 2.44.

∆m2
h =

gs
8π2

(Λ2
UV − 2m2

sln(ΛUV/ms) + ...) (2.44)

There is a sign difference between the fermion correction and the bosonic correction,

implying that the introduction of the superpartner can cancel the contribution of the

SM particles. More explicitly, Equation 2.45 demonstrates that with the assumption

that the mass of the fermions and bosons are the same (the couplings are related as

g2
f = −gs) then the contributions will cancel perfectly, leaving only the bare Higgs mass.

∆m2
h =

λ2
f

4π2
[(m2

f −m2
s) ln(ΛUV/ms) + 3m2

f ln(ms/mf )] (2.45)

The requirement that SUSY must be a broken symmetry in the form of Equation 2.43,

allows for the cancellation described above to still occur, assuming the mass scale of the

breaking provides contributions to the Higgs mass, as in Equation 2.46. The mass of

the “soft” breaking term cannot be too large, in order to solve the hierarchy problem

without resorting to fine tuning of the SUSY parameters.

∆m2
h = m2

soft[
λ2
f

16π2
ln(ΛUV/msoft) + ...] (2.46)
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2.7.5 Naturalness

Breaking the SUSY potential results in the sparticles possessing different masses com-

pared to their SM counterparts, however there are no fixed requirements on what the

sparticle masses should be. The concept of naturalness [37] can be used as a guideline

to create a general SUSY mass hierachy. A possible way to envisage naturalness is via

the tree-level relation:

− m2
Z

2
= |µ|2 +m2

Hu , (2.47)

where the m2
Hu

term is the Higgsino mass term and µ is the higgino mass parameter.

Any sparticles which would contribute to the right hand side have values that are related

and can be set to preseve the observed scale of electroweak symmetry breaking.

This implies that the higgsinos must be light (as they are guided by the µ parameter).

In addition the sparticles that contribute to loop corrections to the Higgsino mass,

such as the stop (via one loop corrections ∆m2
1), and also the gluinos (via two loop

corrections ∆m2
2), must be light. The contributions to the correction to the higgs mass

are illustrated below in Equation 2.48, showing that to first and second order the stop

and gluinos contribute to the higgs mass. In addition to a light stop, the sbottom mass is

also expected to be small as the top and bottom quarks reside in a weak isospin doublet

in the SM.

∆m2
1 ∝ log(mt̃)

∆m2
2 ∝ log(1/mg̃)

(2.48)

The implications of naturalness suggest the third generation sparticles (the stop and

sbottom) and the gluinos have masses of around the TeV scale. The first and second

generation squarks are allowed to have a very high mass, and can be treated as decoupled

from the gluinos and third generation squarks.

2.7.6 R-Parity

Introducing a theory that increases the number of particles, and hence couplings, can

result in theoretical predictions that conflict with experimental observations. A conse-

quence of SUSY is that a coupling is introduced that would lead to proton decay within

seconds, whereas experimental measurements have placed stringent limits on the proton

lifetime of > 2.3 × 1033 s [38]. One way to satisfy the proton lifetime in the context of
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SUSY is to introduce a new quantum number, referred to as R-parity (Rp), defined in

Equation 2.49, which must be conserved in all interactions. R-parity is calculated at a

vertex using the spin (s), baryon number (B) and lepton number (L) of the particles

entering and exiting the vertex.

RP = (−1)2s+3B+L (2.49)

The introduction of R-parity disallows all lepton number violating terms in the SUSY

Lagrangian and thus prevents rapid proton decay. A consequence of R-parity conser-

vation for collider experiments is that SUSY particles must be produced in pairs. The

initial state of a pp collision is RP = 1, and to conserve R-parity, two SUSY particles

must be produced to conserve R-parity. Subsequent decays of the sparticles produced

in the interaction must also maintain R-parity, such that the lightest supersymmetric

particle (LSP) must be stable. The LSP in R-parity conserving scenarios can be a can-

didate for Dark Matter. In the models considered in this Thesis the LSP is the lightest

neutralino χ̃0
1.

2.7.7 Constraints on SUSY from previous measurements

Many direct searches for SUSY have been performed by a variety of experiments with no

significant signs of SUSY, limits were placed on parameters in the SUSY phase space. In

addition to this, limits can also be placed on SUSY models from precision measurements

and, for scenarios that provide a DM candidate, cosmological measurements. Due to

the wide variety of SUSY models available, with many differences between them, the

constraints in this section will be discussed in relation to the phemonenologcal Minimal

Supersymmetric Standard Model (pMSSM).

Unlike GUT theories, which attempt to evolve a set of minimal parameters down to

the EW scale, the pMSSM seeks to describe SUSY at the EW scale using a set of 19

experimentally or theoretically motivated parameters, described in Table 2.5 [39].
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Parameter Description

tan(β) Ratio of the VEVs of the two Higgs

doublet fields, expected to lie

between 1 ≤ tanβ ≤ mt/mb.

MA Mass of the pseudoscalar Higgs boson (A)

µ Higgsino/Higgs mass parameter

M1,M2,M3 Bino, wino and gluino mass parameters

mq̃,mũR ,md̃R
,ml̃,mẽR First/second generation sfermion masses

mQ̃,mt̃R
,mb̃R

,mL̃,mτ̃R Third generation sfermion masses

At, Ab, Aτ Third generation trilinear couplings

Table 2.5: An overview of the parameters in the pMSSM. The range of expected
values for tanβ is taken from [40].

2.7.7.1 Precision Measurements

The introduction of a set of new heavy particles would imply changes to the SM predicted

cross sections of many processes. Precision flavour physics, and the measurement of

the branching ratios (BR) of very rare loop processes can provide insight into possible

BSM physics, including SUSY. For example the branching ratio of the rare SM process

BS → µµ can be enhanced by the presence of SUSY particles in loop processes. Examples

of the extra loops that will contribute are shown in Figure 2.5. The measurement of

BR(BS → µµ) provides limits on the these possible BSM contributions [41] as the

measurement is found to be consistent with the SM expectation. However this is just

one possible decay that could be enhanced by SUSY particles and there are many SUSY

models that do not include enhancements in this channel.
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Figure 1: Dominant Bs ! µ+µ� diagrams in the SM, 2HDM and MSSM.

where fBs is the Bs decay constant, mBs is the Bs meson mass and ⌧Bs is its mean lifetime. CQ1

and CQ2 are the Wilson coe�cients of the semileptonic scalar and pseudo-scalar operators1, and
C10 the axial semileptonic Wilson coe�cient. The C 0

i terms correspond to the chirality flipped
coe�cients. In the SM, only C10 is non-vanishing and it gets its largest contributions from a
Z penguin top loop (75%) and a W box diagram (24%) (see Fig. 1). The SM expected value

is evaluated using mMS
b (mb) = (4.18 ± 0.03) GeV and mpole

t = (173.5 ± 0.6 ± 0.8) GeV [31],
corresponding to C10 = �4.16±0.04, from which the following SM prediction for the branching
fraction is derived [17]:

BR(Bs ! µ+µ�) = (3.53 ± 0.38) ⇥ 10�9 , (2.2)

where we used the numerical values of mBs = (5.36677 ± 0.00024) GeV, |VtbV
⇤
ts| = 0.0404 ±

0.0011, ⌧Bs = (1.497 ± 0.015) ps [31, 32] and fBs = (234 ± 10) MeV. The value of fBs is
extracted from the average of the lattice results reported by the ETMC-11 [33], Fermilab-
MILC-11 [34, 35] and HPQCD-12 [36] Collaborations and represents the dominant source of
systematic uncertainty (8.7%) in the SM prediction. The top mass determination and the choice
of the renormalisation scheme for its running have an important impact on the evaluation of
the Bs ! µ+µ� branching fraction, as discussed in [37]. The e↵ect is illustrated in Fig. 2 where
we show the SM central value for BR(Bs ! µ+µ�) as a function of the top pole mass value. A
change of ±2 GeV in the top mass corresponds to a ±10�10 change in the branching fraction
value. Other sources of uncertainty include the choice of scale for the calculation of the fine-
structure constant and parametric uncertainties. Adding all these uncertainties in quadrature,
a total theoretical uncertainty of 11% is estimated.

2.2 SUSY contributions

The Bs ! µ+µ� decay may receive very large enhancements within specific extensions of the
SM. In particular, in the MSSM the Higgs-mediated scalar FCNCs do not su↵er from the same

1Note that CQ1,2
= mb CS,P .

3

Figure 2.5: Examples of the SUSY contributions to BR(BS → µµ).
Taken from [42].
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2.7.7.2 Cosmological Constraints

With the assumption of R-parity conserving SUSY providing a candidate for DM, con-

straints on SUSY can also be provided by cosmological measurements. Whilst SUSY can

provide a DM candidate, this is not the only necessity in order to explain the abundance

of DM in the universe, as it must also explain the DM relic density. The DM relic density

is the amount of DM that remained after the universe expanded to a level where the

probability of DM annihilation becomes very low, measured to be 26% [43] by the Planck

collaboration. In order to satisfy the relic density provided by this measurement, as-

suming that DM arises from weakly interacting massive particles (WIMPs), constraints

can be placed on key pMSSM variables, such as the LSP mass. These constraints can

prevent the predicted DM mass in pMSSM models from being too large, however smaller

values of the LSP mass are acceptable if significant mixing occurs between the gauginos.

2.7.8 Collider Constraints

Searches for the direct production of R-parity conserving SUSY particles have been a

major component of the physics programmes of many particle colliders. Focusing on the

LHC-era, searches for direct sparticle production can be split into multiple categories

depending upon the sparticle that is being seached for. In this thesis the main focus is

on the direct pair production of the third generation squarks, the stop and sbottom.

When performing a search for third generation squarks, most analyses use simpli-

fied model scenarios. In these scenarios additional assumptions are made, such as the

branching ratio for the decay under consideration is 100%, and that no other sparticles

other than those which are under consideration are present. Whilst these scenarios are

not representative of how SUSY would present itself in nature, they are useful as a tool

to search in a generally model independent manner. Examples of two simplified models

that are searched for are shown in Figure 2.6.



Chapter 2. Theoretical Overview 30

(a) t̃→ t+ χ̃0
1 (b) b̃→ b+ χ̃0

1

Figure 2.6: Representative diagrams of the simplified model scenarios considered
when performing searches.

Figure 2.7, shows the ATLAS limits on simplified model scenarios at the end of Run

1 for both stop and sbottom pair production, assuming a BR of 100% for the decay to

a top-/bottom-quark, (where the top-quark can also be offshell) and χ̃0
1 [2].
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Figure 2.7: ATLAS third generation squark exclusion limits at the end of Run 1.
Taken from [2].

2.8 Generic Dark Matter Models

The astrophysical observation of DM, previously introduced as a open question in the

SM, suggests that DM is non-baryonic. The abundance of DM has been measured by

the Planck collaboration and corresponds to 26% of the mass-energy content of the

universe [43], the nature of which we know very little about. One of the best motivated
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candidates for a DM is a weakly interacting massive particle (WIMP). If this is the case,

then it may be possible to produce DM directly at the LHC.

Different approaches can be used to investigate direct DM production. Effective Field

Theories (EFTs) can be used with the interactions described by contact operators in an

EFT framework [44, 45, 46]. The validity of these models requires the assumption that

the mass of the mediator between the SM and the dark sector is much larger than the

energy scale of the interaction. This is valid for direct and indirect dark matter searches,

as the energy of the interaction is much lower than the energy scale of the mediator, for

example in direct detection measurements the collision of DM with atomic nuclei which

is O(keV) [47].

If the interaction between the SM and the DM particles is at an energy similar to

the centre of mass energy of the collision, then EFTs are no longer valid, and simplified

models must be used where the mediator between the SM and DM is considered. When

producing a simplified model there are a variety of assumptions that must be made,

whilst also maintaining a UV complete theory. Primarily the assumptions are related

to the properties and interactions of the mediator. The mediator is taken to be either a

scalar (φ), or a pseudoscalar (a) where the associated scalar is decoupled. The simplified

model scenarios are considered to be the most appropriate method to model direct

DM production at the current LHC energies [48, 49]. Due to the assumptions made

when producing the simplified model scenarios it is non-trivial to compare the results

of a direct DM search and a collider DM search. To place results produced with the

simplified model scenarios on the same footing at the direct detection results requires

further assumptions to be placed on the simplified model scenarios. These additional

assumptions enable the model to be evolved down to the same scale as the interactions

expected in the direct detection experiments.
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(a) s-channel spin-0 mediators

Figure 1: A representative Feynman diagram for s-channel spin-0 mediator production is shown.

models in heavy flavour quark final states. Final states involving bottom quarks are considered in this51

search, while final states with top quarks are investigated in Ref. [] add confs when out. Following the52

notation of Ref. [17], the model has four parameters: m�, the mass of the mediator, m�, the mass of the53

DM particle, g�, the DM- mediator coupling, gq, the universal SM-mediator coupling. Without loss of54

generality for the result, the additional assumption gq = g� = g is made.55

A representative Feynman diagram for tree-level production of this model is shown in Fig. 1(a). The56

mediator is assumed to decay into a pair of DM particles with a branching ratio of 100%.57

The result for a search of associated production of DM and bottom quarks using 8.7 fb�1 of pp collisions58

at
p

s = 13 TeV collected by the ATLAS experiment at the LHC in 2015-2016 are presented in this59

note. The search is performed in events characterised by the presence of large missing transverse mo-60

mentum and two jets identified as containing B-hadrons (b-jets). The signal region is defined to provide61

sensitivity to the kinematic topologies arising from the production of light mediators (< 200 GeV) and62

light DM particles (1 GeV), which are characterised by high production cross section but also strong kin-63

ematic similarities with the major SM background processes such as Z-boson associated production with64

b-jets.65

2 ATLAS detector66

The ATLAS detector [19] is a multi-purpose particle physics detector with a forward-backward symmetric67

cylindrical geometry and nearly 4⇡ coverage in solid angle1. The inner tracking detector consists of68

pixel and silicon microstrip detectors covering the pseudorapidity region |⌘| < 2.5, surrounded by a69

transition radiation tracker which enhances electron identification in the region |⌘| < 2.0. Starting in70

Run-2, a new inner pixel layer, the Insertable B-Layer [20], has been inserted at a mean sensor radius71

of 3.3 cm. The inner detector is surrounded by a thin superconducting solenoid providing an axial 272

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2).
Rapidity is defined as y = 0.5 ln[(E + pz)/(E � pz)] where E denotes the energy and pz is the component of the momentum
along the beam direction.

25th July 2016 – 18:15 3

Figure 2.8: Feynman diagram for an example of simplified model DM production in
association with b−quarks, with either a scalar (φ) or pseudoscalar (a) mediator.
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A representative Feynman diagram of an example simplified model is shown in Figure

2.8. The couplings between the mediator and both, the fermionic sector, and the dark

sector are taken to be Yukawa-like. The simplified model scenario can be fully described

by four parameters: the DM-mediator coupling, gχ; the fermion-mediator coupling, gf ;

the mediator mass mφ; and the DM mass mχ. An additional assumpution of equal

couplings gχ = gf = g can be made for simplicity. This scenario provides an agnostic

method to investigate DM production in a collider environment, whilst introducing as

few extra unknown parameters as possible.



Chapter 3

The ATLAS Detector

This chapter contains a brief introduction to the Large Hadron Collider (LHC), including

an overview of the accelerator stages required to inject a particle into the LHC. The

concept of luminosity is introduced. Finally, an indepth review of the ATLAS detector

systems is given, including a breakdown of the detector sub-systems, the trigger and

data acquisition (DAQ) systems.

3.1 The Large Hadron Collider

The LHC is a hadron-hadron synchrotron collider situated on the Franco-Swiss border

at CERN. The LHC has the capability to collide protons at centre of mass energies of

up to 14 TeV. The Run 1 operational energies of 7 and 8 TeV were the highest energy

(proton) collisions ever performed; this was then increased to 13 TeV for Run 2. LHC

operations began in 2010 (at 7 TeV) in the 26.6 km long LEP [50] tunnel at an average

depth of 100 m, and the first collisions occurred in December 2009. The LHC is able

to perform both proton-proton collisions and collisions involving lead ions (proton-lead

or lead-lead). For the purposes of this thesis only proton-proton collision events are

considered.

The CERN accelerator chain is shown in Figure 3.1. Protons are first accelerated in

the pre-accelerator chain [51] before they are able to enter the LHC. At the beginning of

the complex, hydrogen atoms are ionised in order to produce protons. These protons are

injected into LINAC2 and accelerated up to 50 MeV using a series of Radio-Frequency

(RF) cavities. From LINAC2 the protons then enter the Booster where they reach an

energy of 1.4 GeV. After the Booster, the particles enter the Proton Synchrotron (PS)

33
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reaching an energy of 25 GeV. It is in the PS that the protons are formed into bunches,

thanks to the acceleration provided by RF cavities. After the PS, the protons enter

the Super Proton Synchrotron (SPS), which is the penultimate accelerator before the

protons enter the LHC. The SPS accelerates protons to an energy of 450 GeV, while

maintaining the bunch structure, and then injects the protons into the LHC.

Beams of protons are injected into the LHC ring in both clockwise and anti-clockwise

directions allowing for collisions at the four Interaction Points (IPs) corresponding to

the ATLAS, CMS, LHCb and ALICE experiments. Each beam is accelerated by 8 RF

cavities and follows a curved trajectory around the ring due to 1232 superconducting

dipole magnets which operate at a temperature of 1.9 K. Additional focusing magnets

(quadrupoles, sextupoles and higher orders) are also installed around the ring to provide

optical corrections to the beam.

Figure 3.1: An overview of the CERN accelerator complex. Protons are accelerated
in stages, reaching a higher energy at each stage. The protons begin at the LINAC2,

and are accelerated in the Booster, PS and SPS before entering the LHC.
Taken from [52]

.



Chapter 3. The ATLAS Detector 35

3.2 Luminosity

In order to calculate the number of expected events for a given process both the cross-

section (σ) and the integrated luminosity (L) must be known. The integrated luminosity

is a measure of the total number of collisions that occur over a period of time, which

is calculated as the integral, with respect to time, of the instantaneous luminosity (L).

The number of expected events for a process (X) is then given by:

N Total Events(pp→ X) = σ(pp→X)L = σ(pp→X)

∫
Ldt (3.1)

L =
N2
b nbfrevγr
4πεnβ∗

F (3.2)

The instantaneous luminosity is entirely dependent upon accelerator parameters,

[53], and for a proton-proton collider is given by Equation 3.2. In this equation Nb is

the number of protons per bunch, nb is the number of bunches per beam, frev is the

revolution frequency, γr is the relativistic gamma factor, εn is the normalised transverse

beam emmision at the IP, β∗ is the beta function describing the beam envelope at the

IP, and F is a geometric luminosity reduction factor caused by crossing angle between

the beams at the IP.

The calculation of the total luminosity is performed as a sum over a number of

“luminosity blocks”, which are the smallest time interval for which the instantaneous

luminosity is calculated [54].

L =

NLB∑
i

Li ·∆ti. (3.3)

Each luminosity block corresponds to a time period of ≈ 1 minute. Equation 3.3

presents the total integrated luminosity as the sum of the number of luminosity blocks

(NLB), the integrated luminosity calculated per block (Li) and the time-period for each

block (∆ti).

3.3 The ATLAS Detector

The ATLAS detector [55] is one of two 4π general purpose detectors (GPD) on the LHC

ring. Among the main physics goals of ATLAS are the discovery and measurement of the

Higgs boson, searches for BSM physics, and precision measurements of SM processes.
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With such a wide ranging physics programme, the detector must be capable of fufilling

a set of general requirements to adequately measure physics objects:

• Tracking detectors providing good charged particle momentum measurement en-

abling particle reconstruction. This also enables the identification of both b−jets

originating from b−quarks from the reconstruction of a secondary vertex.

• Electromagnetic (EM) and hadronic calorimeter systems for the measurement and

identification of electrons, photons and jets. These systems are also required to

accurately measure the total transverse energy in an event. The total transverse

energy is required to calculate the missing transverse momentum (Emiss
T ) in the

x-y plane, as defined in Section 3.3.1, using momentum conservation, which is of

great importance to many BSM physics searches.

• A muon spectrometer system for muon identification and good momentum reso-

lution up to a very high transverse momentum.

• A trigger system to efficiently record a wide variety of physics processes based

upon the presence of certain objects, whilst also allowing for a reasonable readout

rate.

• A fast data acquisition (DAQ) system to readout the data collected by the detector

with a high data-quality (DQ) efficiency.

Satisfying the above requirements guided the design of the detector. ATLAS consists

of multiple detector systems, shown in Figure 3.2, which are grouped into four sub-

systems.

The closest sub-system to the beampipe is the Inner Detector (ID), allowing for

charged particle tracking in ATLAS. The ID consists of two silicon based detectors:

the pixel detector, which makes use of silicon pixels, and is the closest detector to the

beampipe; and the Semi-Conductor Tracker (SCT) detector, which consists of silicon

strips. The final ID subdetector is the Transition Radiation Tracker (TRT) composed

of gaseous straw tube trackers. The ID sub-system is encased in a 2 T magnetic field

provided by a solenoid magnet on the outside of the ID environment. For Run 2 an

Insertable B-Layer (IBL) was installed as an additional component of the pixel detector,

providing an extra layer of pixel sensors closer to the IP.

Beyond the solenoid magnet is the calorimeter sub-system: the EM calorimeter,

consisting exclusively of Liquid Argon (LAr) sampling calorimeters; and the hadronic
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calorimeter, formed of scintillator-tile calorimeters in the central region and LAr calorime-

ters in the end-caps. The solenoid and barrel EM calorimeters are placed in the same

cryostat to provide the required cooling for the LAr.

The outermost layer of the detector is the muon spectrometer, consisting of tracking

chambers and a toroidal magnetic field generated by three magnets, two in the end-caps

and one in the central region.

For the remainder of this chapter a more detailed overview of the ATLAS detector

sub-systems is presented, in order of increasing distance from the beam-pipe.

Figure 3.2: Cut-away view of the ATLAS detector, with each detector system la-
belled. The detector systems are grouped into four sub-systems: the Inner Detector,
EM calorimeters, hadronic calorimeters, and the muon spectrometer. Taken from [55].

3.3.1 ATLAS Coordinate System

Before proceeding with a detector overview, it is useful to describe the right-handed

coordinate system used by ATLAS. The origin of the coordinate system is defined as

the nominal interation point. The z-axis is defined by the beam pipe direction, with

the x-y plane orthogonal to the beam direction. The positive x- and y- axes are defined

as pointing towards the centre of the LHC ring and upwards, respectively. In terms of

event kinematics it is more beneficial to use the azimuthal angle (φ) defined around the

z-axis, and the polar angle (θ) which is the angle from the z-axis. In place of the polar

angle the pseudorapidity (for massless particles), η, and rapidity (for massive particles),
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y, are used as differences in pseudorapidity (∆η) are invariant with respect to boosts

along the z-axis, and are defined in Equations 3.4a and 3.4b respectively.

η = ln tan
θ

2
, (3.4a)

y =
1

2
ln
(E + pZ
E − pZ

)
, (3.4b)

∆R, the distance between two particles in the pseudorapidity-azimuthal angle space, is

defined in Equation 3.5.

∆R =
√

∆φ2 + ∆η2. (3.5)

Finally when considering the momentum of physics objects, the transverse momen-

tum (pT) is usually used, which is the projection of the momentum onto the transverse

(x-y) plane. The missing transverse momentum Emiss
T is defined as the absolute value

of the vectorial sum of the pT of all objects in the detector and is further explained in

Section 5.1.6.

3.4 Inner Detector

The ID sub-system, Figure 3.3, is the closest sub-system to the IP and consists of three

complementary detectors: the pixel detector, the semiconductor tracker (SCT), and the

transition radiation tracker (TRT). The three main purposes of the ID are the iden-

tification of primary and secondary vertices, charged particle position and momentum

measurements, and electron identification. Table 3.1 shows the resolution of the indi-

vidual components of the ID sub-system.

The resolution of charged tracks in the ID subsystem provides a transverse momentum

resolution of 4.8×10−2 ·pT [%] for electrons [56] and between 4-20% for muons when only

considering the ID. If information from the muon spectrometer is included the transverse

momentum resolution for muons is between 4-10% [57].

During Run 1, the radius of the ID was 5 < r < 120 cm, with a longitudinal distance

of 6.2 m, providing pseudorapidity coverage of |η| < 2.5. During the first LHC long

shutdown the IBL [58] was added to the detector. The introduction of the IBL provided

an additional layer of pixel sensors at a radius of 3 cm away from the beam. This extra

layer of pixels provides further tracking information, allowing for improved identification

of secondary vertices, greatly improving b−jet identification.
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The ID region is fully encased in an 2 T solenoidal magnetic field, which is generated

by a solenoid magnet located outside the TRT. The two silicon based detectors (the

pixel detector and SCT) are cooled to a temperature of around −20◦C to provide the

optimal operating conditions for the sensors.

Detector Component Sensor element size [µm] Intrinsic resolution [µm]

IBL 50 × 250 8 × 40

Pixel 50 × 400 10 × 115

SCT 80 17

TRT 4000 130

Table 3.1: An overview of the intrinsic accuracy of the ID components. The sensor
element size corresponds to the active detector component of the sensor. The sensor
element size and intrinsic resolution are given in terms of (R-φ,z) for the IBL and pixel

detectors, and (R-φ) for the SCT and TRT. Taken from [59]

(a) Cross section view. (b) Longitudinal view.

Figure 3.3: Cross-sectional and longitudinal views of the ATLAS ID sub-system
during Run 1.

3.4.1 Pixel Detector

The closest sub-detector to the beampipe is the pixel detector, consisting of 1744 identi-

cal silicon pixel modules. The pixel sensors are 250µm thick, with dimensions 19×63 mm2,

resulting in an intrinsic accuracy of 10µm in the R,φ plane and 115µm along the z-axis.

The detector is divided into three barrel layers and two end-caps each composed of three

disks.
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3.4.1.1 Insertable B-Layer (IBL)

Prior to the beginning of Run 2, it was expected that there would be some degradation

of the pixel detector barrel layers from the high radiation environment close to the

beam-pipe. This is due to radiation damage causing the loss of charge carriers in the

active material reducing the number of hits in the pixel detector. In order to counteract

these losses the IBL was scheduled to be installed between Run 1 and Run 2. The IBL

was successfully installed and commissioned during 2015. The IBL consists of 224 pixel

sensors arranged in a single barrel layer. The sensors are of a different design to the

modules used in the pixel detector with dimensions 21×19 mm2 and thickness 200µm

[60].

3.4.2 Semiconductor Tracker (SCT)

The SCT is a silicon strip detector stationed outside the pixel detector. The SCT consists

of 4088 modules, split over 4 barrel layers (2112 modules) and two end-caps with nine

disks each (1976 modules per end-cap). The general structure of all modules is the same,

however, different designs are used for the barrel and end-caps. Each module consists of

two strip layers with a mean strip pitch of 80µm and a stereoangle of 40 mrad between

the layers. This provides an intrinsic accuracy of 17µm in R,φ coordinates and 580µm

in the z direction.

3.4.3 Transition Radiation Tracker (TRT)

The final ID sub-system is the TRT, a gaseous straw tube tracking detector situated

outside the SCT. The TRT straws are 4 mm in diameter with an intrinsic accuracy of

130µm per straw in the R,φ plane. Similarly to the other ID sub-systems the TRT

is split into a barrel region and two end-cap regions. The barrel region contains 73

straw planes of length 144 cm, that are parallel to the beampipe. The end-cap straws

are arranged radially in wheels around the beampipe, with straw length 37 cm. Each

straw is inter-leaved with transition radiation material and when a charged particle

passes through the material boundaries it will emit transition radiation, this provides

electron identification information up to |η| < 2.0 using the transition radiation emitted

by the electron. This information is complementary to the measurements from the

electromagnetic calorimeters.
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3.5 Calorimetry Systems

The calorimetry sub-systems are situated outside the ID and solenoid magnet, shown

in Figure 3.4. There are two types of calorimetry used in ATLAS: the electromag-

netic (EM) calorimeter, which is placed immediately outside the solenoid, measures the

energy of photons and electrons from EM interactions between the particles and the

calorimeter material; and the hadronic calorimeter, placed outside the EM calorimeter,

which measures the energy of hadrons from strong interactions between the hadrons and

the calorimeter material. Due to the amount of material that is required in the ID and

to better correct for energy losses caused by particles passing through the calorimeter

materials, a presampler is placed in front of all components of the EM calorimeter. The

measurements provided by the presampler allows any initial energy lost to be taken into

account when calculating the energy in the shower.

Two calorimetry technologies are employed in ATLAS: liquid Argon (LAr) calorime-

ters, that require cryogenic cooling; and tile calorimeters, consisting of steel as the

absorber and scintillator as the active medium. The EM calorimeter is composed exclu-

sively of LAr calorimeters, whereas the hadronic calorimeter system uses tile calorimeters

for the barrel region and LAr calorimeters in the end-caps.

Figure 3.4: An overview of the ATLAS calorimetry sub-system. The calorimeter
components which use LAr as the active medium are shown in gold, which includes all
of the EM calorimeter systems and the forward hadronic calorimeters. The components
of the system that use tile scintillators as the active medium are shown in silver. Taken

from [55].

The total range covered by the calorimeter systems is |η| < 4.9, and this coverage is

provided by a combination of the barrel and end-cap sections for both systems. Another
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important aspect of the calorimeter systems is the thickness, as the calorimeters must be

thick enough to contain electromagnetic and hadronic showers. The calorimeter thick-

ness is chosen to be a sufficient amount of interaction lengths (λ) such that the majority

of hadronic particle energy would be expected to be expended in the calorimeter. The

interaction length is the average length required in which the energy of a hadronic parti-

cle will decrease by a factor of 1/e due to hadronic interactions. The combined thickness

of the calorimeter systems is 11 interaction lengths, which reduces punch-through (show-

ers escaping the calorimeter). This thickness also ensures an accurate calculation of the

Emiss
T .

The energy resolution requirements of both the EM and hadronic calorimeters are

shown in Table 3.2, with the (noise subtracted) energy resolution described by a function

of the form:

σ(E)

E
=

a√
E[GeV ]

⊕ b, (3.6)

Where a corresponds to the stochastic term related to the shower evolution and b is a

constant term taking into account calorimeter response.

Detector Component Energy Resolution (σ(E)/E)

EM Calorimeter 10%/
√
E ⊕ 0.7%

Hadronic Calorimeter Barrel 50%/
√
E ⊕ 3%

Hadronic Calorimeter Endcap 100%/
√
E ⊕ 10%

Table 3.2: An overview of the energy resolution of the calorimetry systems.

3.5.1 Electromagnetic Calorimeters

As previously stated, the EM calorimeter sub-system is composed entirely of LAr calorime-

ters. The EM calorimeters are split into three sections: the barrel and two end-caps.

The barrel section consists of two half-barrels composed of 1024 accordion-shaped lead

absorbers, a sketch of an example barrel module is shown in Figure 3.5. The barrel

modules are segmented into three layers with decreasing granularity. The total cover-

age provided by the barrel calorimeter is |η| < 1.475. The total thickness of a barrel

module (at |η| = 0) is 22 radiation lengths (X0), which increases to a maximum of

33 X0 at |η| = 1.3. The radiation length X0 is defined in a similar manner to the inter-

action length, and is a measure of the electromagnetic energy lost in a material, with
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one radiation length corresponding to the distance over which a particle loses 1/e of its

electromagnetic energy.

The end-cap sections are each composed of two co-axial wheels (referred to as the

inner and outer wheels), which are further subdivided into eight accordion-shaped mod-

ules. Each end-cap provides further coverage of 1.375 < |η| < 3.2. The end-cap modules

are segmented into two layers, again with decreasing granularity. The minimum active

thickness of the inner (outer) wheel is 26 X0 (24 X0), which increases to a maximum of

36 X0 (38 X0) as |η| increases from 2.5 to 3.2 (1.475 to 2.5).
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∆η = 0.025
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Figure 3.5: An example of a LAr calorimeter barrel module. The module is subdivided
into three layers: layer one, which has the finest granularity and is read out from the
front of the module; layer two, which has an intermediate granularity; and layer three,
which has the coarsest granularity. Both layer two and three are read out from the rear

of the module. Taken from [55].

This sub-system provides shower shape information to assist in the classification of

photons or electrons, and provides measurement of the EM component of hadronic jets.

3.5.2 Hadronic Calorimeters

The hadronic calorimeter sub-system is composed of a tile calorimeter system, imple-

mented in the barrel region, and LAr calorimeters which are implemented in the end-cap

regions, similar to the EM calorimeter.

The tile calorimeter (represented as the silver sections in Figure 3.4) is situated

outside the EM calorimeter in the barrel region. The central barrel covers |η| < 1.0 and

the extended barrel regions provide additional coverage of 0.8 < |η| < 1.7. Both the
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central and extended barrels are split into three layers. The thickness of each layer of

the central calorimeter is 1.5, 4.1 and 1.8 λ respectively. The extended tile calorimeter

layer thicknesses are 1.5, 2.6 and 3.3λ.

The hadronic end-cap calorimeters (HEC) are stationed outside the EM end-cap

calorimeters, in the same cryogenic system. The HECs use LAr as the active medium

and Copper absorbers. Each HEC is composed of two wheels. The total coverage of

each wheel is 1.5 < |η| < 3.2, which provides overlap with both the tile calorimeter and

the forward calorimeters.

3.5.3 Forward Calorimeters

The forward calorimeters (FCal) are high density LAr calorimeters placed in the far

forward regions of the detector. Each FCal is split into three modules. Copper absorbers

are used in the first layer to provide EM measurements. The remaining layers use

Tungsten absorbers to provide hadronic measurements. The coverage provided by the

FCal is 3.1 < |η| < 4.9, with a maximum thickness of 10λ.

3.6 Muon Spectrometer

The muon sub-system consists of four types of gaseous detectors, with three magnets

providing the field required for precision muon identification and pT measurements.

(a) Toroidal magnet system. (b) Muon detector systems.

Figure 3.6: General overview of the muon system. Left: A schematic view of the
toroidal magnet system. Right: A general overview of the muon detectors and their

location in the detector. Taken from [55].
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3.6.1 Toriodal Magnet System

Three air-core toroidal magnets provide the required magnetic field. Each of the toroids

is composed of eight coils placed radially and symmetrically around the beam-pipe as

shown in Figure 3.6a. One magnet is placed in the barrel region, providing a magnetic

field of approximately 0.5 T, exclusively over the range |η| < 1.4. The two end-cap mag-

nets provide exclusive coverage between 1.6 < |η| < 2.7 with an approximate magnetic

field of 1 T. Both of the end-cap magnets and the barrel magnet provide coverage in

the range 1.4 < |η| < 1.6, and due to the complicated overlap between the barrel and

end-cap magnets in this region, the fields can vary up to |δB| ≈ 0.2 T and are modelled

with a dedicated magnetic field simulation package.

3.6.2 Muon detectors

The muon sub-system, Figure 3.6b, consists of four detector technologies. Precision

tracking is provided by Monitored Drift Tubes (MDTs) in the barrel region and Cathode

Strip Chambers (CSCs) in the end-caps, covering a region of |η| < 2.7. Resistive Plate

Chambers (RPCs) and Thin Gap Chambers (TGCs) are used as triggering chambers

in the barrel and end-cap respectively, providing triggering capabilities up to a psuedo-

rapidity of |η| < 2.4.

The MDTs are implemented in three concentric cylinders perpendicular to the beam-

pipe. The coverage provided by the innermost layer is |η| < 2.0, whereas the remaining

two layers cover |η| < 2.7. The number of chambers is 1088, covering a total area of

5500 m2. Due to the complex geometry of the toroidal magnet system, various designs

are used to minimise acceptance losses.

The CSCs are implemented in two disks per end-cap, one small disk and one large

disk, which are each segmented into eight chambers. The CSC layers cover the region

2.0 < |η| < 2.7, providing coverage in the region left uncovered by the first layer of

MDTs. Each CSC chamber contains four planes, which results in four measurements of

η and φ for each muon track.

The RPC and TGC triggering chambers are installed in the barrel and end-cap

regions respectively. The muon chambers can provide coverage up to |η| < 2.7 however

the triggering sensors only provide triggering capability up to |η| < 2.4.
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3.7 Trigger and DAQ Systems

The dominant process that occurs from the collision of protons is inelastic scattering.

The rare physics processes that are targeted by ATLAS occur at a very low rate, and

as such need a high luminosity to produce these events in a significance amount. The

total integrated luminosity delivered by the LHC during physics data-taking each year

from 2011 to 2016 is shown in Figure 3.7.
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Figure 3.7: Luminosity provided by the LHC to the ATLAS detector during Run 1
(2011-2012) and Run 2 to-date (2015-2016). Taken from Ref [61].

A large majority of these events are low pT scattering events that are better studied

in short dedicated low luminosity runs. To fully readout these events from the detector

and write the events to tape would quickly waste a large amount of storage space and

resources. Trigger systems are used to reject events that are copiously produced and

instead keep events which contain the rarer physics processes.

The trigger and data-acquisition (TDAQ) system controls the acceptance and rejec-

tion of events by ATLAS. A multi-level trigger system, consisting of the Level 1 (L1)

hardware trigger and High Level (software) Trigger (HLT) must be passed in order to

accept an event. The HLT contains the Level 2 (L2) trigger and event filter (EF). In

Run 2 the L2 trigger and EF are combined which provides more efficient event process-

ing than when using two stages. An overview of the ATLAS trigger system is given in

Figure 3.8.
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Figure 1. Design of the ATLAS Trigger.
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access to data from all ATLAS sub-detectors. Executing speed-optimized algorithms the LVL2
analyses only data within η × φ regions identified by LVL1 as being of interest. After a LVL2-
accept signal the event building collects all detector and trigger data and passes it to the EF
processes. At EF the same reconstruction algorithms as offline are executed, thereby using the
full event data. Events accepted by the EF are written to mass storage. The LVL2 time budget
is about 40 ms, the EF budget a few seconds.

During the data taking period of 2010 which lasted from the end of March through the middle
of December, ATLAS recorded 45.0 pb−1 of stable proton-proton collisions and 9.1 µb−1 of stable
heavy-ion collisions, with an average pp-data recording efficiency of 93.6%. The reliability and
flexibility in operating the ATLAS HLT played an important role in achieving this impressive
result. During the beginning of the year data was recorded based solely on the decision of
the LVL1 trigger. The HLT started to actively reject events when the LHC had reached a
luminosity of 2 ·1030cm−2s−1, at the end of July 2010. From then to the end of pp data taking in
early November the LHC peak luminosity went up by a factor of 100, and the definition of the
LVL1 and HLT lines and down-scaling factors, the prescales, had to undergo a rapid evolution.
Furthermore, because of the drop in luminosity during the lifetime of an LHC fill, the trigger
prescales have to be adjusted multiple times over the period of a run, in order to make use of
the available data recording bandwidth.

Three key features of the ATLAS HLT are vital to achieve the robustness and flexibility
desired for the trigger operation: the real-time performance monitoring and validation system,
the flexible configuration system to adjust trigger prescales or even disable the trigger lines in
case of problems, and the error catching and recovery system for failures in the HLT execution.

2. Requirements on the High Level Trigger
The HLT is designed in adherence to the following specifications:

• Ensure reliable and fast execution of trigger algorithms

• Ensure independent execution of all trigger lines

• Allow quick deployment of different trigger configurations to adjust to LHC beam conditions
and ATLAS data taking needs

International Conference on Computing in High Energy and Nuclear Physics (CHEP 2010) IOP Publishing
Journal of Physics: Conference Series 331 (2011) 022026 doi:10.1088/1742-6596/331/2/022026

2

Figure 3.8: Schematic of the ATLAS trigger systems, frequencies and time periods
correspond to the Run 1 configuration. The final frequency in Run 2 is 1000 Hz. Taken

from Ref [62].

The L1 trigger uses calorimeter and muon spectrometer information to measure basic

objects such as e, γ, µ, τ and jets, and can detect large Emiss
T or ET based on a reduced

detector granularity. The objects measured by the L1 trigger are compared to the trigger

menu to check if the objects pass certain thresholds, such as large jet multiplicity or

minimum electron pT requirements. In conjunction with this, the L1 trigger defines

Regions of Interest (ROIs) which are regions in the detector that are observing hits,

for example a deposit in a region of the EM calorimeter. The ROIs are required to

coincide with the object that has been triggered upon. This information is used further

downstream in the HLT. Prescaling may be applied to the L1 trigger to allow for optimal

use of the available bandwidth as instantaneous luminosity increases during data-taking.

Prescaling implies that a certain rate is set for the trigger, and if the instantaneous

luminosity is too large the trigger will not fire. The L1 trigger decision is made in

less than 2.5µs and if the L1 trigger is passed the L2 trigger subsequently uses the

ROI information to investigate the region using the full detector granularity, to further

reject or accept events. Finally an event filter is used, processing the events according

to ATLAS event reconstruction and analysis. This categorises the events into physics

streams for analysis-level usage. The full ATLAS trigger stream has a final rate of 200 Hz

(Run 1) or 1000 Hz (Run 2) and each event is 1.3 MB on average.
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The trigger system is closely linked with the DAQ system, as the levels of trigger

acceptance correspond to different readout stages of the DAQ system. Whilst each

sub-detector has its own specific electronics, they all obey a general set of requirements.

The specialised front-end electronics readout the event data from the sub-detector,

storing the information in buffers for a time period corresponding to the L1 trigger

latency. If the event passes the L1 trigger, then the data is sent further through the

DAQ chain. The next stage is the readout drivers (RODs), which format the data

in a standard format for usage in ATLAS. The data from the RODs is subsequently

stored in readout buffers (ROBs) which store the data for usage by the HLT. If the

trigger is passed, the data is subsequently moved to the event filter to reconstruct the

event, and then the data is passed to the CERN computer centre for storage and offline

reconstruction.

Another important component of the TDAQ system is the ability to feedback to

a detector sub-system any errors that may be occurring. For example if a module is

reporting a constantly high trigger rate (regardless of the event), then it is possible that

the module is experiencing an error. The relevent detector sub-system will be notified

of this error, and action can be taken to recover the module.

3.8 SCT DAQ Module Recovery application

As a component of detector work undertaken as part of this thesis, an online module

recovery application was developed to recover SCT modules that were experiencing

errors due to single event upsets during physics data-taking. This section contains a

brief overview of the Run 1 data quality efficiency of the SCT subsystem. A simple

description of how a hit is registered in a module is given, with an explanation of how

energetic radiation passing through the module can affect the readout. The methods

to negate these effects are presented, with the improvements from Run 1 to Run 2

discussed.

During LHC Run 1 the SCT performed exceptionally well achieving an average Data

Quality (DQ) efficiency greater than 99%. However, it can be seen in Table 3.3, as Run

1 progressed, the efficiency of the detector decreased. There are several explanations

for this decrease in DQ efficiency. One of them is the so-called SCT “hit loss” problem,

caused by a desynchronisation of the SCT with the rest of ATLAS. The source of the
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desynchronisation was found to be due to the “module recovery” actions which are used

to restore the hit threshold of any module that has been affected by a single event upset.

2010 2011 2012

DQ Efficiency (%) 99.9 99.6 99.1

Table 3.3: The data quality efficiency of the SCT subdetector for the three years of
Run 1.

The SCT sensors use a binary readout to decide if a charged particle has passed

through the sensor. A threshold is set based upon the charge collected in the sensor.

If a particle passing through the sensor deposits charge greater than this threshold the

module registers a hit. If a highly energetic particle passes through the electronics of a

module it can cause a bit-flip, resulting in a change in the hit threshold of the module,

this is known as a single event upset (SEU). There are two possible effects of changing

the threshold, both of which affect DQ efficiency.

If the threshold is decreased, then a module will report hits which are not true hits,

but are due to residual module noise which passes the lowered threshold. Alternatively if

the threshold is raised, then the module will not report any hits below the new (increased)

threshold, again affecting the DQ efficiency as the module will now not register a hit

from a particle that would otherwise register a hit if the original threshold was still in

place. Both of the above scenarios affect tracking and reconstruction resulting in a lower

DQ efficiency.

There are two types of recovery command that are used: the single module recovery

command, which will reset a specific module; and the global recovery command, which

resets all SCT modules. Both procedures aim to bring back online modules which may

be exhibiting an error due to SEUs.

The single module recovery is used if the threshold of a module has been decreased.

In this scenario the module will report a large amount of noise in comparison to the

neighbouring modules. The module will be identified as noisy and experiencing an error

by the TDAQ system, and can be recovered by a single module reset. Initially a soft-

reset command is used to recover the error. If the error still persists after multiple

soft-resets, a hard-reset command is sent to the module. If this fails, then a power-cycle

command is sent to the module as a last resort to reload the module configuration. If
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the module is still in error after this, then it is no longer recovered for the remainder of

the physics run.

The global module recovery is used in the scenario where the threshold has increased.

These cases cannot be detected as the increased threshold will cause the module to stop

reporting hits. As a precaution and to recover modules experiencing this error, the

global module recovery command is sent to all modules every 30 minutes of physics

running.

It was found that the desynchronisation effect of the global recovery command was

caused by the command being queued by the SCT shifter graphical user interface (GUI),

instead of being sent immediately.

To prevent this queuing, an independent DAQ application was developed to control

both the single and global module recovery commands. In addition to this, the appli-

cation tracks the number of single module recoveries that have been performed on all

modules, reporting this information back to the TDAQ system. The intial iteration of

the recovery application was introduced prior to the 2015 pp data-taking, which included

both the single and global module recovery functionalities.

As the 2015 data-taking progressed, additional functionalities were added to the

application, with the introduction of the ability to automatically recover RODs that

were experiencing errors. It is possible that during running a ROD itself may experience

an error when attempting to format the data readout by the SCT front-end electronics.

When a ROD experiences an error, it is reported to the central TDAQ system. During

Run 1 this information was used by the SCT shifter GUI, to request that the shifter

recover the ROD. However with the introduction of the module recovery application, it

was found to be more beneficial to recover the ROD automatically within the module

recovery application. This reduced the time that the ROD would be experiencing an

error, due to the speed of the automated recovery, when compared to the manual recovery

by a shifter.

2012 2015 2016

DQ Efficiency (%) 99.1 99.4 99.9

Table 3.4: The data quality efficiency of the SCT subdetector for the final year of
Run 1 and the two years of Run 2 data-taking.
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Table 3.4 presents an overview of the increase in DQ efficiency in Run 2 when com-

pared to the final year of Run 1 data-taking. It can be seen that during Run 2 data

taking the DQ efficiency is increased when compared to the final year of Run 1. Fur-

ther to this, the data taking period in 2016, corresponding to the first full period of

data-taking when the module recovery application was fully implemented (including the

additional ROD recovery functionality), has an increased DQ efficiency when compared

to the 2015 data taking period.



Chapter 4

Modelling of Physics Processes

4.1 Introduction

The Lagrangian formalism introduced in Chapter 2 allows for the calculation of cross

sections for SM and BSM processes. For data analysis it is of fundamental importance

to use these calculations and convert them to complete simulated events via Monte

Carlo (MC) simulation. Dedicated MC samples are used to study possible new physics

signals and to aid in the estimate of SM backgrounds in new physics searches. Many

considerations must be taken into account when modelling proton-proton collisions. The

stages of modelling a proton-proton collision using Monte Carlo generators are discussed

in this chapter. General aspects of modelling, and the event definition in terms of the

hard scatter process, parton shower, and hadronisation are discussed.

The aspects of MC modelling that may cause uncertainties in the prediction and lead

to a systematic uncertainty are introduced, along with the methods to evaluate these

uncertainties. Further to this the evaluation of process specific modelling uncertainties

are discussed in the context of single-top (Wt-channel) and top-pair (tt̄) production. Fi-

nally a parameterisation method for evaluating the modelling uncertainties on associated

production of W or Z-bosons with jets is presented.

4.1.1 Factorisation Theorem

Protons are not point-like particles, however, they consist of point-like quarks and gluons,

which are collectively referred to as “partons”. The parton model [63] allows for the

calculation of the cross section of the hard scattering process as the incoherent sum

52
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of all partonic cross sections, integrated over the available phase space, an example of

which is shown in Equation 4.1:

σa,b→n =
∑
a,b

∫ 1

0
dxadxbf

(P1)
a (xa, µF )f (P2)

a (xa, µF )dσ̂ab→n(xa, xb, s, µF , µR). (4.1)

In this equation the f
(Pi)
i (xi, µF ) terms correspond to the Parton Distribution Functions

(PDFs), which can be considered to be the probability to find a parton (i) with a fraction

of the proton’s total longitudinal momentum xi (also known as the Bjorken x), for a

given choice of factorisation scale (µF ).

The factorisation scale is introduced to protect against divergent contributions to

the cross section by adding an arbitrary separation. This factorises the hard process

which is calculable using perturbative-QCD (pQCD), from the universal parton evolution

within the proton. The partonic cross section σ̂(xa, xb, s, µF , µR) can be calculated in

pQCD for the process of interest, and depends on both the factorisation scale, and

the renormalisation scale (µR), which is the energy scale at which the strong coupling

constant is evaluated. Typically µR = µF and is chosen to be a representative energy

scale of the process.

Proton PDFs cannot be calculated from first principles and instead need to be de-

termined using experimental inputs. Among these, deep inelastic scattering (DIS) data

are most relevant and ep data collected by the H1 and ZEUS [64] collaborations with

the HERA collider [65] cover the Bjorken x range most relevant to LHC physics. In

addition, data on the production of jets, tt̄, the electroweak bosons in hadron-hadron

collisions are used.

An example PDF set is shown in Figure 4.1, at two different values of Q2, produced

using a combination of the H1 and ZEUS data [66]. The data used in PDF fits cover

a wide range of Bjorken x and negative four-momentum-transfer squared (Q2). The

PDFs constrained at low Q2 can be evolved in Q2 using pQCD and the Dokshitzer-

Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations [67]. When performing an analysis

the uncertainty arising from the choice in PDF set is evaluated by calculating an envelope

of the uncertainties on the individual partons from the nominal PDF set, and the central

values of alternative PDF sets, as recommended by the PDF4LHC working group [68].
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Figure 4.1: Comparison between a PDF set calculated at different Q2 values. The
individual contributions from the quarks and gluons are shown, uV and dV correspond

to the specific contribution from the valence quarks. Taken from [66].

4.1.2 The hard scattering process

The cross section for a generic 2→ 1 scattering process (Equation 4.1) can be rewritten

introducing the matrix element (ME), σ̂a,b→n =Mab→n:

σab→n =
∑
a,b

∫ 1

0
dxadxb

∫
dΦnf

(P1)
a (xa, µF )f

(P2)
b (xb, µF )× 1

2ŝ
|Mab→n|2(dΦ;µF , µR),

(4.2)

This depends upon the final-state phase space momenta available (dΦn), the matrix

element, the Bjorken x of both particle a (xa) and particle b (xb), and the incoming

parton flux (1/2̂s = 1/(2xaxbs)). Generically, the matrix element can be written as the

sum over all relevent Feynman diagrams (Fab→n):

Mab→n =
∑
i

F (i)
ab→n (4.3)

A consequence of this is that the summation over quantum numbers such as helicity

and colour can be moved and considered separately to the |M|2 term. The calculation of

the hard process can be performed at various levels of accuracy, depending on the order

in QCD coupling of the diagrams. A matrix element calculation at Leading-Order (LO)

is nowadays completely automated and fast. Since 2000 huge progress has been made

in developing automated Next-to-Leading-Order (NLO) calculations. Improvements in
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the algorithms used for the calculations and advances in the understanding of the theory

have allowed the majority of processes to be calculated at NLO in an automated way.

In the last few years many NNLO (Next-to-Next-to-Leading-Order) calculations exist

which are calculated mostly analytically and are used for global corrections rather than

in MC simulation.

The matrix element is calculated in multiple ways by various MC generators. These

differences are taken into account during an analysis as an uncertainty arising from the

choice of generator used. Due to the dependence of M on both the renormalisation

and factorisation scales, it is also possible to vary the choice of scale up and down with

respect to the nominal scale choice, to evaluate the hard scattering uncertainty. By

convention the scale choices are varied up and down by a factor of two.

4.1.3 Parton shower algorithms

The above discussed fixed order QCD calculations do not produce complete scattering

events and specifically only produce a small number of quarks and gluons in the final

state, while the experimentally observed final states contain jets of hadrons.

Parton showering algorithms provide a higher order way to generate complete events

and to estimate higher order effects, without explicitly calculating the matrix elements.

This is a necessary addition to the hard process, to model events beyond inclusive

observables and allow the description of exclusive final states. Parton shower algorithms

take higher order effects into account, by allowing soft and co-linear QCD emissions

from the interacting partons produced in the hard process.

Particles produced in the hard scattering process undergo an evolution in momentum

transfer, from the energy scale of the hard scatter itself, down to the hadronisation scale.

The evolution of the momentum transfer proceeds via the emission of either quarks or

gluons.

For simplicity, consider the e+e− → qq̄ process, for which the cross section (σqq̄) can

be calculated at LO. To expand this process to the next order in accuracy using the

parton shower method, requires the emission of a parton, for example a gluon, from

one of the quarks, and the calculation of the relevant cross section σqq̄g. This can be

considered differentially in terms of the opening angle (θ) between the quark and the

emitted gluon, and the fraction of the quark’s energy (z) that the gluon possesses [69]:
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dσqq̄g
dcosθdz

≈ σqq̄ CF
αs
2π

2

sin2θ

1 + (1− z)2

z
, (4.4)

where CF is a colour factor that can be thought of as the quark colour charge, squared.

The vital component of the above equation is the fact that the differential cross section

of the qq̄g process is dependent upon that of the qq̄ process. The remaining components

of Equation 4.4 can be interpreted as the probability of emission of a gluon differentially

in terms of the kinematics of the gluon. While this underpins the basic method behind

parton shower algorithms, the divergences in the equation must also be dealt with,

before it can be applied. It is seen that if θ = 0, π (co-linear limit) then Equation 4.5

is divergent, additionally if z = 0 (“soft” limit) the equation is divergent. In order to

prevent these divergences, a “cut-off” must be applied, such that the individual partons

from the splitting are required to be resolved. A commonly used, but not the only,

resolution variable is the transverse momentum, and a “cut-off” Q0 is applied, which

removes both divergences from θ and z.

Before this method can be fully expanded is useful to rewrite the distribution as the

sum of two distributions, one which is divergent when θ = 0, and the other when θ = π.

The resultant summation (over the partons) is given by:

dσqq̄g ≈ σqq̄
∑

partons

CF
αs
2π

dθ2

θ2
dz

1 + (1− z)2

z
. (4.5)

A similar treatment can be applied to the remaining emission processes (g → gq, g → gq̄,

q → qq̄). This provides the foundations to perform co-linear splitting and soft emission

of the partons from the hard process, which can then be implemented in an algorithm.

The final aspect to be considered to achieve the full implementation of a parton

shower algorithm is the point at which to stop showering the partons, which corresponds

to the energy at which the partons will no longer be able to emit. This is given by the

probability that a parton will no-longer produce resolvable branchings, and is given by

the Sudakov form factor [70]:

∆i(Q
2, Q2

0) = exp

{
−
∫ Q2

Q2
0

dk2

k2

αs
2π

∫ 1−Q2
0/k

2

Q2
0/k

2

dzPji(z)
}
, (4.6)

where Pji(z) are a set of universal, flavour dependent functions [71]. The above equa-

tion allows the end point of the algorithm to be defined using the point where there is

a zero probability of producing a resolvable branching, with the transverse momentum
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(k) running from the lower pT cut off (Q0) to the input parton pT (Q). It follows that

one minus the equation gives the probability of the first emission, which is the starting

point of the algorithm. Due to the probabilistic nature of parton shower algorithms and

the multiple non-trivial physics choices that can be made when implementing the algo-

rithm, there is a certain arbitrariness when designing the algorithm, therefore it is usual

to compare two different but equivalent PS algorithms to assess the uncertainties, for

example comparing Pythia6 [72] with Herwig++ [73]. A difference in these algorithms

is the variable used to calculate the evolution of the shower (in Equation 4.6 the trans-

verse momentum is used). This is a choice that is made when designing the algorithm,

for example Pythia6 orders the showers based upon the transverse momentum, whereas

Herwig++ uses angular-ordering. An alternate method to estimate the uncertainty of a

single PS algorithm is to vary the gluon resummation scale up and down with respect

to the nominal value.

4.1.4 Matrix element matching

It is clear that the hard scattering calculation and the parton shower method should

be used in a complimentary manner, with the hard scatter calculation describing the

hard partons produced directly at the matrix element, and the PS method describing

the emission of softer gluons and quarks. The hard scattering calculation is useful

to describe hard partons that are well separated, whilst the parton shower method can

describe co-linear and soft emissions. Combining the two approaches will provide a more

complete description of an event. This is simple when considering a LO ME calculation,

however, this is non-trivial when considering NLO (or higher) ME calculations. The

simple addition of a parton shower to an NLO hard scatter event is not possible as the

hard scatter event is generated exclusively in terms of the number of partons, whereas the

parton shower is inclusive in parton number. Another issue is possible double-counting

of regions of phase space.

Generally there are two methods, matching and merging, that are used to combine

the hard scatter and the parton shower. Matching methods seek to correct the hardest

emissions from the parton shower, which can also change the NLO cross section. Merging

methods introduce a scale dependence (known as the merging scale): above this scale

the partons are generated from the matrix element, below the scale from the parton

shower.
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When performing the matching between the parton shower and the matrix element

there are two main effects. Firstly, as previously mentioned, the total cross section

changes. Secondly, the shape of distributions related to the hardest emission are mod-

ified. Since there is again a certain arbitrariness in the choice of matching scale and

other related parameters, which are usually set depending upon the partons produced,

systematic uncertainties arise. There are multiple assumptions that can be made when

performing the matching between the matrix element and the parton shower. The uncer-

tainty from these assumptions are taken into account by comparing different generators

in a similar manner to that of the hard scattering.

When performing the merging method, the uncertainty due to the choice of merging

scale is estimated by varying the scale up and down by a factor of two with respect to

the nominal. For example, when evaluating the ME matching uncertainty for the signal

samples, the parameter used for parton clustering is varied up and down by a factor of

two.

4.1.5 Hadronisation

After an event has proceeded via a parton shower algorithm, the remaining partons which

are unable to undergo further splitting must then hadronise. The method of proceeding

from the unphysical parton state, to the physically observed hadronic state is known as

“hadronisation”. As the process of hadronisation occurs at the level of non-perturbative

QCD, it cannot be calculated from first principles. Primarily two distinct methods exist

to model the hadronisation process: the string model [74] and cluster model [75].

The string model is based upon the assumption of linear confinement. For example,

a qq̄ pair can be considered to be the end-point of a string of colour-flux. The potential

energy of the string (V ) is proportional to the linear separation of the qq̄, with V (r) = κr

due to the assumption of confinement. As the qq̄ move further apart along the string

axis, eventually the energy in the string may be such that a new pair of quarks are

formed, q′q̄′. This new pair of quarks will create two colour singlet pairs, qq̄′ and q′q̄,

with a region absent of field between them. These new pairs of quarks may themselves

split further, until the energy left in the subsequent quark systems is too small to create

further pairs. In the case where gluons are also present, they can be considered to be

“kinks” in the string, however the principle of the string-splitting remains the same.
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The cluster model is based upon an inherent property of parton shower algorithms,

known as the “preconfinement property”. The preconfinement property states that at

any scale (Q) of a parton shower algorithm, the colour structure of a shower is such that

colour singlet combinations of partons can be formed with a universal asymptotic invari-

ant mass distribution. In this case universal means dependent upon only Q0 (the shower

resolution scale) and the hadronisation scale (Λ). Asymptotic refers to the requirement

that Q � Q0. If it is further required that Q0 � Λ, then the mass distribution can

be calculated perturbatively. Hadronisation models based on preconfinement use non-

perturbative splitting of gluons at the resolution scale. Adjacent colour lines then become

qq̄ pairs and can form clusters which are mesons. This method leads to a natural link

between the partons from the cut-off scale, and those from the hadronisation process.

The splitting of the gluon into quarks is non-trivial and introduces caveats, such as the

choice of momentum for the resultant quarks and the flavour distributions. Another

available choice is the method of how the clusters proceed to the final state baryons and

mesons. Generally, this proceeds via a two-body decay to lighter states according to

the relevant branching ratios etc, however the kinematics in this region surpresses heavy

flavour/strangeness and baryon production.

Both models have their drawbacks. A drawback of the string model is that there

are many unknown parameters related to flavour properties, that must be determined

directly from data. A problem with the cluster model is that it produces clusters at low

mass, but there is a high mass tail from events with only a small amount of showering. A

comparison between these options reveals that the string model describes data slightly

better; however, this is at the cost of requiring many parameters to be “tuned” to

data. The cluster model provides acceptable modelling with a minimal set of unknown

parameters. A final drawback of both models is that neither model are able to take into

account possible collective behaviour of the hadrons such as in a quark-gluon plasma

[76]. The uncertainty due to the hadronisation modelling is evaluated by varying the

tuning parameters used as an input.

4.2 General overview of Monte Carlo modelling

Due to the substructure of protons and the properties of QCD, modelling proton-proton

collisions is a difficult task. Considerations which must be taken into account include

the interactions between the quarks and gluons inside the colliding protons, initial and
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final state radiation of partons involved in the hard scattering, and the modelling of

additional (secondary) interactions in the collision. The modelling of a proton-proton

collision event can generally be divided into three main stages, described by Figure 4.2:

• Hard scattering process

This is the primary interaction of two partons from the protons. The production

cross section for a generic qq̄, qq′, gq, qq, gg → X process is calculable at using

pQCD as discussed in 4.1.1. In Figure 4.2 the hard process considered is the

interaction between two gluons (blue) from the incoming protons, producing a top

pair in association with a Higgs boson at the large red circle. Each particle in the

tt̄H system subsequently decays at the smaller red circles.

• Parton Shower (PS)

Later in the event is the shower evolution (PS), where any strongly-interacting

particles can radiate either gluons and quarks. The PS stage is represented by the

red particles in the figure.

• Hadronisation

The final step in an event is the hadronisation stage (green objects). In this

stage the strongly-interacting particles from the hard scatter and PS stages have

lost energy and are at a low momentum. In this regime perturbative QCD breaks

down. At this stage the strongly-interacting particles are grouped together to form

colourless hadrons, which are measured in the detector. In MC the hadronisation

stage is modelled using data as hadronisation cannot be analytically predicted.
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Fig. 1 Pictorial representation of a tt̄h event as produced by an event generator. The hard interaction (big
red blob) is followed by the decay of both top quarks and the Higgs boson (small red blobs). Additional
hard QCD radiation is produced (red) and a secondary interaction takes place (purple blob) before
the final-state partons hadronise (light green blobs) and hadrons decay (dark green blobs). Photon
radiation occurs at any stage (yellow).

on the understanding of LHC physics. The construction, maintenance, validation and extension of event
generators is therefore one of the principal tasks of particle-physics phenomenology today.

The inner working of event generators

Fig. 1 pictorially represents a hadron-collider event, where a tt̄h final state is produced and evolves by
including effects of QCD bremsstrahlung in the initial and final state, the underlying event, hadronisation
and, finally, the decays of unstable hadrons into stable ones. Event generators usually rely on the fac-
torisation of such events into different well-defined phases, corresponding to different kinematic regimes.
In the description of each of these phases different approximations are employed. In general the central
piece of the event simulation is provided by the hard process (the dark red blob in the figure), which
can be calculated in fixed order perturbation theory in the coupling constants owing to the correspond-
ingly high scales. This part of the simulation is handled by computations based on matrix elements,
which are either hard-coded or provided by special programs called parton-level or matrix-element (ME)
generators. The QCD evolution described by parton showers then connects the hard scale of coloured
parton creation with the hadronisation scale where the transition to the colourless hadrons occurs. The
parton showers model multiple QCD bremsstrahlung in an approximation to exact perturbation theory,
which is accurate to leading logarithmic order. At the hadronisation scale, which is of the order of a
few ΛQCD, QCD partons are transformed into primary hadrons (light green blobs) by applying purely
phenomenological fragmentation models having typically around ten parameters to be fitted to data.
The primary hadrons finally are decayed into particles that can be observed in detectors. In most cases
effective theories or simple symmetry arguments are invoked to describe these decays. Another impor-
tant feature associated with the decays is QED bremsstrahlung, which is simulated by techniques that
are accurate at leading logarithmic order and, eventually, supplemented with exact first-order results. A
particularly difficult scenario arises in hadronic collisions, where remnants of the incoming hadrons may
experience secondary hard or semi-hard interactions. This underlying event is pictorially represented by
the purple blob in Fig. 1. Such effects are beyond QCD factorisation theorems and therefore no complete
first-principles theory is available. Instead, phenomenological models are employed again, with more
parameters to be adjusted by using comparisons with data.

3

Figure 4.2: An example of the stages involved in a generic proton-proton event.
Gluons and quarks from the initial protons are shown in blue. The hard scatter process
(in this case tt̄H production) is the large red circle, with the subsequent decays and
QCD radiation, forming the PS, in red. The hadronisation stage is in green. Yellow
objects denote QED radiation. An additional (pile up) interaction is shown in purple.

Figure taken from [77]

Further to the stages described above, charged particles may emit EM radiation at

any point in the event (yellow objects). It is also possible that an additional interaction

(purple) occurs in a collision which arises from the partons in the interacting proton,

this is commonly referred to as a multiple parton interaction (MPI) or underlying event

(UE). These interactions are of limited physics interest but can occur in a collision and

must be modelled.

In addition to MPI interactions, it is possible that collisions occur between other

protons in the colliding bunch. These collisions are referred to as “pile-up” interactions.

The average number of pile-up interactions in an event, 〈µ〉, is dependent upon the centre

of mass energy of the collision, the bunch spacing configuration used in the LHC and

other accelerator parameters. For the Run 1 data, 〈µ〉 ≈ 20. The collision data collected

at the beginning of Run 2 (2015) used a 50 ns bunch spacing which was subsequently

reduced to 25 ns, resulting in 〈µ〉 ≈ 14. During 2016, a bunch spacing of 25 ns was used

throughout data taking, resulting in 〈µ〉 ≈ 24.

4.2.1 MC Generators Used

The most used generators for the studies presented in this thesis are listed below with a

brief overview of the usage of the generator and its properties. The number of expected
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events for a given process using a MC generator is calculated using Equation 4.7:

NExpected Events =
Ldata · sf · σprocess · ε · k

Lgenerated
·NRaw Events. (4.7)

For a given analysis selection the number of expected events is dependent upon: the total

luminosity collected by the detector (Ldata), which the MC is being compared to; the

cross section of the process under consideration (σprocess); scale factors (sf) that need to

be applied to the MC, as discussed in Section 5.1, to correctly model the response of the

detector; the efficiency (ε) of any filters used during the generation of the sample; the

k-factor (k), which is used to scale the cross section from NLO to NNLO if applicable;

and the number of unscaled MC events (NRaw Events) passing the selection.

Sherpa

The Sherpa event generator [77] performs ME calculation at NLO for up to two partons,

with four additional partons able to be generated at LO using the Comix [78] and

OpenLoops [79] matrix element generators. This is interfaced to an internal PS algorithm

[80] according to the ME+PS@NLO prescription [81]. Sherpa is used predominantly to

model the Z+jets and W+jets processes where a global k-factor is used to scale the NLO

ME calculation to NNLO. It is also used to model the γ+jets process at LO. Depending

on the version of Sherpa used in the analysis either the CT10 PDF set [82] (for version

2.1) or the NNPDF3.0NNLO PDF set [83] (for versions 2.2 and above) is used.

Powheg

The Powheg [84, 85, 86] generator performs ME calculations at NLO for a variety of

processes. In this analysis it is used to generate the tt̄ and single-top processes. This

is subsequently interfaced to a PS algorithm. The ME calculation uses the 5 flavour

scheme (5FS), with massless b−quarks in the intial state using the CT10 PDF set. The

top-quark mass is set to 172.5 GeV when generating events.

MadGraph aMC@NLO

MadGraph aMC@NLO [87] calculates the ME at LO with the emission of up to two

additional partons, and is interfaced with a PS algorithm (usually Pythia8), using the

CKKW-L matching prescription [88]. MadGraph is used to generate the BSM signal

samples, and also the SM tt̄ + V (V = W/Z) processes. The NNPDF2.3LO PDF set is

used in the ME calculation.
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Pythia

Currently two versions of Pythia are in use, Pythia6 and Pythia8 [89]. Pythia is able to

be used as a LO ME generator to generate the SM multi-jet process. More commonly

however, Pythia is used exclusively as a PS and hadronisation program, used for show-

ering events that have been generated via a different higher order ME generator (such

as Powheg and MadGraph). The PDF set used by Pythia6 is CTEQ6L1 [90], whilst

Pythia8 uses the NNPDF2.3LO PDF set.

Herwig++

Herwig++ is able to be used as a NLO ME generator for a variety of processes, however

similarly to Pythia, it is predominantly used as a shower and hadronisation algorithm

interfaced to other higher order ME generators.

The remainder of this Chapter discusses the studies investigating the MC modelling of

dominant processes for the physics analyses presented herein. An overview of the inves-

tigation of the modelling of top production processes is presented, seeking to quantify

the interference effects between the single-top Wt-process and top-pair production. In

addition to this, the production of a parameterisation for the Sherpa V+jets modelling

uncertainties are presented.

4.3 Modelling the single-top Wt-process

In addition to the sources of uncertainty that arise due to the choices made when defining

the MC setup for a certain process, there are specific physics processes that require the

evaluation of additional uncertainties, due to the uncertainty on the treatment of the

process itself at the lowest order. An example of this in context of the analyses presented

within this thesis is single-top Wt-channel production.

Figure 4.3 compares two Feynman diagrams to present the interference effects be-

tween tt̄ and single-top Wt generated at NLO. From the hard scattering process it can

be seen that both processes may produce a WWbb final state.
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to be completely dominated by the on-shell tt̄ contribution.
In phase-space regions with unresolved b-quarks, the impor-
tance of off-shell and single-top contributions is expected to
increase quite substantially. However, due to the presence
of collinear singularities, such regions are not accessible in
the massless b-quark approximation of [4–6]. To fill this
gap, in this paper we present a complete NLO W+W�bb̄
calculation including off-shell W-boson decays and massive
b-quarks in the 4F scheme. A similar calculation has been
presented very recently in [7]. These simulations provide
NLO accurate W+W�bb̄ predictions in the full phase space
and allow one to investigate, for the first time, top-pair and
single-top production in presence of jet vetoes or jet bins,
such as in the case of the H ! W+W� analysis. An im-
portant advantage of NLO W+W�bb̄ predictions in the 4F
scheme is that they provide a fully differential NLO descrip-
tion of both final-state b-jets and a correspondingly accurate
modelling of jet vetoes, while in the 5F scheme a similar
level of accuracy for spectator b-quarks in Wt production
would require an NNLO calculation.

2 Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp ! nee+µ�n̄µ bb̄,
which comprises tt̄ production and decay in the opposite-
flavour di-lepton channel. For brevity we will denote this re-
action as W+W�bb̄ production, keeping in mind that all off-
shell and interference effects related to the nee+µ�n̄µ final
state are consistently handled in the complex-mass
scheme [3], where finite-width effects are systematically ab-
sorbed in the imaginary part of the renormalised pole mass.
The complex-mass scheme is used also for the off-shell con-
tinuation of top-quark resonances [5]. Examples of tree di-
agrams involving two, one and no top-quark resonances are
illustrated in Figures 1 and 2. The second diagram in Fig. 1
is the 4F-scheme analogon of t-channel gb ! tW� produc-
tion in the 5F scheme, and the initial-state g ! bb̄ split-
ting is related to the b-quark parton distribution in 5F PDFs.
At NLO we include the full set of tree, one-loop and real-
emission diagrams that contribute to nee+µ�n̄µ bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ�n̄µ sub-topologies like in the sec-
ond diagram of Fig. 2 are included also in the virtual and real
corrections. The bottom- and top-quark masses are renor-
malised in the on-shell scheme, and their contributions are
retained everywhere.

The entire calculation has been performed with highly
flexible and automated NLO programs, and the high com-
plexity resulting from the presence of multiple top- and W-
resonances, as well as from the wide spectrum of involved
scales, render pp ! W+W�bb̄ an excellent technical bench-
mark to test the performance of the employed tools. To eval-
uate tree, virtual, and real-emission amplitudes, we
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Fig. 1 Representative tt̄-like (left) and Wt-like (right) tree diagrams.
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Fig. 2 Representative tree topologies without top resonances and with
two (left) or only one (right) resonant W-boson.

employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS

program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].

Figure 4.3: Feynman diagrams representing tt̄ (left) pair production at LO, and
single-top Wt-channel production at NLO. Taken from [91].

Difficulties arise when producing the hard scattering processes that correspond to

these processes in certain regions of the phase space, most noticably in the region of

phase space where the invariant mass of the W -boson and b-quark approaches the top-

quark mass [91].

Consider a generic papb →Wt+δ production process, where δ can be considered to be

the remaining particles in the process, and denote the amplitude of this process as Aa,b .

This amplitude can be considered to be the sum of the two processes, tt̄ (Att̄a,b) where the

top-quarks produced are doubly-resonant (both top-quarks are on-shell), and single-top

Wt (AWt
a,b ) where only one top-quark is on-shell (referred to as singly-resonant):

Aa,b = AWt
a,b +Att̄a,b. (4.8)

The calculation of the matrix element for this process leads to an expression of the form:

|Aa,b |2 = |AWt
a,b |2 + |Att̄a,b|2 + 2<(AWt

a,bAtt̄∗a,b), (4.9)

which can be rewritten as the sum of three contributions: Sa,b , the contribution from the

singly-resonant single-top (Wt) process; Da,b , the contribution from the doubly-resonant

tt̄ process; and Ia,b , which is the interference term between the Wt and tt̄:

|Aa,b |2 ≡ Sa,b +Da,b + Ia,b. (4.10)

A differential cross section for this process can now be evaluated, taking into account

soft/colinear singularities that may arise in the calculation of Sa,b , and including the

phase space φ3 and beam energy (s). In cross section definition used, dσ̂a,b, the infrared

singularities have been removed from the singly-resonant process (denoted Ŝa,b). As the

doubly-resonant process does not contain IR singularities, and the infrared singularities
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are sub-leading in the interference term, these terms remain unchanged in the cross

section definition:

dσ̂a,b =
1

2s
(Ŝa,b + Ia,b +Da,b )dφ3, (4.11)

the resultant production cross section, summing over the initial state particles is:

dσ = dσ(2) +
∑
a,b

∫
dx1dx2La,b dσ̂a,b

= dσ(2) +
∑
a,b

∫
dx1dx2

2x1x2S
La,b (Ŝa,b + Ia,b +Da,b )dφ3.

(4.12)

This expression contains the quantity dσ2 which includes contributions to the cross

section that are not included in Equation 4.11, the parton-parton luminosity (La,b) and

partonic centre of mass energy squared (S).

From this point it is possible to define two approaches to estimate the cross sec-

tion, the Diagram Removal (DR) scheme and the Diagram Subtraction (DS) scheme,

described below.

4.3.1 Diagram Removal Scheme

In the DR scheme the doubly-resonant amplitude (Att̄a,b) is removed from the matrix

element calculation. A consequence of this is the removal of the Ia,b and Da,b terms in

the cross section calculation. The resultant cross section (Equation 4.13 corresponds to

the production of an on-shell top quark, a W -boson and a b-quark, where the W -boson

and b-quark are produced away from the top-quark mass:

dσDR = dσ(2) +
∑
a,b

∫
dx1dx2

2x1x2S
La,b (Ŝa,b )dφ3. (4.13)

This cross section violates gauge invariance, however, the gauge dependence of the above

cross section has been tested and found to be negligible.

4.3.2 Diagram Subtraction Scheme

In the DS scheme, a constant numerical contribution to the cross section, σsubt, is

removed from Equation 4.12. This numerical value represents the cross section contri-

bution when both top-quarks are on-shell. This corresponds to:
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dσDS = dσ − dσsubt. (4.14)

where the subtraction term is defined as:

dσsubt =
∑
a,b

∫
dx1dx2La,b dσsubta,b ,

dσsubta,b =
1

2s
D̃a,b dφ3.

(4.15)

The D̃ term is related to the doubly-resonant amplitude in a way, such that when the

invariant mass of the W -boson and b-quark tends to the top-quark mass, the following

equation is satisfied:

Da,b − D̃a,b = 0. (4.16)

With the expression in Equation 4.15, the cross section for the DS scheme can be

rewritten in a similar form to that of the DR scheme:

dσDS = dσ(2) +
∑
a,b

∫
dx1dx2

2x1x2S
La,b (Ŝa,b + Ia,b +Da,b − D̃a,b )dφ3. (4.17)

It is seen by inspection of Equations 4.13 and 4.17 that the cross sections for the DR

and DS schemes differ by:

dσDS − dσDR =
∑
a,b

∫
dx1dx2

2x1x2S
La,b (Ia,b +Da,b − D̃a,b )dφ3. (4.18)

Whilst both schemes aim to model the singly resonant contribution, the DS scheme

attempts to also include the interference term between the singly and doubly-resonant

diagrams. When performing tests of the modelling of the above two methods, the authors

of Ref. [92] state that the NLO corrections to the single top Wt-channel process are

larger than the interference effects and that there can be a large ambiguity in certain

regions of phase space between the DR and DS estimates.

For the majority of regions of the analyses presented herein, there is a requirement

that the event contains two b−quarks. For this selection the interference effects are

more relevant and as such a test of the validity of the DR and DS estimates must be

performed. Naively it could be assumed that an uncertainty should be applied to the

Wt process due to the choice of interference scheme. However, this approach is only
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valid if both schemes model the phase space that the analyses targets in an appropriate

manner. Applying an uncertainty from a scheme with poor modelling of the phase space

would artificially increase the uncertainties.

It may be assumed that the DS method would be a better description of the single-top

process as it includes the interference term. However, as previously described, the DS

method assumes that the W -boson and b-quark are close to the top-quark mass. If, in

the phase space under consideration, the invariant mass of the W -boson and b-quark is

away from mt then using the DS scheme to model the single-top process may no longer

be valid.

4.3.3 Validity test of the DR and DS schemes

The validity of the DR and DS schemes is investigated in the context of the sbottom

2015 analysis as presented in Chapter 6. The predictions of the DR and DS samples are

compared against data in a single-top Wt-channel enriched region. The MC generator

used for these studies is Powheg interfaced with Pythia6 for showering for both tt̄ and

single-top. The nominal single-top sample uses the DR scheme, which is compared with

the alternative Powheg+Pythia6 DS sample. The selections used to define the single-top

control region (referred to as bb CRstA) are fully described in Table 6.12.

Process Yield

tt̄ 11.7± 0.9

single-top (DR) 28.1± 0.7

single-top (DS) 6.4± 0.4

Z+jets 0.9± 0.2

W+jets 16.7± 0.8

Diboson 0.5± 0.1

tt̄Z 0.08± 0.01

tt̄W 0.11± 0.01

MC Total with DR scheme 58.1± 1.5

MC Total with DS scheme 36.4± 1.3

Observed data events 56

Table 4.1: Data and MC comparison of the main SM background processes in the
sbottom bb CRstA region, with 3.2 fb−1. Only statistical uncertainties are considered.

From Table 4.1 it can be seen that, in the region of phase space considered by the

analysis, the DS sample greatly underestimates the data. The MC prediction in this
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region, assuming a 20% systematic uncertainty on the background estimate, when using

the DR sample is within 0.2σ of the data, whereas the estimate when using the DS

scheme underestimates the data in the region by 2.7σ.

A normalisation parameter (µsingle−top) is subsequently calculated, by removing the

30 events corresponding to the non-single-top backgrounds, and evaluating the single-top

contributions after rescaling number of remaining data events:

µsingle−top =
Ndata non−singletop

NMC singletop
(4.19)

These calculations result in µsingle−top = 4.08 for the DS scheme compared with

µsingle−top = 0.92 using the DR scheme. This drastic difference in DR and DS estimations

in the bb CRstA region suggests that the DS scheme is not appropriate to apply in

the phase space targeted by the analysis, as the invariant mass of the W -bosn and b-

quark are away from the top-quark mass. Applying this uncertainty would artificially

inflate the uncertainty. Further understanding of the differences between the DR and

DS methods comes from analysing distributions key analysis variables, using samples

without detector simulation, referred to as “truth-level” samples.

The object and variable definitions employed follow closely the definitions which will

be reported in Chapter 5. Figures 4.4 and 4.5 show key variables from the sbottom

analysis as reported in Chapter 6, and illustrate how these variables differ when not

applying any selection and when applying a selection of nb−jets = 2. As the DR scheme

is shown to model the data in the bb CRstA very well, the large differences at truth-

level between the DR and DS schemes suggests that applying the relative uncertainty

between the schemes artificially inflates the analysis uncertainty.

The results of these tests show that the DS scheme is not a valid method in the phase

space targeted by the analysis, and the relative uncertainty should not be applied as an

additional systematic uncertainty. In the next section, studies performed investigat-

ing an alternative sample, which can shed some light on the interference contributions

relevant for the nb−jets = 2 selection, are reported.
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Figure 4.4: Selection of key variables in the bb CRstA without any selection applied,
comparing the DR and DS schemes at truth-level: (a) mbb (b) Emiss

T (c) mCT (d) pT (j1)
(e) mmin

(b,l) (f) njets. Only the statistical uncertainties on both the DR and DS samples
are shown.
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Figure 4.5: Selection of key variables in the bb CRstA at with an nb−jets = 2 require-
ment, comparing the DR and DS schemes at truth-level: (a) mbb (b) Emiss

T (c) mCT

(d) pT (j1) (e) mmin
(b,l) (f) njets. Only the statistical uncertainties on both the DR and

DS samples are shown.
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4.3.4 Using a dedicated WWbb Sample

Contributions related to the interference effects between the single-top and tt̄ processes

can be studied by combining the individual tt̄ and single-top samples and comparing

this to a single sample which fully generates the off-, singly- and doubly-resonant con-

tributions to the WWbb process.

Due to difficulties encountered when generating the WWbb process at NLO [93], the

best accuracy achievable when performing these studies is LO using MadGraph for the

ME calculation and Pythia8 for the PS. Samples are generated in the so-called 4 Flavour

Scheme (4FS) where b−quarks are treated as massive and any b−quark initiated process

begins with g → bb.

A similar method is used as in the previous comparison in the context of the 2015

sbottom analysis. To perform this comparison in the same manner as the DS comparison

in the previous section, it is required to combine the contributions of the nominal single-

top (DR) method, with the tt̄ sample, and then to compare this with the full WWbb

sample.

Whilst these studies are performed at truth-level only, any significant differences in

the yields of tt̄+single-top and WWbb would suggest that a reconstruction-level WWbb

sample would not be appropriate to model the regions under consideration, as the nomi-

nal tt̄ and single-top DR samples describe the data in the bb CRstA well. The truth-level

yields for the bb CRstA region and a signal region used in the sbottom 2015 analysis

(referred to as bb SRA250 and defined in Table 6.3) are shown in Table 4.2.

Process bb CRstA bb SRA250

tt̄ + single-top (NLO, DR) 64.02 3.443

WWbb (LO) 27.70 1.796

Table 4.2: Truth-level yields for the combined tt̄ and single-top processes and the
WWbb process in the bb CRstA and bb SRinA regions.

The large difference between the predicted yield for the nominal tt̄ +single-top and

the WWbb sample shown in Table 4.2, suggests a global normalisation required for the

WWbb sample. However at truth-level there are significant deviations between samples.

As the nominal sample is shown to estimate the data well (at reconstruction-level) it is

assumed that a WWbb sample, generated at reconstruction-level, would compare poorly

with the data due to this large difference in yield at truth-level.
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4.3.5 Conclusions

The previous section presented an overview of the methods to model the interference

between the single-top (Wt) and tt̄ processes when considering events with two b−jets

in the final state.

The diagram removal method (DR) is used as the nominal method when generating

the single-top process. The validity of comparing the DR method with the diagram sub-

traction (DS) method, to estimate the uncertainty arising from the interference effects,

is investigated and a comparison between the yields provided using these methods is

shown. It is seen that the DR method models the data well in the single-top enriched

region used in the sbottom analysis. The DS method underestimates the data in this

region. A truth-level comparison is presented showing the distribution of key variables

used in the analysis without any selection applied, and with an nb−jets = 2 selection. The

dramatic differences between the yield provided by the DS sample, and the differences in

the distributions of the key variables, is indicative of the DS sample being inappropriate

to use to estimate the interference uncertainty due to the phase space targeted by the

analysis.

A further sample is investigated, referred to as the WWbb sample, which contains the

doubly-, singly- and non-resonant terms. To compare the samples on an even footing the

WWbb sample must be compared to the prediction from the combined tt̄ + single-top

samples. Whilst these studies are very preliminary and performed only at truth-level,

there is a significant difference between the predictions from the combined tt̄ + single-

top nominal samples, and the WWbb sample, which suggests that this sample would

also be inappropriate to use to estimate the interference uncertainty.

As neither of the two alternative samples provides a reliable alternative method to

the nominal, the samples are not used to estimate the effect of the modelling uncertainty

in the context of the sbottom 2015 analysis, to prevent artificially inflating the modelling

uncertainties of the analysis.

More recent developments in the generation of the WWbb sample has proven more

successful at modelling the regions of phase space under consideration using Mad-

Graph5+aMC@NLO. These samples were used to assess the impact of the interference

uncertainty for the Sbottom 36.1 fb−1 analysis, documented in Chapter 6 and the Run

2 tb + Emiss
T analysis reported in Chapter 7. The uncertainties on the signal region

predictions using the MadGraph5+aMC@NLO samples are between 6-16%.
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4.4 Modelling the V -jets process uncertainties using a pa-

rameterisation

The MC event generator Sherpa (versions 2.1.1, 2.2.0 and 2.2.1) is used by ATLAS to

generate samples corresponding to the NLO production of a W/Z boson in association

with jets, with the boson decaying leptonically. The events are normalized to the in-

clusive (4π) NNLO cross sections using an associated k-factor. The W+jets events are

normalised to σNNLO = 20080 pb. The cross section used for the normalisation of the

Z+jets events is dependent upon the invariant mass of the leptons in the event, for the

Z → `` events, the samples are normalised to σNNLO = 2067 pb for each flavour of lepton

(` = e, µ, τ). The Z → νν samples are normalised to σNNLO = 11373 pb.

The nominal Sherpa configuration includes four parameters which are setup by the

user and that can be varied to evaluate the corresponding uncertainties:

• Matrix element matching scale (CKKW): This is the merging scale taken for the

calculation of the overlap between jets from ME and from PS. The nominal value

for this parameter is 20 GeV. The up variation increases this to 30 GeV (CKKW30),

whilst the down variation decreases the nominal value to 15 GeV (CKKW15).

• Renormalisation scale (Renorm): This is the scale at which the running strong

coupling constant (αS) is calculated for the underlying hard process, the nominal

value is calculated at mW/Z . The µR is varied by a factor of 2 (Renorm4) and a

factor of 1
2 (Renorm025) with respect to the nominal.

• Factorisation scale (Fac): This is the factorisation scale (µF ) used in the PDF and

cross section calculations, the nominal value is chosen such that µF = mW/Z . The

µF is varied by a factor of 2 (Fac4) and 1
2 (Fac025) with respect to the nominal.

• Resummation scale (QSF): This is the scale used in the PS algorithmn to begin the

process of soft emission, the nominal value is again chosen such that µqsf = mW/Z .

The µqsf is varied by 2 (QSF4) and 1
2 (QSF025) with respect to the nominal.

Due to the large amount of samples and events that would be required to cover the

above variations, only a subset of samples, dependent upon the decay of the vector boson

(Z → νν, Z → ee, W → eν) are produced with Sherpa version 2.1, as the variations

do not depend on the decays of the vector boson and are independent of lepton flavour.

Furthermore, dedicated samples for Sherpa v2.2, and v2.2.1 with alternative scales were
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not produced: in this case, the applicability of the same relative variations derive from

the fact that v2.1 and v2.2/v2.2.1 samples do not differ in QCD order and ME+PS@NLO

prescription.

The following studies consider the variations for the Z → νν, Z → `` and W → `ν

samples. The samples are generated in slices corresponding to the transverse momentum

of the vector boson, pT(V ): [0,70], [70-140], [140-280], [280-500], [500-700], [700-1000],

[1000-2000], [2000-ECMS] GeV, and are also split depending on the flavour of the jet:

b−, c−, and l−jets. For each of the four variations two samples are produced: down

variations (referred to as CKKW15, Renorm025, Fac025, QSF025 respectively); and the

up variations (referred to as CKKW30, Renorm4, Fac4, QSF4 respectively).

Figures 4.6, 4.7 and 4.8, show kinematic distributions at truth-level of the variations

with respect to the nominal, for the Z → νν, W → eν and Z → ee samples respectively.

It is seen that varying the renormalisation scale produces the largest deviations when

compared to the nominal. This is most prevalent in the pT(V ) distributions.

Generally the variations show a dependence upon pT(V ) and the jet multiplicity.

Other variables, such as meff and HT (defined in Section 5.4) also show some sensitivity

to the variations, however, not to the same extent as pT(V ) and njets. Due to this

dependency on pT(V ) and njets a set of weights in two-dimensions was developed to

describe the uncertainties.

The following section shows how the parameterisation of the uncertainties based on

the afforementioned variables has been developed, and closure tests of the parameter-

isation are shown. The results of the parameterisation allows a wide range of ATLAS

analyses to evaluate the impact of these modelling uncertainties in a much quicker man-

ner than running directly on the alternate samples.
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Figure 4.6: Key variables for the systematic and nominal Z → νν samples. Top row:
left pT(Z); right meff . Bottom row: left nTruthJets, right HT. Figures taken from [4].
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Figure 4.7: Key variables for the systematic and nominal W → eν samples. Top row:
left pT(W ); right pT(e). Bottom row: left nTruthJets, right HT
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Figure 4.8: Key variables for the systematic and nominal Z → ee samples. Top row:
left pT(Z); right pT(e). Bottom row: left nTruthJets, right HT
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4.4.1 Parameterisation Method Overview

The first step in parameterising the uncertainties is to identify the appropriate variables.

As a first step, weights were derived using a 1-dimensional parameterisation using either

pT(V ) or njets (pT > 20 GeV, |η| < 2.8). For the case where pT(V ) was used for

the parameterisation process, properties related to the jets (HT, pT(j1) etc) were not

reproduced with the parameterisation, whilst using the jet multiplicity as the basis for

the parameterisation caused variables relating to the Emiss
T to be poorly reproduced.

This shows that a multidimensional parameterisation must be performed: two variables

were found to be sufficient and pT(V ) and njets are used.

For a given pT(V ) bin (i), and njets bin (j), the weights are calculated per sample (up

and down variations are treated separately) using Eqn 4.20:

Wi,j =
NSyst
i,j

NNominal
i,j

, (4.20)

where the number of events for each sample is normalised to the NNLO cross section.

The choice of pT(V ) bins is guided by the pT slices that are used for the genera-

tion of the samples ([0,70], [70-140], [280-500], [500-700], [700-100], [1000-2000], [2000-

ECMS]) GeV. The njets bins correspond to values of the jet multiplicity of (0, 1, 2...10, >

10) jets. A cut off point of > 10 is chosen due to low statistics in bins with jet mul-

tiplicity > 10 which may lead to unphysical fluctuations. A representation of the bin

structure is shown in Fig. 4.9.
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Figure 4.9: Representation of the bin structure for a given njets and pT(V) selection.
Weights are calculated using Eqn 4.20 on a bin-by-bin basis corresponding pT(V ) (i)

and njets (j).
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The weights produced corresponding to the renormalisation scale variations are shown

in Figure 4.10, using the Z → νν process as an example.
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Figure 4.10: Examples of the weights produced for the Z → νν renormalisation scale
variations.

4.4.2 Validation of the Parameterisation Weights

In order to validate the method, a closure test is performed comparing the weighted

nominal (i.e. applying the weights from the parameterisation to the nominal sample),

and the actual systematic sample, for variables that are used for many SUSY analyses.

By definition, for the variables used for the parameterisation method, the weighted

nominal should reproduce exactly the systematic sample. Fig 4.11 shows the distribu-

tions corresponding to the parameterisation variables pT(V ) and njets. The weighted

nominal and the systematic variation differ in the high multiplicity bins for the njets

distribution due to the truncation at njets = 10 used in the parameterisation.

A small subset of observables are shown in Figures 4.12 and 4.13 corresponding to

the Renorm025 and Renorm4 variations for the Z → νν process, as Figures 4.6, 4.7 and

4.8 show how the uncertainty from these variations are expected to lead to the largest

difference from the nominal sample and hence the renormalisation variations have the

largest impact on the modelling uncertainty.

The black markers denote the weighted nominal whilst the systematic sample is

represented by the black line. Generally good agreement is observed using the weighted

method in all variables that are considered.
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Figure 4.11: pT(V ) (left) and njets (right) distributions for the ckkw30 (ME matching
up) Z → νν sample. As these variables are used for the parameterisation it would be
expected that the weighted method and the actual systematic variation would agree
exactly for these variables. This is the case for the pT(V ) distribution (left) however
due to the binning used when producing the weights for the high jet multiplicity events
this is not the case for the njets distribution. The statistical uncertainty on both the

nominal and variation samples are shown.
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Figure 4.12: Distributions of kinematic variables for the Z → νν renorm025 sample.
Top row: Left Emiss

T ; right HT. Middle row: Left b−jet multiplicity; right meff ’ Bottom

row: Left pj1
T ; right pj2

T . The statistical uncertainty on both the nominal and variation
samples are shown.
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Figure 4.13: Distributions of kinematic variables for the Z → νν renorm4 sample.
Top row: Left Emiss

T ; right HT. Middle row: Left b−jet multiplicity; right meff ’ Bottom

row: Left pj1
T ; right pj2

T . The statistical uncertainty on both the nominal and variation
samples are shown.
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4.4.3 Parameterisation usage with later versions of Sherpa

During the progression of Run 2 the Sherpa 2.1.1 version used for the generation of the

V+Jets processes has been replaced by 2.2.0, and then version 2.2.1.

In doing this the nominal V+Jets samples were regenerated, however the systematic

variation samples were not regenerated. Sherpa 2.2.1 presents a new functionality which

allows the generation of internal weights on an event-by-event basis, which can be used

to quantify the µR, µF and PDF uncertainties on the ME. On the other hand the matrix

element matching and resummation scale variations are not available “on the fly”. Hence

the parameterisation weights remain a useful method to calculate these uncertainties at

the analysis level without dealing with many large samples.

Applicability of the parameterisation to the 2.2 samples has been studied in two ways.

The first method is to compare the 2.1 and 2.2 weighted distributions to understand the

behaviour of the weights. Figure 4.14 presents a comparison of the weights used with

the nominal 2.1 and 2.2 samples. It is seen that the ratio of the nominal (solid line)

to the weighted samples (markers) for the Sherpa 2.1 (red) and Sherpa 2.2 (black) are

very similar. This implies that the the parameterisation varies the nominal sample in a

similar manner for both 2.1 and 2.2, validating the usage of the parameterisation to the

Sherpa 2.2 nominal samples.

With regards to Sherpa 2.2.1, the addition of the internal weights for the renormali-

sation and factorisation uncertainties allows for a more direct manner of validating the

parameterisation. Figures 4.15 and 4.16, show a direct comparison between the inter-

nal weights, and the parameterisation weights, when applied to a reconstruction level

Z-jets sample, for some key variables of interest. There is very good agreement between

the internal weights and the parameterisation method for the scale variations that have

corresponding internal weights, validating the usage of the parameterisation with these

samples.

4.4.4 Conclusions

The previous section contained an overview of the studies performed investigating the

modelling uncertainties for the Sherpa V+jets samples, which are used to model key

background processes in the analyses presented in this thesis. The effects of varying the

parameters corresponding to the renormalisation scale (µR), factorisation scale (µF ),

matrix element matching scale (CKKW) and soft gluon resummation scale (µQSF) are
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investigated, with the renormalisation scale variations showing the largest difference

with respect to the nominal.

To allow for the efficient calculation of the impact of these uncertainties, a two-

dimensional parameterisation was developed, based upon the transverse momentum of

the vector boson (pT(V )) and the jet multiplicity (njets). A closure test was performed

using the weights, by comparing distributions produced with the weighted nominal and

with the true systematic sample, which resulted in the reproduction of the true system-

atic sample with the weights, when considering a selection of variables used in analyses.

Finally, the usage of the weights when applied to the updated Sherpa 2.2 samples

was presented. Two methods are used to perform this check. The first method compares

a selection of distributions using the weights applied to the 2.1 samples, and to the 2.2

samples. The ratio of the weighted distributions to the nominal sample for both 2.1

and 2.2 exhibits similar behaviour, validating the usage of the parameterisation here.

The second method is to compare the weights to the internal weights that were included

in the updated version. Not all of the uncertainties are available with the internal

weights (µF , µR and PDF uncertainties are provided), so the parameterisation provides

a complimentary method to investigate the modelling uncertainties. The validation

is performed by comparing distributions in key variables produced using the internal

weights applied on an event-by-event basis, to the distributions produced using the

parameterisation weights. The comparisons performed are encouraging, with the internal

weights and parameterised weights producing similar distributions.

The usage of the weights produced via the parameterisation is currently the SUSY

Working Group recommended method to evaluate the modelling uncertainties on the

W+jets and Z+jets backgrounds.
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Figure 4.14: Comparison between key distributions for the Z → νν 2.1 (red) and 2.2
(black) for the renormalisation variation samples. The left plots show the renorm025

(down) variation, and the right plots show the renorm4 (up) variation:
Top, Emiss

T ; Middle, HT; Bottom: ntruthjets.
It can be seen in the ratio plot, that the variation (weighted nominal) effects both 2.1
and 2.2 nominal samples in a similar manner, validating the use of the weighted method
when applied to Sherpa 2.2. The statistical uncertainty is shown for both the nominal

and weighted samples.
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Figure 4.15: Comparisons of the renormalisation down variation between the internal
weights and parameterisation method for key distributions using a reconstruction level

Z-jets sample.
Top: left, pT(Z); right, njets. Centre: left HT; right, nb−jets. Bottom: left, meff ;
right, pT(j1). The statistical uncertainties are shown in the ratio plots for the nominal
distribution (grey dashes), the distribution using the internal weights (red dots) and

the distribution using the parameterisation weights (black markers).
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Figure 4.16: Comparisons of the renormalisation up variation between the internal
weights and parameterisation method for key distributions using a reconstruction level

Z-jets sample.
Top: left, pT(Z); right, njets. Centre: left HT; right, nb−jets. Bottom: left, meff ;
right, pT(j1) .The statistical uncertainties are shown in the ratio plots for the nominal
distribution (grey dashes), the distribution using the internal weights (red dots) and

the distribution using the parameterisation weights (black markers).

4.5 Conclusion

This chapter presented an overview of the modelling of a generic proton-proton collision,

and the tools available to model an array of physics processes of importance to the
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analyses presented in this thesis. A brief overview of the MC generators used to model

the key physics processes for the analyses is given, with a discussion of the specific

methods used by each generator. The modelling of two specific cases were studied in

detail.

The interference between the single-top Wt-channel process and the tt̄ process was

investigated in the context of the sbottom 2015 analysis to ascertain if an additional

modelling uncertainty should be placed on the single-top background. It was found that

the alternative samples available to model the interference effects provided unsatisfactory

modelling and were not used, to avoid inflating the uncertainty due to the poor modelling

provided by the alternative samples.

The uncertainties associated with the MC samples used to model the Z+jets and

W+jets processes were investigated, with the uncertainty from varying the renormali-

sation scale the most dominant uncertainty. A 2D parameterisation was produced using

the jet multiplicity and vector boson pT as the basis for the parameterisation, to provide

an quick method to evaluate these uncertainties. A closure test was performed to ensure

that the parameterisation produced similar results to the true variation samples, and

additional checks were performed to validate the usage of the parameterisation with the

newest available samples used to model the V+jets processes.



Chapter 5

Event Reconstruction

This chapter contains an overview of the physics object definitions, the event cleaning

selections and the key discriminating variables used in the analyses contained in this

thesis. A brief introduction to the algorithm used for the definition of jets is given,

before a list of the key objects required for the analyses is presented. Each object is

subsequently discussed to produce the final definition for the objects and in addition to

this the differences between the Run 1 and Run 2 definitions are given when appropriate.

The event-level cleaning selections applied to the data to ensure that the data used for

the analyses is of a good quality are reported. Finally the key kinematic variables that

are used in each analysis are discussed, with an explanation of why they are useful to

discriminate between signal and background.

In the following section, an overview of the definitions used to reconstruct physical

objects such as electrons, muons and jets based upon information received from the

detector is presented. The objects to be considered are:

- Charged leptons, (electrons or muons)

- Jets: Clusters of hadrons, formed into a jet using the anti-kT algorithm [94] with

R = 0.4

- b−jets: Jets which have been further identified as originating from a b−quark.

- Emiss
T : Unbalanced momentum in the transverse plane when summing all other

objects in the detector. Emiss
T is required to conserve momentum in the transverse

plane, and suggests a particle escaping detection, such as a neutrino.

- Photons

89
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In an event the above objects will interact in a relatively unique way in the detector,

such that an energy deposit or track can be associated uniquely with one of the above

objects, as shown in Figure 5.1. However, additional selections are employed to provide

more accurate classification of the objects, and to distinguish between scenarios where

there is uncertainty in the reconstruction.

Figure 5.1: An overview of how physics objects would interact in the ATLAS detector.
Taken from [95].

5.1 Object Reconstruction and Definitions

When reconstructing an event “baseline” objects are initially defined. These are objects

that pass a loose set of requirements based upon the pT, η and isolation of the object.

An overlap removal (OR) procedure is then used to avoid possible double counting

between physics objects. The overlap removal procedure is defined in Section 5.2. After

the overlap removal has been applied to the objects, the remaining baseline objects

are checked to see if they pass the “signal” selection, which is a set of more stringent

selections used to define signal objects. If the object passes the signal selection, then it

is referred to as a signal object.

In order to correctly model the response of the detector when considering MC gen-

erated objects, scale factors are applied to the MC objects to correctly reproduce the
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detector response in data. These scale factors are produced comparing the MC expecta-

tions to data. For example the electron [96] and muon [97] reconstruction efficiencies as

a function of pT and η are calculated using Z-boson decays and a tag-and-probe method.

The MC expectation is compared to data, producing an reconstruction efficiency for the

lepton. A similar method is used to calculate the photon reconstruction efficiency [98].

In the following sub-sections, the definitions are presented for the relevant objects

used in each analysis. A generic overview of how the object would present itself in the

detector is given, with a more specific overview of the selections used in each analysis

to ensure well defined physics objects.

5.1.1 Charged Leptons: Electrons

Electrons are expected to leave tracks in the ID, which point to energy deposits in

the EM calorimeter. As such, the selections employed to define electrons are based

upon tracking (referred to as track) and calorimeter (cluster) information, including the

transverse energy ET and the pseudorapidity of the electron candidate. For example:

ηtrack is the pseudorapidity calculated using tracking information from the inner detector;

Ecluster corresponds to the energy calculated using only clustering information; and so

on. Electrons must also pass an isolation requirement ensuring that the energy clusters

or tracks are well defined [99]. Scale factors are applied to reconstructed MC electrons,

whilst calibration factors are applied to reconstructed data electrons.

Due to improvements in the reconstruction algorithms, the electron object definitions

during Run 2 are based upon multivariate analysis (MVA) methods. An overview of the

electron object definitions used for each analysis are presented in Table 5.1.

tb+ Emiss
T Analysis

Baseline electrons are defined using a set of “medium” quality definitions [100] with

Ecluster/cosh(η) > 7 GeV. If the object has deposited 4 hits in the silicon components of

the ID, then ηtrack is used, otherwise ηcluster is used. Additionally the baseline electrons

require pT > 10 GeV and
∣∣ηcluster

∣∣ < 2.47.

Electron candidates that pass the OR procedure, as defined in Section 5.2, are fur-

ther required to pass a “tight” quality definition and have ET > 20 GeV. An isolation

requirement is also used, requiring ptCone20/pT < 0.1, where ptCone20 is the sum of

all tracks within a radius R = 0.2 around the candidate electron, excluding the electron

track iself. A transverse impact parameter requirement of d0 < 5 mm is used to ensure
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high quality tracks. Finally to ensure that the electrons are in the single-electron trigger

plateau, an additional selection of pT > 25 GeV is employed.

Sbottom and Dark Matter bb+ Emiss
T Analyses

Electrons are labelled as baseline if they satisfy the likelihood-based LooseAndBLayer-

LLH identification criteria [101], and also have pT > 10 GeV with
∣∣ηcluster

∣∣ < 2.47. A

looser baseline pT selection is used for the dark matter analysis, with a baseline selection

of pT > 7 GeV applied.

After passing the OR procedure, signal electrons are selected with pT > 26 GeV

to guarantee that the electrons are in the single-electron trigger plateau. The sig-

nal electrons are also required to pass impact parameter selections d0/σ(d0) < 5, and

z0sin(θ) < 0.5, where z0 is the longitudinal impact parameter. In addition to this, tighter

isolation criteria are applied referred to as “GradientLoose” or “LooseTrackOnly” which

refer to a general set of selections placed upon isolation variables [102].

Variable tb+ Emiss
T Sbottom bb+ Emiss

T DM bb+ Emiss
T

Baseline

Acceptance pT >10 GeV, |η| < 2.47 pT >10 GeV, |η| < 2.47 pT >7 GeV, |η| < 2.47

Quality/ID Medium LooseAndBLayerLLH

Signal

Acceptance pT >25 GeV, |η| < 2.47 pT >26 GeV, |η| < 2.47 pT >26 GeV, |η| < 2.47

Quality Tight TightLLH

Isolation ptCone20/pT < 0.1 GradientLoose LooseTrackOnly

d0 < 5 -

d0 Significance - < 5

z0sin(θ) – < 0.5

Table 5.1: Overview of the electron object definitions for both Run 1 and Run 2.

5.1.2 Charged Leptons: Muons

Tracks associated to muons are expected in both the ID and the muon spectrometer.

The tracking information from these two sections of the detector are used simultaneously

to define “combined” muons [97]. The selections used to define a muon candidate are

therefore based upon the tracks in these sections of the detector, the pT and η of the

object. The muon object definitions used for the analyses are presented in Table 5.2.

Differences between the muon pT spectrum in MC and data are taken into account by

applying pT dependent scale factors to the MC muons.
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tb+ Emiss
T Analysis

Baseline muons are required to pass selections of pT >10 GeV and |η| < 2.5. Quality

requirements are also applied to the muon tracks left in the ID, referred to as the “loose”

selection [103]. These requirements include:

> 1 b-layer hit (when within the b-layer acceptance);

> 1 pixel hit;

> 5 SCT hits;

pixel + SCT holes < 3 (holes referring to missing hits in the subsystem);

if 0.1 < |η| < 1.9: nTRT > 6 or noutliers
TRT < 0.9nTRT;

else if |η| > 1.9 and nTRT > 6: noutliers
TRT < 0.9nTRT

(where nTRT refers to the number of hits in the TRT subsystem and noutliers
TRT refer

to high threshold TRT hits)

Further to this, signal muons require pT > 25 GeV, to ensure the muon is in the

single-muon trigger threshold, and an isolation requirement is applied such that the sum

of all tracks within a cone of radius R = 0.2 is less than 1.8 GeV. Events where a muon

is found to be consistent with a cosmic ray are rejected [104], using impact parameter

selections: d0 significance < 3 and z0sin(θ) < 0.5.

Sbottom and DM bb+ Emiss
T Analyses

Baseline muons are required to have pT > 10 GeV and |η| < 2.5 and to pass a set of

selections based upon the quality of the tracks, referred to as the “Medium” requirements

[105]. The baseline muon pT is lowered to > 6 GeV for the dark matter analysis.

Following the OR, signal muons are selected with pT > 26 GeV, to ensure that the

muons are in the trigger plateau. The signal muons must also pass the impact parameter

selections d0 significance < 3 and z0sin(θ) < 0.5.

A series of selections based upon isolation variables are applied to the signal muons.

For the sbottom analysis, signal muons must pass the GradientLoose isolation criteria,

whilst for the DM analysis the LooseTrackOnly requirement is used [105]. Baseline

muons that are consistent with originating from a cosmic ray (from the impact parameter

information) are vetoed.
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Variable tb+ Emiss
T Sbottom bb+ Emiss

T DM bb+ Emiss
T

Baseline

Acceptance pT >10 GeV, |η| < 2.5 pT >10 GeV, |η| < 2.5 pT >6 GeV, |η| < 2.5

Quality/ID Loose Medium

Signal

Acceptance pT >25 GeV, |η| < 2.5 pT >26 GeV, |η| < 2.5 pT >26 GeV, |η| < 2.5

Quality Loose Medium

Isolation ptCone20 < 1.8 GeV GradientLoose LooseTrackOnly

d0 Significance – < 3

z0sin(θ) – < 0.5

Cosmic Muon Veto whole event Only veto muon

Table 5.2: Overview of the Muon object definitions for Run 1 and Run 2.

5.1.3 Anti-kT Jets

As alluded to in Section 2.3, partons are not measured directly in the detector and

instead hadronise. How to relate the parton-level objects to the hadrons measured

in the detector is a vital component of event reconstruction. The flow of collimated

hadrons is referred to as a jet. Jet finding can be thought of as trying to recover the

original parton from the measured hadrons. There are generally two categories of jet

algorithm: cone algorithms and sequential recombination algorithms. For the purposes

of this thesis, the anti-kT sequential recombination algorithm is used.

Sequential recombination algorithms are based upon minimising the distance (∆R)

between hadrons. This is done by iterating over all partons, grouping the closest (based

upon a pT weighted distance parameter di,j) pair of hadrons together into one hadron,

and iterating until the final set of hadrons are all greater than the desired radius (R)

apart. The distance measures for the grouping performed by the anti-kt algorithm are

defined as:

di,j = min(p2p
ti , p

2p
tj )

∆R2
ij

R2
, ∆Rij =

√
(ηi − ηj)2 + (φ2

i − φ2
j )

diB = p2p
ti

(5.1)

In this case, to take into account beam remnants, an additional distance parameter,

di,B, is required which is the distance from the ith particle to the beam. The anti-

kT algorithm uses p = −1, which results in clusters being formed around the hardest

hadrons in the event and runs according to the following three steps:
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• Find the pair of particles with the smallest di,j in the event and combine these

particles into one particle.

• If the smallest value is di,B then the particle i is combined with the beam.

• Continue the iteration until all particles in the event are separated by > R, the

required jet radius.

A beneficial aspect of the anti-kt algorithm is that hard jets produced by the algorithm

are approximately circular in the (φ, η) plane, in a similar manner to the cone-based

algorithms.

The seeds for the jet algorithm originate from topological calorimeter clusters. The

jet algorithm builds jets with |η| < 4.5 which are then calibrated. In addition to this,

the |η| < 4.5 jets are used in the Emiss
T calculation.

The reconstructed jets can be calibrated using different methods to take into account

detector response and performance. A jet energy scale (JES) calibration is applied to

correct the response of the calorimeters to the true jet energy based upon the pT and η of

the jet. The jets are also corrected to take into account pile-up effects, using methods to

account for residual detector response effects. Jets which may arise from pile-up events

are vetoed using a combination of jet vertex fraction (JVF), minimum jet pT and |η|
selections [106]. The JVF algorithm associates calorimeter clusters with tracks in the

ID and assigns the resultant jet a weight, depending upon how likely the jet is to have

originated from the primary vertex. The calculation of the JVF weight is related to the

momentum fraction of the tracks associated with the primary vertex [107].

It is possible that “fake” jets can occur in an event, arising in non-collision background

events, fake calorimeter signals due to noise or other similar unexpected occurances.

Consequently, a jet cleaning selection is applied to the jets in each analysis [108]. In all

events, if a “baseline” jet after the OR procedure is labelled as a “bad” or “loose” jet,

then the event is vetoed. The full jet definitions for the analyses presented are shown in

Table 5.3.

tb+ Emiss
T Analysis

The local cluster weighting calibration (LCW) method is used to calibrate the recon-

structed jets [109]. In this method the clusters used to build the jets are defined as

either electromagnetic or hadronic. These components are then weighted to take into

account the difference between electron and pion response in the calorimeters.
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The baseline selection requires pT > 25 GeV, and |η| < 2.5 to ensure the jets are in

the central region of the detector. No additional acceptance requirements are used to

define signal jets, only that the baseline jet passes the overlap removal procedure.

Sbottom and DM bb+ Emiss
T Analysis

The EM topo-cluster calibration scheme is used to calibrate the reconstructed jets. In

this scheme, the jets are calibrated to the electromagnetic scale using measurements of

the calorimeter response to electrons [110].

Baseline jets are required to have pT > 20 GeV and |η| < 2.8. The pseudorapidity

range chosen is such that for anti-kT jets with R = 0.4, the clusters used to create the jet

will be within |η| < 3.2 corresponding to the total coverage provided by the barrel and

end-cap calorimeters. Jets which pass the OR requirements have an additional signal

acceptance selection of pT > 30 GeV for the sbottom analysis. Due to the relatively low

pT jets expected in the DM analysis, this additional requirement is not applied.

An additional Jet Vertex Tagger (JVT) requirement is applied to low pT central jets

to protect against jets arising from pile-up interactions. The JVT method is an extension

of the previously introduced JVF method. The JVF method is found to decrease the

efficiency of correctly identifying jets from the hard-scatter event as the number of pile-

up vertices increases. The JVT algorithm introduces additional variables related to the

number of vertices in the event and the pT of the tracks in the event. The output weight

of the algorithm is found to provide further discrimination between pile-up jets and jets

arising from the hard scatter process [111]. The output of the JVT algorithm is required

to be > 0.59 for jets with pT <60 GeV, |η| < 2.5.

Variable tb+ Emiss
T Sbottom bb+ Emiss

T DM bb+ Emiss
T

Baseline

Acceptance pT >20 GeV, |η| < 2.5 pT >20 GeV, |η| < 2.8

Jet Cleaning Veto event if a bad/loose jet is present

Signal

Acceptance pT >20 GeV, |η| < 2.5 pT >30 GeV, |η| < 2.8 pT >20 GeV, |η| < 2.8

JVT Acceptance – > 0.59, if pT <60 GeV, |η| < 2.4

Table 5.3: Overview of the jet object definitions used in Run 1 and Run 2.
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5.1.4 b−jets

A key component of all of the analyses in this thesis is the presence of b−tagged jets

(subsequently referred to as b−jets) in the final state. Due to the difficulty in recognising

if a jet has originated from a b−quark, machine learning techniques such as neural

networks (NN) are used to identify b−jets. These algorithms take advantage of the an

important characteristic of b−quark production, which is that, after hadronisation, the

lifetime of the B-hadron is such that it can travel a distance in the detector, producing a

secondary vertex (from which the B-hadron subsequently decays). The average distance

travelled by a B-hadron can be roughly calculated, using the average lifetime (τB =

1.5 × 10−12 s) of the B-hadron, as d = βγcτ ≈ 3 mm, where βγ is the relativistic boost

taken to be ≈ 6. Figure 5.2 presents an example of a secondary vertex arising due to

the decay of a B-hadron.

As input, the tagging algorithm is given a list of tracks associated to the calorimeter jet. The track-
to-jet association is done using a ∆Rmatching between the tracks and the jet axis. A track is not allowed
to be associated to multiple jets, but only to the closest one. For this analysis, a cone size of ∆R = 0.4
was used. Only tracks in jets fulfilling the criteria listed in Table 1 are used in the secondary vertex fit.
These tracks are referred to as loose or standard SV0 tracks.

With a collection of SV0 input tracks the SV0 algorithm starts by reconstructing two-track vertices
significantly displaced (in three dimensions) from the primary vertex. Tracks are considered for the two-
track vertices if dca/σ(dca) > 2.3, where dca/σ(dca) is the impact parameter significance of the track
in three dimensions with respect to the primary vertex. Furthermore, the sum of the impact parameter
significances of the two tracks has to be greater than 6.6. Two-track vertices must have a χ2 < 4.5 and
be incompatible with the primary vertex by requiring the χ2 of the distance between the primary and
secondary vertex, computed in three dimensions, to be greater than 6.25.

The standard version of the algorithm then removes two-track vertices with a mass consistent with
a K0s meson, a Λ0 baryon or a photon conversion. In addition, two-track vertices at a radius consistent
with the radius of one of the three Pixel detector layers are removed, as these vertices are likely to
originate from material interactions. In the present loose version of the tagging algorithm the vetoes
against vertices from long-lived particles and material interactions are not applied.

From the tracks in all surviving two-track vertices, the algorithm fits an inclusive secondary vertex.
In an iterative process it removes the track with the largest χ2 contribution to the common vertex until
the fit probability of the vertex is greater than 0.001, the vertex mass is less than 6 GeV and the largest
χ2 contribution from any one track is 7 or less. Finally it tries to re-incorporate the tracks failing the
selections made during the formation of two-track vertices into the vertex fit.

Primary Vertex

Jet Axis

Decay Length

Track
Impact
Parameter

Secondary Vertex

Figure 1: A secondary vertex with a significant decay length indicates the presence of a long-lived
particle in the jet. The secondary vertex is reconstructed from tracks with a large impact parameter
significance with respect to the primary vertex.

2

Figure 5.2: An example of a secondary vertex due to a b−hadron decay.
Taken from [112].

The inner workings of these algorithms are discussed elsewhere [112], however gener-

ally two levels of algorithms are used. The initial level contains multiple algorithms, each

of which uses key discriminating variables to distinguish between b− and non-b−tagged

jets. The information from the identified secondary vertices is used, such as the impact

parameters of the tracks originating from the vertices, the distance travelled by the

hadron, and information from the subsequent hadron decay. The Working-Point (WP)

of an algorithm is the selection placed on the output score of the algorithm, to ensure a

certain b−tagging efficiency. Each efficiency also relates to a b−tagging “purity”, which

is the percentage of correctly identified b−jets. Scale factors which are pT-dependent
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are applied to the resultant b−jets corresponding to the ratio between the efficiency of

b−tagging in data and MC using a tt̄ enriched sample [113].

Due to the requirement of tracks and/or secondary vertices, that are subsequently

used as an input for the algorithms, a general acceptance requirement for b−jets through-

out each analysis is that the jet must fall within |η| < 2.5, to provide tracking information

from the ID.

It is noted that in the subsequent b−jet definitions the b−tagging algorithm dif-

fers between Run 1, the first year of data-taking in Run 2 (2015), and the combined

2015+2016 dataset of Run 2. The changes in b−tagging algorithms are motivated by

improvements made to the algorithms. The MV1 algorithm uses a NN based upon the

outputs of multiple algorithms. The two MV2 algorithms improve upon this by using

boosted decision trees (BDTs) based upon a set of inputs (the same inputs used for the

algorithms which the MV1 method is based upon) [114]. The difference between the

MV2 c20 and MV2 c10 is the c−jet fraction used in the training of the BDTs. The

MV2 c20 uses a c−jet fraction of 20%, whilst the MV2 c10 algorithm uses 10% [115].

tb+ Emiss
T Analysis

The MV1 algorithm [116] is used to provide the final b−tagging discriminant. The

70% b−tagging efficiency operating point is used. For this operating point, the rejec-

tion factors for non-b−jets are 137, 5 and 13 for light-quarks, c−quarks and τ leptons

respectively.

Sbottom bb+ Emiss
T Analysis

Identification of the b−jets is performed using the MV2c20 algorithm. The WP used is

the 77% efficiency point, The rejection factors for this WP are 6.57, 21.4 and 100.37 for

c−jets, τ leptons and light-jets respectively.

It is known that the b−tagging efficiency is dependent upon the b−jet pT. For the

high squark masses targeted in this analysis a more preferred option would be to use

a “flat efficiency” WP, which provides a constant 77% efficiency regardless of b−jet

pT. Unfortunately this flat efficiency b−tagging was unavailable on the timescale of the

analysis.

Dark Matter bb+ Emiss
T Analysis

The MV2c10 b−tagging algorithm is used to produce the final b−tagging discriminant

in the analysis. The 60% WP is used, where the rejection factors for light-flavour jets,
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c−jets and τ leptons are 1538.78, 34.54, 183.98, respectively.

An optimisation was performed considering which b−tagging WP to use for this anal-

ysis, optimising based upon the signal topology under investigation. The higher purity

selection caused by the decreased efficiency WP, was found to increase the background

rejection to an extent that compensated for the decreased signal sensitivity.

Variable tb+ Emiss
T Sbottom bb+ Emiss

T DM bb+ Emiss
T

Signal b−jet

Acceptance pT >25 GeV, |η| < 2.5 pT >30 GeV, |η| < 2.5 pT >20 GeV, |η| < 2.5

Algorithm MV1 MV2c20 MV2c10

Efficiency WP 70% 77% 60%

b−jet purity 92.28% 94.99% 99.00%

Quality Passes signal jet selection

Table 5.4: Overview of the b−jet object definitions used in Run 1 and Run 2.

5.1.5 Photons

Nominally photons are expected to mainly interact in the electromagnetic calorimeter,

depositing all of their energy and producing a shower in this section of the detector. If a

photon interacted in this manner, the only noticable trace of the photon in the detector

would be a shower in the calorimeter.

However as the EM calorimeter is placed outside the ID environment, it is possible

that photons can interact with the ID, producing tracks before showering in the calorime-

ter which, as discussed in Section 5.1.1, is similar to how an electron would be expected

to interact with the detector. These two methods of photon interactions in the detector

lead to two classifications of the final photon object, referred to as “unconverted” and

“converted” photons respectively.

Unconverted photons are photons that interact only with the EM calorimeter and

are characterised by the shower information only. An algorithm is used to define a

cluster area around the calorimeter cell recording the highest energy, and this is used to

calculate the total shower energy, and thus the photon pT and η [117].

Converted photons interact with the ID material to produce e+e− pairs which produce

tracks in the ID. Converted photons are identified by reconstructing the conversion

vertices within the ID and attaching these reconstructed vertices to a shower in the

calorimeter, using an algorithm to distinguish converted photons from electrons using

the conversion vertices and the track pT as inputs [118].
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Photon objects are only relevant for the sbottom bb + Emiss
T analysis, as a photon

replacement method is used to validate the nominal Z−jets prediction (Section 6.2.4).

In this analysis, the baseline photon acceptance selections are pT > 125 GeV and |η| <
2.37. The η selection used corresponds with the finely segmented regions of the EM

calorimeter, which is shown to provide good discrimination between photons and π0

mesons. The quality selection corresponds to tight cuts on shower-shape variables and

leakage of the shower into the hadronic calorimeter.

The signal photon requirements include pT > 130 GeV to ensure that the photon is in

the single-photon trigger plateau. The isolation requirement of “FixedCutTight” implies

pT(γ) dependent selections on both the calorimeter and track isolation [119]. For the

calorimeter isolation, a selection based upon the energy in a topological cone of R = 0.4

around the photon object is used, requiring E(topoEtcone40) < 0.022pT(γ) + 2.45. The

track isolation requires the pT sum in a cone R < 0.2, to satisfy: ptcone20/pT < 0.05.

Variable Sbottom bb+ Emiss
T

Baseline

Acceptance pT >25 GeV, |η| < 2.37

Quality Tight

Signal

Acceptance pT >130 GeV, |η| < 2.37

Quality Tight

Isolation FixedCutTight

Table 5.5: Overview of the photon object definitions used in Run 1 and Run 2.

5.1.6 Missing Transverse Momentum

Missing transverse momentum (~pmiss
T and its modulus Emiss

T ) is considered to be an

object as it can be thought of as attempting to reconstruct particles that do not interact

with the detector and thus escape detection.

When considering the SM, neutrinos are the only particles that are not expected

to interact with the detector, however, when considering R-parity conserving SUSY,

the LSP (χ̃0
1) will also exhibit this behaviour, and as such the ~pmiss

T variable is a vital

component of SUSY analyses.

The ~pmiss
T definition uses the fact that in the transverse plane, the sum of the momenta

of detected particles would be expected to be zero. For example, Equation 5.2 considers

an event containing only two measured particles, labelled 1 and 2.
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0 = ~p 1
T + ~p 2

T (5.2)

If instead, the above equation is not satisfied, and the sum of particle transverse momenta

in the event is not equal to zero, then a particle (or particles) must have escaped the

detector in order to balance the momenta, denoted by ~pmiss
T as in Equation 5.3. It is

the magnitude of the ~pmiss
T vector which is used as the definition of the Emiss

T .

0 = ~p 1
T + ~p 2

T + ~pmiss
T (5.3)

Due to the busy enviroment of a pp collision, the reconstruction of the ~pmiss
T vector

must take into account all energy deposits within the detector that could have arisen

from the hard scattering process. This is done using algorithms which take into account

baseline objects that are measured in the event (electrons, muons, jets, etc), using a

Emiss
T specific overlap removal. There is also the ability to include calorimeter clusters

that are not associated with any object, and tracks in the ID that are also not associated

with any object, in the Emiss
T calculation.

tb+ Emiss
T Analysis

The Emiss
T definition used for this analysis includes the transverse momenta of objects

such as jets, photons, muons and electron, after calibration but before any acceptance

selection has been employed. In addition, it includes the momenta from topological

clusters in the calorimeter that are not associated with a reconstructed object. This

term is referred to as the “soft” Emiss
T term (~pmiss

T Cellout), as it is calculated from the

remaining energy deposits in the detector, that do not belong to a “hard” or well-defined

object [120].

~pmiss
T = ~pmiss

T Jet + ~pmiss
T Gamma + ~pmiss

T Muon + ~pmiss
T Ele + ~pmiss

T Cellout (5.4)

Sbottom and DM bb+ Emiss
T Analyses

The Emiss
T definition used in these analyses is similar to the previous definition, including

the electron, photon, muon and jet terms, however, the soft Emiss
T term is replaced with

the Track Soft Term (TST), ~pmiss
T TST. The TST arises from tracks in the ID that are not

associated with any reconstructed object, but are associated with the primary vertex.

Quality selections are applied to the tracks that enter into the TST term [121]. The use

of the TST term reduces the pile-up dependence of the Emiss
T [122].
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~pmiss
T = ~pmiss

T Jet + ~pmiss
T Gamma + ~pmiss

T Muon + ~pmiss
T Ele + ~pmiss

T TST (5.5)

5.2 Overlapping Physics Objects

After defining the baseline object selections it is possible that the objects have been

reconstructed using the same regions of interest within the detector. For example: the

behaviour of an isolated electron in the detector can be reconstructed as both an electron

and a jet. A removal procedure is applied to all baseline physics objects, in order to

resolve overlaps and to correctly associate regions of interest in the detector to the

correct physics object.

The overlap removal is applied based upon the separation (∆R) in the (η, φ) plane,

between the electrons, jets, muons and photons, with the value of the separation in this

plane used to discard one of the candidate objects, whilst keeping the other.

tb+ Emiss
T Analysis

The overlap removal used in this analysis is defined to remove leptons overlapping with

jets, and is applied as follows:

• If ∆R(e, j) < 0.2, the jet is rejected, the electron is kept.

• If 0.2 < ∆R(j, e) < 0.4, the electron is rejected, the jet is kept.

• If ∆R(µ, j) < 0.4, the muon is rejected, the jet is kept.

Sbottom and DM bb+ Emiss
T Analyses

A more sophisticated overlap removal was introduced during Run 2, in order to exploit

b−tagging information when deciding if an object should be rejected. It is expected that

when a b−quark is produced and subsequently hadronises, then it may decay leptonically.

If this is the case, then the previous overlap removal method would assign the b−jet as

a lepton, leading to an incorrect characterisation of the event. In order to maximise the

capability of correctly assigning a b−jet object, instead of a lepton object, the efficiency

WP for the b−jets entering into the OR calculation is increased to 80% (85% for the

DM bb + Emiss
T analysis), resulting in a higher b−tagging efficiency, but also causing a

decrease in the purity of the b−jets entering the OR calculation.
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Further to this, due to the installation of the IBL prior to Run 2, additional track

information is used to distinguish if an object is a jet or a muon. The overlap removal

is applied as follows:

• If ∆R(e, j) < 0.2, the jet is rejected and the electron is kept, unless the jet is

tagged as a b−jet using the looser WP, then the (prospective) b−jet is kept.

• If 0.2 < ∆R(j, e) < 0.4, the electron is rejected and the jet is kept.

• If ∆R(µ, j) < 0.4, the muon is rejected and the jet is kept. Unless the object has

less than three associated tracks with pT < 500 MeV, then the jet is rejected and

the muon is kept.

For the sbottom bb+Emiss
T analysis, photons are also included when performing the

data-driven background estimation technique. As such an overlap removal which also

includes photons is used:

• If ∆R(e, γ) < 0.4, the photon is rejected and the electron is kept.

• If ∆R(γ, j) < 0.4, the jet is rejected and the photon is kept.

• If ∆R(µ, γ) < 0.4, the photon is rejected and the muon is kept.

The previous sections have discussed the definition of the physics objects used in the

analyses, including the baseline selection to initially identify candidate objects, and the

signal object selection to firmly classify the candidate as a physics object. Further

to this, the overlap removal procedure that prevents the double counting of objects has

been explained with the differences between the Run 1 and Run 2 versions of the overlap

removal discussed.

Before a physics analysis can be performed using the events with the above object

classifications, a stringent set of cleaning selections are applied to the events and to the

objects. These selections are discussed in the following section.

5.3 Event Cleaning

To ensure good quality data is used for analyses, a set of cleaning selections are applied to

both data and MC [123]. They are used to prevent spurious signals from the detector and

poorly measured events from being included in the analysis. There are many similarities
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between the event cleaning selections adopted in Run 1 and Run 2 analyses as possible

detector issues that will have occurred during Run 1 are also likely be present in Run

2. Due to detector improvements between Run 1 and Run 2, there are event cleaning

selections that are applied to the Run 1 data and not the Run 2 data and vice versa.

Unless otherwise specified, the following event cleaning requirements are applied to both

the Run 1 and Run 2 data.

• Good Run List (GRL): Events from luminosity blocks that do not appear on

the GRL are rejected. The GRL contains a list of all luminosity blocks, and has

been cross-referenced with the status of the detector. Luminosity blocks appearing

on the GRL pass a basic set of data quality requirements, such as all components

of the detector being fully operational and not experiencing any errors. If an event

arises from a luminosity block that does not appear on the GRL it is rejected.

• Trigger requirements: The trigger requirements for the regions defined in each

analysis (to be discussed in subsequent chapters) are required to be passed. For

single lepton triggers (e, µ) this includes a requirement that the lepton in the event

is trigger matched, implying that the lepton in the event caused the trigger to fire.

• Primary vertex selection: All events are required to contain a primary vertex

(PV). The PV in an event is taken to be the vertex containing at least 5 associated

tracks (with pT > 0.4 GeV), with the highest
∑
p 2

T(track).

• LAr and Tile calorimeter cleaning: During physics running it is possible that

the LAr calorimeters undergo a noise burst corrupting the data. It is also possible

that events from the Tile calorimeter are corrupted in a similar manner due to

high voltage trips. As such, events where either the LAr or Tile calorimeter are

reporting data corruption are vetoed.

• Incomplete events: When a section of the detector is reporting errors during

running, a possible resolution to the error is to perform a Timing, Trigger and

Control (TTC) restart. This will restart the section of the detector, causing in-

complete events as the data is not completely written to the buffers. Events which

have data loss due to a TTC restart are vetoed. In addition to this, events affected

by the SCT single event upset recovery procedure are removed in the Run 2 data.

• Jet Cleaning: Clusters in calorimeters that appear to represent a jet, but are

not caused by a jet (referred to as “fake” jets) can arise in multiple ways, such as
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from non-collision background events, cosmic muon events with unexpected muon

energy loss in the calorimeters, or from calorimeter noise. A set of selections are

applied in order to reject such events containing fake jets, whilst maintaining an

efficiency of close to 100% for signal jets [108]. This selection criteria is designed

based upon the quality of fit on calorimeter pulse shape, the jet energy and jet

charged energy fraction, as measured in the ID. Events are rejected if, after overlap

removal, they contain at least one baseline jet which fails the loose cleaning cuts.

• Tile negative energy cleaning: Another possible outcome of data corruption in

the Tile calorimeter is the appearance of large negative energy in calorimeter cells,

causing topological clusters to be built with negative energy. These topoclusters

cause events to have a large amount of fake Emiss
T as the noisy cells are not clustered

in a jet, and are attributed to the ~pmiss
T Cellout term in the calculation. To reject

these events, the significance of the ~pmiss
T Cellout term in the Emiss

T calculation is

estimated, and if a significant amount of Emiss
T in the event arises from the Cellout

term the event is vetoed.

• Jet timing Selection: Events with a mean jet time |〈t〉| < 5 ns (where |〈t〉| is

the energy weighted mean), pass the timing selection, as events are expected to

be reconstructed with an average time of a few ns. Events which are outside of

this window are considered to come from non-collision background events and are

rejected.

• Tile hot cells: During Run 1 data taking, in some data taking periods a noisy tile

calorimeter cell was not properly excluded (masked) in the event reconstruction.

Events which contain a jet pointing to the region in (η, φ) close to the affected

module and with the largest energy deposit in the second tile layer, were rejected.

• Dead Tile cells: Again during Run 1, there were some non-operational cells in

the tile calorimeter. These non-functional cells affect the jet reconstruction and

energy response, and also the Emiss
T calculation. Events that are affected by these

non-operational tile cells are rejected by vetoing events containing any jet with

pmiss
T > 40 GeV, Bcorr

jet > 0.05 (this is a measure of the fraction of energy in the

reconstructed jet, that arises from a correction applied to the non-operational cell,

from the average of the neighbouring cells) and ∆φ(j, Emiss
T ) < 0.3. This selection
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is also efficient at removing events in which the Emiss
T arises from the hole in the

hadronic calorimeter end-cap.

• Bad muon veto: In order to ensure a high quality of reconstructed muons, events

are rejected if they contain a baseline muon with σ(q/p)
|q/p| > 0.2.

The efficiency of the above data-quality selections corresponds to a rejection of ≈ 10%

of the data. The remaining data is of a high quality and is subsequently used for the

analyses. The remainder of this Chapter concerns global event variables, which are used

to select a specific event topology.

5.4 Global event variables

When targeting BSM signal topologies, the likely final state objects are initially consid-

ered when designing the analysis. For example, in the bb + Emiss
T analysis, the signal

topology targeted is that of sbottom pair production, with each leg of the decay pro-

ceeding via the decay b̃ → bχ̃0
1, hence the final state would contain zero leptons, 2

b−jets and Emiss
T . However, searching for a SUSY signal in all events containing zero

leptons, 2 b−jets and Emiss
T would be extremely difficult, due to the large amount of SM

background that is also expected.

In order to attempt to isolate the signal on top of the large amount of SM back-

grounds, kinematic variables are employed to further discriminate between expected

signal events and background. The aim of a variable definition is to combine the final

state objects from the signal topology under investigation in a way that produces a

useful variable to reject the SM backgrounds, whilst maintaining a relatively high signal

efficiency.

In the following section, general analysis variables are defined, that are used through-

out each analysis presented herein. A brief explanation of why the variables are generally

useful to target a generic third generation SUSY signal is given.

Further to this, the key kinematic variables that are used for the specific signal

topologies targeted by each analysis are defined. For these variables a slightly more

in-depth explanation of why they are useful is presented.



Chapter 5. Event Reconstruction 107

5.4.1 Common global event variables

Throughout the analyses presented within this thesis, a similar set of baseline kinematic

variables are used due to their general discriminating power to remove SM backgrounds

and enhance SUSY signals.

min ∆φ(j, Emiss
T ): The minimum azimuthal distance between the jets and the Emiss

T is

a useful variable to discriminate between multi-jet backgrounds with a large amount of

Emiss
T due to mismeasured jets. Studies performed using data-driven QCD estimation

methods indicate that a selection of min ∆φ(j, Emiss
T ) > 0.4 is sufficient to reduce the

QCD background to a negligible amount.

The QCD background is estimated using a data-driven method referred to as the

“jet smearing” method. The Emiss
T arising in QCD events is due to mismeasurement

of the jet pT and neutrinos arising from heavy flavour decays. In order to model this

background, a selection of seed events containing well measured jets are “smeared”, by

smearing the 4-momenta of the jets. These smeared events are then used to predict the

QCD contribution in the regions used for the analysis.

HT [GeV]: The HT variable is defined as the scalar sum of the pT of all signal jets in

an event. For SUSY signals with high pT jets it would be expected to peak at a larger

value than the SM backgrounds:

HT =

njets∑
i=0

pT(ji), (5.6)

alternative definitions of HT may be used, based upon including different numbers of

jets in the calculation, or using different jet pT or |η| thresholds.

meff [GeV]: The effective mass of an event, meff , is taken to be the scalar pT sum of the

hadronic activity in the detector (the previously defined HT) and the Emiss
T . Generally

the definition of meff is:

meff =

njets∑
i=0

pT(ji) + Emiss
T ,

= HT + Emiss
T .

(5.7)

For signal samples, the meff peaks at a larger value than for SM backgrounds, as can be

seen in Figure 5.4(d). For sparticle pair production the peak of the meff distribution is

correlated with 2mp̃. Hence, a selection for large values of meff can improve the ratio of
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signal to background. Similar to the HT, alternative definitions of the meff may be used,

with different jet multiplicities or acceptance selections. For example in the sbottom

analysis, only the two highest pT jets enter the meff calculation.

Emiss
T significance [GeV1/2]: The Emiss

T significance is a measure of the contribution of

the Emiss
T to the total activity in an event.

Emiss
T significance =

Emiss
T√
HT

. (5.8)

For signal events, large Emiss
T and HT are expected, and as such the Emiss

T significance is

expected to be large. As the Emiss
T significance is constructed from the same variables

as the meff , these two variables are highly correlated. A selection on Emiss
T significance

is effective at removing the multi-jet background with fake Emiss
T .

Emiss
T /meff : Another variable used to reject multi-jet background is the ratio of Emiss

T to

meff . This variable gives a measure of the total contribution of the Emiss
T to the event.

Due to similar studies as performed above for the min ∆φ(j, Emiss
T ) variable, it is found

that selections of Emiss
T /meff > 0.25 remove the majority of the QCD background.

mT [GeV]: The transverse mass mT is used to reconstruct the mass of a particle that

undergoes a decay, to a detectable particle, usually a lepton (pT(`)), and an invisible

particle (represented by the Emiss
T ):

mT =

√
2(pT(l)Emiss

T − ~pT(l) · ~Emiss
T ),

=
√

2pT(l)Emiss
T (1− cos(∆φ(`, Emiss

T ))).
(5.9)

In regions containing one lepton, mT is used mainly to discriminate between SM pro-

cesses containing a W−boson decay and SUSY signals. For W−boson decays the end-

point of the mT distribution is expected to be at mW, as in this case the Emiss
T in the

event will arise from the neutrino from the W decay. In SUSY scenarios the main con-

tribution to the Emiss
T is from the neutralinos in the event. As such the endpoint of the

mT distribution is not the same as for the SM processes. Usually a selection is placed

on mT > 90− 120 GeV to remove the W+jets background, taking into account detector

resolution effects. A comparison between the mT distributions for a signal process and

the main background processes is presented in Figure 5.4(c), the signal distribution can

be seen to peak at larger values of mT when compared to the background.
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mbb [GeV]: When considering searches for the production of third generation quarks, it

is common that either top- or bottom-quarks will be produced in the decay chain. Due

to this, a standard background for most third generation analyses is tt̄ pair production.

The invariant mass of the two b−quarks from the tt̄ decay generally peaks at around

200 GeV as in this case the b−quarks are each coming from a top-quark produced at

rest. For SUSY signals, the b−quarks will be produced from the decay of a more massive

particle, and generally the mbb distribution peaks at larger values of mbb.

I(j1, j2) or A: The jet imbalance (I(j1, j2)) (also referred to as the pT asymmetry, A)

is a variable that is used to discriminate between jets that originate from gluon splitting

(such as the HF jets produced in association with a Z-boson), and the jets produced

from signal events when targeting events containing Initial State Radiation (ISR):

I(j1, j2) =
pT(j1)− pT(j2)

pT(j1) + pT(j2)
. (5.10)

For jets produced via gluon splitting, I(j1, j2) is expected to be low, as the jets would

be expected to be produced with similar pT as they arise from the same parent particle.

For the jets produced in signal events, this is not be the case as the b−jets in the event

are not produced at the same decay vertex.

5.4.2 Dedicated complex variables for the tb+ Emiss
T analysis

The signal topology under investigation for the tb+Emiss
T analysis results in a final state

containing a top-quark, a b−quark and Emiss
T , as shown in Figure 1.1(b). The top-quark

will subsequently decay via a W and another b−quark. The channel under investigation

is the one lepton (e, µ) channel, hence the W will decay leptonically, giving a final state

containing: one lepton, two b−tagged jets, and Emiss
T . For this final state a variety of

kinematic variables can be employed to enhance the signal and reject SM processes.

min ∆φ(b− jets, Emiss
T ): Angular selections between the Emiss

T and jets are useful to re-

move QCD multi-jet backgrounds from poorly measured jets. The min ∆φ(b−jets, Emiss
T )

variable is defined as the minimum azimuthal distance between the b−jets and the Emiss
T :

min ∆φ(b− jets, Emiss
T ) = min(

∣∣φ(b1)− φ(Emiss
T )

∣∣ , ∣∣φ(b2)− φ(Emiss
T )

∣∣). (5.11)
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Poorly reconstructed multi-jet events tend to have a jet and the Emiss
T close together in

the azimuthal plane, hence a selection on min ∆φ(b− jets, Emiss
T ) is used to remove these

events.

HT [GeV]: In this analysis, the definition of the HT is changed to include only the b−jets

and the leading non-b−tagged jet, as it is expected that the signals will contain a low

jet multiplicity.

HT =
2∑
i=1

pT(bi) + pT(j1). (5.12)

For the previously defined variables that use theHT variable (such asmeff and Emiss
T significance),

this version of HT is used in all calculations.

nextra−jets: The number of “extra” jets in the event is used in the tb+Emiss
T analysis to

reject events with large numbers of high pT non-b−tagged jets. In the simplified model

scenarios considered in the analysis there is expected to be a small amount of additional

hadronic activity. As such nextra−jets is defined as the number of non-b−tagged jets in

an event with pT > 50 GeV.

amT2 [GeV]: The asymmetric transverse mass amT2 [124], is a generalisation of the MT2

variable [125], used to measure the masses of semi-invisibly decaying particles, which in

itself is a generalisation of the previously discussed mT variable.

In order to adequately discuss the amT2 variable, a brief discussion of the MT2

variable is required. The following closely follows the derivation presented in [125].

p

p




 pT/

p2

p1

Figure 1: Diagram of the generic process that we consider. A hadronic collision that leads to
a pair of particles being produced, which each decay into one particle that is observed with
momenta p1 and p2 respectively; and one particle (shown as a wavy lines) that is not directly
detected, and whose presence can only be inferred from the missing transverse momentum,
/pT .

on the physics processes which produce the W boson, and how the W boson decays. In
addition, the missing transverse momentum is poorly measured experimentally compared
with pT (l), so the theoretical model dependence of the measurement of mW from the pT (l)
spectrum is balanced by the experimental error on extracting mW from the edge of the mT

spectrum.

In this paper we wish to introduce a variable which measures particle masses, which like
transverse mass has little dependence on exactly how such massive particles are produced.
The variable is used for the generic process shown in figure 1, where a hadronic collision pair
produces a massive particle whose dominant decay is into one observed and one unobserved
particle. This unobserved particle can only be detected from the missing momentum that it
carries away, and that the massive particle is pair produced means that we can only measure
the missing momentum of the pair of invisible particles. Although this may sound like an
unusual process to look for new particles, it naturally occurs in any theory where there is an
(approximately) conserved charge, and the lightest particle with that charge is only weakly
interacting. Two examples of where such a situation can occur are SUSY models and a
4th lepton generation. In R-parity conserving SUSY models, sparticles are pair produced,
and cascade decay to the lightest sparticle, which must be stable and is expected to not be
directly detectable. Slepton production and decay can often follow this route:

pp → X + l̃+R l̃−R → X + l+l−χ̃0
1χ̃

0
1. (4)

In such an event the pair of lightest SUSY particles, χ̃, go unobserved and only leave their
signature as missing transverse momentum.

For a 4th generation lepton the charged lepton would be pair produced in a Drell-Yan
type process, decaying to a neutrino and a W boson,

pp → X + l+4 l−4 → X + ν̄l4W
+νl4W

− (5)

2

Figure 5.3: An overview of the generic sparticle production process that is considered
for the MT2 calculation.

Taken from [125].

Consider the process in Figure 5.3, where the interaction between two protons pro-

duces a pair of identical particles, each one of these particles subsequently decaying to a
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visible particle and an invisible particle. The visible particles are detected and measured

(referred to as p1 and p2), whilst the invisible particles both contribute to the missing

transverse energy Emiss
T , or in the figure, /pT

.

If one considers a scenario where only one leg of this process occurs, a singly produced

particle denoted by α̃ decays into the visible particle α (measurable in the detector) and

the invisible particle χ̃ (perceived in the detector as Emiss
T ) then the decay can be written

as: α̃→ αχ̃. In this case the invariant mass of the parent particle can be reconstructed

using the masses and 4-momenta of the two particles:

m(α̃)2 = m(α)2 +m(χ̃)2 + 2(ET(α)ET(χ̃)cosh(∆η)− ~pT(α) · ~pT(χ̃)). (5.13)

As the condition cosh(∆η) > 1 must be satisfied (∆η > 0), the equation can be written:

m(α̃)2 ≥ m2
T(~pT(α), ~pT(χ̃)) ≡ m(α)2 +m(χ̃)2 +2(ET(α)ET(χ̃)−~pT(α) ·~pT(χ̃)), (5.14)

which is a generalised version of the mT that was introduced in the previous section,

now including the daughter particle masses. The previously introduced mT definition

neglects these, as the mT previously introduced is used to discriminate between leptonic

W -boson decays, and as such the masses of the leptons (e, µ) and neutrinos are treated

as negligible.

Generalising the above argument to the case where pair-produced particles are both

decaying semi-invisibly is unfortunately not possible as the above derivation is based

upon the capability to measure two decay products, which for the scenario pictured in

5.3 is not possible for both legs of the decay. However, the vector sum of the two invisible

particles corresponds to the Emiss
T . Referring to the two invisible particles as χ̃1 and χ̃2

respectively, then the ~pmiss
T can be written as:

~pmiss
T = ~pT(χ̃1) + ~pT(χ̃2). (5.15)

If it was possible to measure χ̃1 and χ̃2, the parent particle mass could be reconstructed

by calculating two transverse masses (with visible particles α1 and α2), and taking the

maximum of these two values:

m(α̃)2 ≥ max[m2
T(~pT(α1), ~pT(χ̃1)) , m2

T(~pT(α2), ~pT(χ̃2))]. (5.16)
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Using Equation 5.15 it is possible to perform a minimisation over all the possible 2-

momenta that could construct the measured ~pmiss
T , and using these two vectors as the

input to the mT calculation:

m(α̃)2 ≥M2
T2 ≡ min

~pmiss
T =~pT(χ̃1)+~pT(χ̃2)

{
max[m2

T(~pT(α1), ~pT(χ̃1)) , m2
T(~pT(α2), ~pT(χ̃2))]

}
.

(5.17)

The above minimisation procedure, performed over the possible vector components

of the ~pmiss
T to calculate the parent particle mass, is the definition of the MT2 variable.

There is a requirement in the above derivation that the topologies are symmetric,

and hence the derivation of the MT2 variable is dependent upon pair produced particles

decaying symmetrically to the same invisible and visible particles. For the tb + Emiss
T

decay scenario this is not the case, and as such the asymmetric transverse mass is used.

If one considers the input parameters of the MT2 as described in Equation 5.14, the

variable can be written as a function of properties related to the visible particles (mα,

pT(α1), pT(α2)), and the invisible particles (mχ̃, pT(χ̃1), pT(χ̃2)). However, as previously

discussed, the invisible particles cannot be reconstructed, and instead a minimisation is

performed over using the missing momentum vector (~pmiss
T ), allowing MT2 to be written

as a function of properties of the visible particles, ~pmiss
T and mχ̃:

MT2 = MT2(mα,mχ̃, ~pT(α1), ~pT(α2), ~pmiss
T ). (5.18)

It is with the above formalism that it is simplest to generalise the symmetric case (us-

ing MT2) to the asymmetric case (amT2), by relaxing the mass constraints on both the

visible and invisible particles. This can be done by introducing two more mass parame-

ters into the calculation, one mass parameter corresponding to the relaxed requirement

of identical visible particles being produced in the decays, and the other corresponding

to relaxing the requirement on identical invisible particles being produced.

Identifying again the pair-production of two identical particles, however allowing one

leg to decay via a visible particle (α) and invisible particle (χ̃) such that α̃→ αχ̃, and the

other leg decays via a different visible particle (β) and a different invisible particle (κ̃)

such that α̃→ βκ̃, the amT2 in this case is then written as a function of 7 parameters:

amT2 = amT2(mα,mβ,mχ̃,mκ̃, ~pT(α1), ~pT(α2), ~pmiss
T ). (5.19)
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Working through this argument in a similar manner to the MT2, again requires two mT

calculations corresponding to calculating the mT for both legs of the decay, however in

contrast to Equation 5.14, the input particles to the mT calculation are different on each

leg of the decay.

m2
T(~pT(α), ~pT(χ̃)) ≡ m(α)2 +m(χ̃)2 + 2(ET(α)ET(χ̃)− ~pT(α) · ~pT(χ̃)). (5.20)

m2
T(~pT(β), ~pT(κ̃)) ≡ m(β)2 +m(κ̃)2 + 2(ET(β)ET(κ̃)− ~pT(β) · ~pT(κ̃)). (5.21)

The minimisation procedure (the asymmetric equivalent to Equation 5.17) in this sce-

nario becomes:

m(α̃)2 ≥ am2
T2 ≡ min

~pmiss
T =~pT(χ̃)+~pT(κ̃)

{
max[m2

T(~pT(α), ~pT(χ̃)) , m2
T(~pT(β), ~pT(κ̃))]

}
.

(5.22)

Whilst the above definitions of both MT2 and amT2 were originally intended to be

used to characterise possible BSM signals, the variables are used in the analysis to reject

SM backgrounds and in particular tt̄.

The amT2 is used in the tb+Emiss
T analysis to reject tt̄ pair production where one top

quark decays semi-leptonically. For the tt̄ process, amT2 can be calculated as a function

of 5 parameters. The visible particles in the decay are the two b−quarks (b−jets) and

the lepton (e, µ), reducing the number of mass parameters by one (in this scenario, as in

the standard mT calculation, the lepton mass is neglected). There is only one invisible

particle expected in the decay, the neutrino from the leptonic decay of the W -boson,

hence the masses of the invisible particles are taken to be 0.

In the case for tt̄, the amT2 function becomes:

amT2 = amT2(mb, ~pT(b1), ~pT(b2), ~pT(`), ~pmiss
T ). (5.23)

The introduction of the lepton in this scenario requires an additional step to be performed

before the amT2 can be calculated. The lepton in the decay can be paired with either of

the b−jets in the event (as it is unknown to which leg of the decay the lepton belongs).

The minimum invariant mass of the lepton with each of the b−jets is calculated, referred

to as mb,l. If mb,l < 170 GeV, then the lepton and the b−jet are compatible with a top-

quark, and hence can be used for the amT2 calculation.
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The inputs used to calculate amT2 are based upon both of the calculated values of

mb,l. The prescription for the calculation is the following:

• If mb,l (b1, `) < 170 and mb,l (b2, `) > 170, the amT2 is constructed by pairing the

lepton with the first b−jet:

am2
T2 = min

~pmiss
T =~pT(χ̃1)+~pT(χ̃2)

{
max[m2

T(~pT(b1 + `), ~pT(χ̃)) , m2
T(~pT(b2), ~pT(χ̃))]

}
(5.24)

• If mb,l (b1, `) > 170 and mb,l (b2, `) < 170, the amT2 is constructed by pairing the

lepton with the second b−jet:

am2
T2 = min

~pmiss
T =~pT(χ̃1)+~pT(χ̃2)

{
max[m2

T(~pT(b1), ~pT(χ̃)) , m2
T(~pT(b2 + `), ~pT(χ̃))]

}
(5.25)

• If both mb,l (b1, `) < 170 and mb,l (b2, `) < 170, the amT2 is calculated for both

scenarios, as both are compatible with the lepton and b−jet arising from a top-

quark decay. In this case, the minimum value of amT2 for the two scenarios is

used.

amT2(1)2 = min
~pmiss

T =~pT(χ̃1)+~pT(χ̃2)

{
max[m2

T(~pT(b1 + `), ~pT(χ̃)) , m2
T(~pT(b2), ~pT(χ̃))]

}
amT2(2)2 = min

~pmiss
T =~pT(χ̃1)+~pT(χ̃2)

{
max[m2

T(~pT(b1), ~pT(χ̃)) , m2
T(~pT(b2 + `), ~pT(χ̃))]

}
amT2 = min(amT2(1), amT2(2))

(5.26)

• If neither mb,l (b1, `) or mb,l (b2, `), value is compatible with arising from a top-

quark (both values are > 170 GeV), the amT2 is not calculated, and is set to an

overflow value.

As can be seen in Equation 5.22, the maximum value of amT2 for tt̄ pair production

would fall at the top-quark mass. Thus a selection of amT2 > 175 GeV can be used to

reject tt̄ background. Tighter selections on amT2 may be employed to further reject tt̄,

taking into account resolution effects. Figure 5.4(a) compares the distributions of the

amT2 variable for signal and background. The end-point for the tt̄ background is clearly

visible, whilst the signal sample is seen to peak at larger values of amT2.
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5.4.3 Dedicated complex variables for the sbottom bb+ Emiss
T analysis

The sbottom pair production topology under investigation for the bb + Emiss
T analysis

results in a relatively simple final state containing only two b−jets and Emiss
T . Additional

high-pT jets may from initial and final state radiation (ISR, FSR) and events with an

ISR jet are used to target compressed scenarios.

Due to the sparse amount of objects in the final state, the main discriminating

variables for this analysis are based upon the b−jets and Emiss
T . As this analysis has zero

leptons in the final state, angular selections between the jets and Emiss
T are employed to

ensure the removal of QCD multi-jet backgrounds. Angular selections are also used to

target events where the sbottom system recoils against an ISR jet.

∆φ(j1, E
miss
T ): When targeting scenarios with small mass splitting between the sbottom

and neutralino, it is likely that low pT b−jets will be present in the detector. In this

scenario the Emiss
T will be small. For these scenarios is advantageous to target events

containing a high pT ISR jet, which the sbottom system recoils against.

As the sbottom system is recoiling against the jet (which is assumed to be the highest

pT jet in the event), a large separation is expected in the azimuthal plane. Hence a

selection on ∆φ(j1, E
miss
T ) > 2 is used to select these events, where j1 is the highest pT

jet in the event, taken to be the ISR jet.

mCT [GeV]: The contransverse mass mCT [126], is a variable very similar to the pre-

viously introduced MT2, in that it seeks to reconstruct a mass-like property of pair

produced semi-invisibly decaying particles. Unlike the MT2 or amT2 however, the mCT

does not require information about the missing energy in the event, and instead uses

Lorentz invariance to derive a variable related to the parent particle mass.

Consider again a symmetric decay of a similar form as considered for the MT2 deriva-

tion, but writing both legs of the decay:

α̃1α̃2 → α1χ̃1 + α2χ̃2. (5.27)

The following derivation, and subsequent definition of mCT, focuses on the two visible

particles α1 and α2, with mass and 4-momenta m(α1), p(α1) and m(α2), p(α2) respec-

tively. The mass obtained from p(α1)+p(α2) is known to be a Lorentz invariant quantity,

such that in any reference frame Equation 5.28 is unchanged:
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m2(α1, α2) = [E(α1) + E(α2)]2 − [~p(α1) + ~p(α2)]2,

m2(α1, α2) = m2(α1) +m2(α2) + 2(E(α1)E(α2)− ~p(α1) · ~p(α2)).
(5.28)

Another way of interpreting the result, is that if the two particles undergo a co-linear

boost of equal magnitude, then the mass is invariant.

If the two particles are boosted by an equal magnitude but in opposite directions

(referred to as a contra-linear boost) in the original frame of reference (F0), such that

particle α1 is in a frame Fα1 and particle α2 is in a frame Fα2 , then it is obvious that

Equation 5.28 is no longer invariant.

However, one can consider a quantity “MC”, the invariant mass of p(α1) +P(p(α2)),

where P is the parity transformation operator, acting on the second particle:

M2
C(α1, α2) = [E(α1) + E(α2)]2 − [~p(α1)− ~p(α2)]2,

M2
C(α1, α2) = m2(α1) +m2(α2) + 2(E(α1)E(α2) + ~p(α1) · ~p(α2)).

(5.29)

It can be shown that Equation 5.29 is an invariant quantity under contra-linear boosts.

The above reasoning can subsequently be applied to the transverse plane, with the

resulting definition of the contransverse mass:

m2
CT (α1, α2) = [ET(α1) + ET(α2)]2 − [~pT(α1)− ~pT(α2)]2,

m2
CT (α1, α2) = m2(α1) +m2(α2) + 2(ET(α1)ET(α2) + ~pT(α1) · ~pT(α2)).

(5.30)

Assuming that particles α1 and α2 are massless reduces the mCT to a form which is very

similar to the mT variable:

mCT =
√

2(ET(α1)ET(α2)− ~pT(α1) · ~pT(α2)),

=
√

2pT(α1)pT(α2)(1 + cos(∆φ(α1, α2))).
(5.31)

Unlike the mT variable, and the similar amT2 and MT2 variables, it is more difficult

to interpret the mCT variable in terms of a physical quantity. However, the end-point

of the variable for a given process can still be calculated, and it is in this way that the

mCT is used to reject tt̄ background in the analysis.

The end-point of the mCT variable is given by Equation 5.32, for the scenario con-

sidered in Equation 5.27:
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mmax
CT =

m2(α̃)−m2(χ̃)

m(α̃)
, (5.32)

When this is applied to tt̄ pair production, the end-point can be calculated as:

mmax
CT =

m2(t)−m2(W )

m(t)
≈ 135 GeV. (5.33)

As such, a selection of at least mCT > 150 GeV is used to reject tt̄ pair production

background in this analysis. The use of mCT to reject tt̄ was the main motivation to

employ this variable as the discriminating variable in the Run 1 analysis. Currently the

analysis uses this variable due to the relationship between the sbottom mass and the

end-point of the variable, as shown in Equation 5.32. This behaviour is also displayed

in Figure 5.4(b), where the shoulder of the mCT distribution can be seen for the tt̄

background at around 150 GeV.

minmT(j, Emiss
T ) [GeV]: When targeting 0 lepton events, semi-leptonic tt̄ events can pass

this selection if the lepton is out of acceptance (“lost”) and is reconstructed as missing

energy. The minimum transverse mass between all jets in the event and the Emiss
T ,

minmT(j, Emiss
T ), can be used to discriminate between tt̄ events with a “lost” lepton

and the sbottom signal events. Generally a selection of minmT(j, Emiss
T ) > 150 GeV can

be placed on this variable to reduce the tt̄ background. This variable is useful in the

intermediate region, where the mass splitting of the sbottom and neutralino result in a

similar mCT end-point for both signal and tt̄.
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Figure 5.4: Comparison between signal and background events for four key discrim-
inating variables used in the analyses to discriminate between signal and background

events: (a) amT2, (b) mCT, (c) mT, (d) meff .

5.4.4 Dedicated complex variables for the Dark Matter bb+Emiss
T anal-

ysis

Similarly to the sbottom search, the signals under investigation in the search for direct

dark matter production lead to events containing 0 leptons, two b−quarks and Emiss
T .

The main background in this search is Z-boson production in association with heavy

flavour (HF) jets with the Z decaying to neutrinos.

The signal event topology is such that there is a large separation between the b−jets

in the (φ, η) phase-space, whereas for the background the b−jets are expected to be
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relatively close as the jets originate from gluon splitting. Another method to distinguish

the signal is take advantage of the pT spectra of jets produced via gluon splitting, to

further reject this background. Three variables are considered for the analysis and are

listed below.

∆R(b, b): The separation of the b−jets in the (φ, η) space, ∆R(b, b), is used to distinguish

between b−jets that result from gluon splitting and jets from signal events.

∆R(b1, b2) =
√

∆φ(b1, b2)2 + ∆η(b1, b2)2. (5.34)

For the Z-jets background it is expected that ∆R(b, b) would peak at smaller values due

to the common origin of the b−jets when compared to the signal events.

∆η(b, b): The separation in pseudorapidity itself, ∆η(b, b), is also used to discriminate

between the signal and background as the ∆η(b, b) distribution is dependent upon the

spin properties of the decaying particle. The difference in spin of the mediator (s = 0)

for the signal, and the Z-boson (s = 1) produces different pseudorapidity distributions,

which can be used to discriminate between signal and background.

5.5 Conclusion

Presented in this chapter was an overview of the basic tools required to design the regions

used in the analyses presented in the remaining chapters of this thesis.

Initially an overview of the definitions required to classify objects as measured in the

detector to the corresponding physical particle were presented, with the definitions used

for both the Run 1 and Run 2 analyses given. A description of the overlap removal

procedure used to avoid double-counting objects was also discussed.

The data quality selections applied to the data collected by the detector are listed.

The application of these requirements ensures the data used for physics analyses is of a

high quality, to provide certainty in the results presented. After the application of the

data quality requirements approximately 10% of collected data is discarded.

Finally, the complex global event variables used to define specific regions of interest for

the analyses are presented. Some of the variables take into account the mass properties

of the SUSY particles under investigation for to allow for discrimination between the SM

and BSM physics, others take into account differences in angular distributions expected

between the SM and the BSM processes. These global variables allow the definition of
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analysis regions enhanced in either the signal under investigation (signal regions), or a

SM process which must be constrained (control regions), enabling complex statistical

methods to be employed in the attempt to discover BSM physics, as discussed in the

subsequent chapters.



Chapter 6

Search for direct bottom squark

pair production in the bb+Emiss
T

final state

The following chapter contains an overview of the searches for direct sbottom pair pro-

duction in the bb+Emiss
T final state performed with ATLAS during Run 2. The analysis

was originally performed using the 2015 data-set with a total luminosity of 3.2 fb−1 re-

sulting in, at the time of publication, world-leading limits on the b̃ → b + χ̃0
1 decay.

Further to this the analysis was updated and improved upon with the addition of the

2016 dataset adding a luminosity of 32.9 fb−1, resulting in a total luminosity of 36.1 fb−1.

This chapter is split into three components. The first component, “Analysis Moti-

vation” considers the results of the previous ATLAS sbottom analysis, performed with

the 2012,
√
s = 8 TeV data. An overview of the signal phenomenology and the results

of a preliminary sensitivity study are presented which is used to guide the subsequent

analysis. To conclude this section the results of a Run 2 sensitivity study based on the

Run 1 analysis are presented.

The second component consists of the 2015 analysis. An overview of the optimisation

studies performed to define the signal regions is presented and the definition of control

regions to constrain the SM backgrounds is discussed. An overview of the data-driven

γ+jets background estimation technique that was developed for the analysis is given.

Finally the statistical interpretations of the results are documented.

The final component is comprised of the update to the analysis using the full 36.1 fb−1

2015+2016 dataset. In addition to the inclusion of the 2016 data, the analysis is also

121
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improved with the redefinition of the earlier SRs and the inclusion of an additional

category of signal region. Control and validation regions are defined for the new regions.

The data-driven γ+jets method is also updated. To conclude this section the latest

results of the search for sbottom pair production are presented.

The author’s contribution to the 3.2 fb−1 analysis consisted of the development of the

single-top CR, the evaluation of the modelling uncertainties, the implementation of the

“γ + jets replacement method”. The contribution to the 36.1 fb−1 analysis consisted of

updating the definitions of the A-type control and validation regions, the updates to the

“γ + jets” data driven method and the evaluation of the modelling uncertainties.

6.1 Analysis Motivation

Searches for the superpartners of the third generation quarks (t̃, b̃) are of great interest

due to the naturalness considerations first introduced in Section 2.7.5. In brief, to satisfy

naturalness requirements, the mass eigenstates of the third generation squarks must be

light, and would be expected to be at around the TeV scale. If this is the case then

squarks should be produced with a relatively high cross-section at the LHC.

A search was performed by ATLAS using the Run 1,
√
s = 8 TeV dataset [127], which

set limits at the 95% Confidence Level (CL) on simplified sbottom models which assume

that the sbottom is the lightest coloured sparticle and decays via a bottom-quark and a

neutralino (b̃→ b+ χ̃0
1), as shown in Figure 6.1.
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Figure 6.1: ATLAS
√
s = 8 TeV limits placed on the simplified b̃ → b + χ̃0

1 decay
scenario, excluding sbottom quarks of masses of up to 640 GeV for massless neutralinos.

Taken from
citeSbottom:Run1.

Whilst the concept of naturalness can guide the SUSY mass spectrum and the re-

quirement of R-parity can suggest the decays that are available, there are no specific

guidelines to decide on the Branching Ratios (BRs) for sparticle decays, aside from kine-

matic constraints. In order to search in an agnostic manner without any dependence

upon a specific signal model, simplified model scenarios are investigated with a simple

direct decay usually considered, a representative diagram of this decay mode is shown

in Figure 6.2.
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Figure 6.2: Representative diagram of the simplified model scenario b̃ → b + χ̃0
1

considered in this analysis.

6.1.1 Signal Phenomenology

The decay b̃→ b+ χ̃0
1 leads to a relatively simple final state consisting of 0 leptons, two

b−jets and Emiss
T . There are only two options to trigger on these events, either using an

Emiss
T -based trigger, or a b−jet-based trigger. In order to enable b−jet efficiency studies,

and also to enable a switch to the flat efficiency b−tagging algorithms in the future, a

trigger strategy independent of jets identified as b−jets is preferred and the Emiss
T trigger

is used. This guides the analysis strategy as all signal regions must be defined with Emiss
T

requirements such that the Emiss
T trigger is fully efficient. The online trigger thresholds

differ between the 2015 and 2016 analysis. The 2015 analysis uses an online threshold

of 70 GeV, whilst the 2016 analysis uses a threshold of either 100 or 110 GeV. The Emiss
T

trigger is fully efficient with an offline Emiss
T selection of > 200 GeV.

There are several SM background processes that must be considered when analysing

the 0 lepton, 2 b−jets and Emiss
T final state: tt̄ pair production; single-top Wt-channel

production; tt̄ production in association with a vector boson (tt̄+V); W -boson produc-

tion in association with heavy-flavour (HF) jets, referred to as W+jets; Z-boson pro-

duction in association with HF jets (Z+jets); diboson production; and finally multi-jet

production.

As the signal topology leads to a relatively low expected jet multiplicity and high

Emiss
T , fully-hadronic tt̄ is not a significant contribution to the analysis, and instead the

main tt̄ background arises from semi-leptonic tt̄ decays, where either, the lepton in the

event is a τ -lepton, which subsequently decays hadronically or the lepton (e, µ) from the
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tt̄ decay is lost (out of acceptance) or not reconstructed as a lepton. A similar scenario

is expected to occur in the case of single-top production.

The W+jets background may contribute to this final state in a similar manner as

the semi-leptonic tt̄ background, where the W decays via W → τντ , which subsequently

decays hadronically, or the W decays via W → `ν`, and the lepton (e, µ) is lost or is not

reconstructed. The b−jets arise in this process due to gluon splitting g → bb̄.

The Z+jets background is expected to be the most prevalent SM process in the final

state considered. If the Z-boson is produced in association with two b−jets, the Z can

subsequently decay via Z → νν, leading to the final state considered.

q Z

b

bq

(a)

March 4, 2014 1:54 WSPC/INSTRUCTION FILE topXS

2 R. Schwienhorst on behalf of the ATLAS, CMS, CDF, D0 Collaborations

pair production measurements, Section 4 summarizes single top quark production,

Section 5 presents new physics searches in the top quark sector, and Section 6 gives

a summary.

2. Top quark pair production

Top quark pair production proceeds mainly via gluon initial states at the LHC,

shown in Fig. 1(a), and mainly via quark-antiquark annihilation at the Tevatron,

shown in Fig. 1(b).

g

g
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t
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Fig. 1. Feynman diagrams for top pair production (a) via gluon fusion and (b) via quark-antiquark
annihilation, and (c) for top quark decay.

The production cross-section has been calculated at next-to-next-to leading or-

der (NNLO), including next-to-next-to leading log (NNLL) soft gluon resumma-

tion 4.

The top quark decays to a W boson and a b quark, and the final state topology in

top quark pair events is determined by the subsequent decay of the two W bosons,

as shown in Fig. 1(c). About a third of top pairs decay to the lepton+jets final state

where one W boson decays to an electron or muon and the other to a quark pair.

The background to this final state is mainly from W+jets production and QCD

multi-jet events where one quark jet is mis-identified as a lepton. This final state

topology has reasonable statistics and a manageable background while also allowing

for the reconstruction of the two top quarks.

A small fraction of about 6% of top pair events decay to the dilepton (ee, eµ and

µµ) final state, which has small backgrounds from Z+jets and diboson production.

This topology is attractive for its clean signature, though the individual top quarks

can not be reconstructed directly due to the presence of two neutrinos.

About 46% of top pair events decay to an all-hadronic final state which is over-

whelmed by a large QCD multi-jet background. Other top pair decays involve ⌧

leptons, and in particular hadronic ⌧ decays are of interest because they provide

sensitivity to non-SM top decays. Leptonic ⌧ decays are included in the lepton+jets

and dilepton final states, though the lower lepton pT and the presence of additional

neutrinos modifies the event kinematics.

(b)

Figure 6.3: Example Feynman diagrams for two of the dominant SM processes in the
analysis. (a) Z+jets production taken from [128], (b) tt̄ pair production, taken from

[129].

The diboson and tt̄+V (V = W,Z) backgrounds are expected to be small when com-

pared to the other backgrounds in the analysis. When considering diboson production,

(eg ZZ, WZ, WW ), these are rare processes in the SM and are expected to contribute

only a small amount to the number of events with the targeted final state. The majority

of the tt̄+V background is expected to consist of mainly tt̄ + Z production with the Z

decay proceeding via Z → νν, and the tt̄ decaying in a similar manner to the top-pair

production scenario described above. Contributions may also arise from the all hadronic

tt̄ decay, as the decay of the Z boson can provide the required Emiss
T in the event.

The multi-jet background must be considered in any analysis targeting a final state

containing 0 leptons. This background arises from the mis-reconstruction of a jet which

produces “fake” Emiss
T in an event. Selections on certain variables can be applied, as dis-

cussed in Section 5.4.3, that are shown to reduce the contribution from this background

to a negligible amount.
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6.1.2 Run 2 Sensitivity Study

In preparation for the beginning of Run 2, a preliminary sensitivity study was performed

based upon the Run 1 analysis [130]. The analysis strategy introduced in the 8 TeV

analysis defined two categories of Signal Region (SRs): a set of A-type SRs, and a

single B-type SR. The A-type SRs were based upon sequential selections on the mCT

variable, and were used to target the region in m(b̃, χ̃0
1) where there is a large mass

splitting between the sbottom and neutralino, referred to as the “bulk” region. The B-

type SR was used to target the “compressed” region, where the sbottom and neutralino

are almost mass degenerate. In this region an ISR-like selection is required, in order to

detect the low-pT particles from the sbottom decay which recoil against the ISR jet.

The studies performed are based very closely on the Run 1 A-type regions, by defining

a selection with a tighter mCT requirement than the one used in the Run 1 analysis. As

discussed more in-detail in Ref [130], only the main backgrounds are considered, which

are the top-quark backgrounds, tt̄, single-top, and tt̄+ V , and the V+jets backgrounds,

W+jets, and Z+jets.

In addition to the tighter mCT selection, the SR defined for these studies uses a

selection of Emiss
T > 250 GeV to take into account the tighter Emiss

T trigger thresholds

foreseen for the Run 2 Emiss
T trigger. Figure 6.4 shows the mCT distribution in the

A-type SR used for the studies, without the selection placed on the mCT variable itself

(henceforth referred to as an N-1 distribution).
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The possible discovery potential for four (b̃, χ̃0
1) mass scenarios in the bulk region, are

shown in Figure 6.5, assuming a total systematic uncertainty of 20% on the background

estimate, which is an approximation of the systematic uncertainty in the 8 TeV analysis.

The mass points considered are chosen such that mχ̃0
1

= 1 GeV, in order to study in

a simple manner the possible discovery of sbottoms with masses ranging from 700 to

1000 GeV. The smallest sbottom mass considered (700 GeV) is chosen based on the 8 TeV

exclusion limit, which is represented in the figure by the grey band.
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systematic uncertainty on the background estimate of 20%. The exclusion limits from

the 8 TeV analysis can be seen as the grey band in the left of the figure.
Taken from [130].
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It is seen that with the assumption of L = 5 fb−1 there would be 3σ evidence for the

existence of the sbottom with mb̃ = 700 GeV, decaying to a b−jet and a neutralino of

mass mχ̃0
1

= 1 GeV.

This gain in sensitivity for a small luminosity when compared to the 8 TeV analysis,

can be explained by the increase in cross-section for sbottom pair production when

increasing the centre of mass energy from 8 TeV to 13 TeV. Figure 6.6 compares the

cross-sections for sbottom masses in the range 100 GeV to 2 TeV for the two cases. It

can be seen that for the masses investigated in the sensitivity study, the cross-section

increases by a factor of ≈ 10, when moving from
√
s = 8 to 13 TeV.
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Figure 6.6: Comparison of the cross-sections for sbottom pair production, when mov-
ing from 8 to 13 TeV.

Comparatively, the cross-section of the main SM background processes in the analysis,

Z+jets and tt̄ increase by factors of ≈ 3 and 5 respectively. As the Z+jets process is

a quark initiated EW process, the change in centre of mass energy results in a smaller

increase in cross section due to the proton PDF. Hence there is a significant gain in

sensitivity for the analysis moving from Run 1 to Run 2, even with the smaller expected

luminosity of the 2015 dataset.

6.2 Sbottom 2015 Analysis

The 2015 analysis builds further on the sensitivity studies performed in the in the previ-

ous section using the SR defined for the sensitivity studies as a baseline SR on which to

proceed with an optimisation. In addition to this, the B-type SR from the 8 TeV analysis

is used as a baseline region to perform an optimisation targeting the compressed-region.
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In the following sections, an overview of the signal region optimisation studies are

presented for both the A-type and B-type regions. The dominant background processes

in these regions are considered, and an overview is presented of the Control Region (CR)

selections that are used to constrain the main SM backgrounds. A data-driven photon

replacement method, referred to as “γ replacement” is used to estimate the Z+jets

background is explained and the results are subsequently used to validate the nominal

prediction for the Z+jets background. The description of the Validation Regions (VRs)

used to validate the modelling of the main backgrounds are discussed.

An overview of the systematic uncertainties taken into consideration are discussed

and the impact of the main uncertainties are quantified. Finally the fit results are

presented with an overview of the statistical methods used to perform the fit procedure.

The statistical interpretation of the fit is presented, and the resultant model-independent

and model-dependent limits are shown.

6.2.1 Signal Kinematic Studies

Following the optimisation studies performed, and the analysis strategy used for the

Run 1 result, there are two distinct regions of the (b̃, χ̃0
1) mass plane which produce

different event topologies. These distinct topologies require different kinematic selections

to enhance sensitivity to the mass scenario under consideration.

The “bulk” region, where the mass different between the sbottom and the neutralino

is large (∆m(b̃, χ̃0
1) = 100 GeV) leads to events with large Emiss

T , two high pT b−jets and

zero leptons in the final state. The optimisation is performed to maximise the discovery

potential of the (mb̃, mχ̃0
1
) = (800, 1) GeV point. This point is chosen as it is just beyond

the exclusion contour in the bulk region of the Run 1 analysis.

The “compressed” region is defined as the region where the mass splitting between the

sbottom and the neutralino is relatively small (∆m(b̃, χ̃0
1) < 100 GeV). In these scenarios

the b−jets from the sbottom decay have very low momenta and are difficult to detect.

A selection targetting the cases when a sbottom system is produced in association with

a high pT ISR jet is used. In these events the sbottom system recoils from the ISR

jet leading to slightly harder decay products and high Emiss
T recoiling from the ISR jet.

The specific focus of the compressed region optimisation is to maximise the discovery

potential of the (mb̃, mχ̃0
1
) = (400, 300) GeV point, which is chosen as it was just beyond

the Run 1 exclusion contour in the compressed region.
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Prior to the proper definition of a Signal Region, a preliminary set of selections are

applied, referred to as a “Preselection”, based upon similarities in the expected signal

topology for both the bulk and compressed regions. This selection also takes into account

any detector related constraints related to the trigger or reconstruction.

All events are required to pass the Run 2 Event Cleaning, as previously discussed in

Chapter 5. The object definitions presented in Chapter 5 are used to define electrons,

muons, jets, b−jets and photons. Events are selected with exclusively two b−tagged jets

and 0 baseline leptons (e, µ). In order to be in the trigger plateau, a selection of Emiss
T

> 250 GeV is applied. Due to the signal topology, a small jet multiplicity is expected; as

such, events are selected requiring njets = 2, 3, 4. The two leading jets in the event are

expected to have pT > 50 GeV, be labelled as signal jets according to Table 5.3. As any

additional jets beyond the two jets from the b̃ decay would be expected to be relatively

soft, events are also rejected if the fourth jet in the event possesses pT > 50 GeV. The

contribution from multi-jet events can be reduced to a negligible level by selecting events

with min ∆φ(j, Emiss
T ) > 0.4 and Emiss

T /meff > 0.25 as explained in Section 5.4.1.

The selection defined in Table 6.1 is the preselection applied to all regions of the 2015

analysis. Such baseline selections underpin the definition of all Control, Validation and

Signal Regions.

Variable Selection

Event cleaning selections 4

Trigger Passed either of the single lepton (e, µ) triggers, or the Emiss
T trigger

nb−jets 2

njets 2, 3, 4

pT (j1), pT (j2) > 50 GeV

pT (j4) < 50 GeV (or njets = 2, 3)

min ∆φ(j, Emiss
T ) > 0.4

Emiss
T /meff > 0.25

Emiss
T > 100 GeV (250 GeV for nleptons = 0)

Table 6.1: Sbottom 2015 analysis, preselection definition used as a baseline selection
for all regions in the analysis.
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Background Process Number of Events

tt̄ 600.71 ± 2.75

Diboson 14.30 ± 0.50

Z+jets 120.25 ± 1.41

W+jets 80.62 ± 1.63

tt̄V 19.62 ± 0.83

Single-top 60.75 ± 1.13

SM 896.28 ± 3.81

mb̃ = 800 GeV, mχ̃0
1

= 1 GeV 17.68 ± 4.21

Table 6.2: Expected event yield at the preselection level. Only statistical uncertainties
are considered.

To perform the SR optimisation additional selections are applied to the preselection

in Table 6.1. The requirement that there are no baseline leptons and Emiss
T > 250 GeV

are required by the final state and trigger requirements. The expected yields of SM pro-

cesses with the 0 lepton preselection are shown in Table 6.2. It can be seen that the main

backgrounds are tt̄, Z+jets, single-top and W+jets. Figure 6.7 presents distributions

with the preselection and zero lepton requirements, referred to as bb SR Preselection,

applied for a selection of key kinematic variables. It is these variables that are subse-

quently used to design the SRs targeting the bulk region.
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Figure 6.7: Sbottom 2015 preselection distributions with the benchmark signal point
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) = (800,1) GeV.



Chapter 6. Search for direct bottom squark pair production 133

6.2.2 Signal Region Definitions

As expected following the analysis strategy originally used for the Run 1 analysis, the

mCT is the most useful variable to remove the dominant tt̄ background when consider-

ing the bulk event topology. For the compressed topology this is not the case, as the

kinematic end-point for the (mb̃,mχ̃0
1
) = (400, 300) GeV scenario is 175 GeV, compared

to the kinematic end-point of the tt̄ background which is ≈ 140 GeV (from Equation

5.33). The differences between the two topologies can also be seen in Figure 6.8, where

a selection of mCT > 150 GeV would reduce a significant amount of the signal for the

compressed scenario (right) whilst for the bulk scenario the selection can even be tight-

ened to reduce the background further.
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It is at this point that the kinematic selections for the bulk and compressed regions

diverge. The selections targeting the bulk scenario are heavily based upon selections on

the mCT variable. The signal regions defined with an mCT selection are referred to as

the “A-type” regions. The selection targeting the compressed scenario instead requires

a high pT non-b−tagged ISR jet to reject the tt̄ background, and is referred to as the

“B-type” region.

The optimisation procedure performed to produce a final SR definition for both SR

types follow the same strategy of attempting to maximise the discovery significance (S),

defined in Equation 6.1:
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S =
Nsig√

Nbkg + (0.2 ·Nbkg + 1)2
(6.1)

The discovery significance can be thought of as a measure of the ability to claim evidence

for a specific SUSY signal scenario, given the number of expected signal events (Nsig)

and number of expected background events (Nbkg) for a specific selection. The squared

term in the equation takes into account the expected systematic uncertainty on the

modelling of the background, in this case it is taken to be 20%, and the “+1” term is

added by hand to prevent unnaturally large significances in the case where there are

very few (< 1) predicted background events. A significance of 3 can be thought of as

the minimum value for which a model can be excluded.

To define the A- and B-type regions, a variety of selections are placed on the key

discriminating variables and the significance is calculated for the signal point under in-

vestigation. The final set of selections are chosen such that the significance is maximised.

After performing the optimisation for the bulk region, it is found that the best sensi-

tivity is acquired using three SRs with overlapping mCT selections, such that the three

SRA regions are defined with mCT > 250, > 350 and > 450 GeV respectively. For the

compressed region a single SR is defined, requiring a high pT ISR jet which is back-to-

back with the Emiss
T in the event. The full selection criteria for the A- and B-type SRs

are shown in Tables 6.3 and 6.4, respectively.

Variable SRA250 SRA350 SRA450

Preselection 4

nbaseline leptons 0

Leading two jets (pT ordered) are b−tagged 4

pT (j1) > 130 GeV

mbb >200 GeV

Emiss
T >250 GeV

mCT >250 GeV >350 GeV >450 GeV

Table 6.3: Sbottom 2015 analysis, A-type SR definitions.
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Variable SRB

Preselection 4

nbaseline leptons 0

Leading jet non-b−tagged 4

pT (j1) > 300 GeV

Sub-leading jet b−tagged 4

∆φ(j1, E
miss
T ) > 2.5

Emiss
T > 400 GeV

Table 6.4: Sbottom 2015 analysis, B-type SR definition.

Figures 6.9 and 6.10 present the expected discovery significance for both A- and B-

type SRs, with a luminosity corresponding to 3.2 fb−1. Concerning the bulk region, it

is seen that a tighter selection on mCT targets the highest sbottom masses, whereas the

selection of mCT > 250 GeV targets the sbottom masses in the region tending towards

more compressed scenarios.

Number of Events

Process SRA250 SRA350 SRA450 SRB

tt̄ 1.1 ± 0.11 0.18 ± 0.04 0.044 ± 0.02 5.57 ± 0.21

Diboson 0.21 ± 0.08 0.065 ± 0.04 0.016 ± 0.016 0.19 ± 0.07

Z+jets 16.09 ± 0.37 3.70 ± 0.12 1.001 ± 0.04 2.81 ± 0.10

W+jets 3.60 ± 0.21 0.98 ± 0.09 0.25 ± 0.02 1.11 ± 0.08

tt̄V 0.23 ± 0.01 0.62 ± 0.08 0.022 ± 0.005 0.12 ± 0.003

Single-top 2.18 ± 0.12 0.64 ± 0.05 0.15 ± 0.02 0.99 ± 0.13

SM Total 23.41 ± 0.46 5.63 ± 0.17 1.48 ± 0.06 10.8 ± 0.31

Table 6.5: Sbottom 2015 analysis, expected SM background yields (pre-fit) for all
SRs.
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6.2.3 Control Region Definitions

In order to constrain the main background processes in the SRs, control regions (CRs)

are defined. CRs are defined for each of the main backgrounds of a specific SR. The

regions are designed such that they are enhanced in the SM events of interest with

kinematics close to that of the SR whilst remaining orthogonal. The number of expected

background events and the observed number of events in each CR enter a log likelihood

fit, to obtain normalisation parameters to be applied to the MC prediction for that

specific background. The fit procedure will be further discussed in Section 6.2.7.

Due to the different kinematic selections of the A-type and B-type regions, two dif-

ferent CR strategies are required. When considering the regions defined for the Z+jets

background, to attempt to mimic the Z → νν decay, which would be the dominant Z

decay mode in either of the SRs, the leptons in this region are vectorally added to the

reconstructed Emiss
T in the event. The lepton corrected Emiss

T is referred to as Emiss ′
T . To

more closely model the SR kinematics, the SR selection placed on the Emiss
T , is placed

on the Emiss ′
T in these two lepton regions.

For the A-type regions, a common set of four CRs are defined for the tt̄, single-top,

W+jets and Z+jets backgrounds respectively. The normalisation parameters obtained

from these regions are then applied to all three SRs. Orthogonality of these regions with

the SR is ensured by the presence of at least one signal lepton in the event. The CR

defined for the Z+jets process (CRzA) requires two same-flavour (SF) leptons (e, µ) with

invariant mass (m``) in the Z-mass window (76-106 GeV). One lepton CRs are defined

for the remaining backgrounds. The CR defined for the W+jets process (CRwA) is

orthogonal to the other one lepton regions, as it requires exclusively one b−tagged jet.

The CRs defined for the tt̄ (CRttA) and single-top (CRstA) regions are orthogonal

thanks to the requirement on mbb. A full overview of the A-type CR definitions are

presented in Table 6.12. As it can be seen in the Table, additional selections are also

employed to enhance the contribution of the background under consideration (such as

mT in the CRW), and to further mimic the kinematics in the SR (such as the leading

b−jet requirements). Table 6.7 presents the MC predictions for each SM background and

the data. Each of the CRs is clearly dominated by the SM process under scrutiny, with

the exception of CRstA which also includes a large fraction of tt̄ and W+jets events.
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Variable CRzA CRttA CRwA CRstA

Preselection 4 4 4 (one b−jet) 4

nsignal leptons 2 (SF) 1 1 1

pT (`) > 90, 20 GeV > 26 GeV > 26 GeV > 26 GeV

Leading two jets are b−tagged 4 4 4 (primary b−jet) 4

Emiss
T < 100 GeV > 100 GeV > 100 GeV > 100 GeV

Emiss ′
T > 100 GeV - - -

mCT - > 150 GeV > 150 GeV > 150 GeV

pT (j1) > 50 GeV > 130 GeV > 130 GeV > 50 GeV

m`` [76 - 106] GeV - - -

mT - - > 30 GeV -

mbb > 200 GeV < 200 GeV > 200 GeV (mb,j) > 200 GeV

mmin
b,l - - - > 170 GeV

Table 6.6: Sbottom 2015 analysis, A-type CR definitions.

Number of Events

Process CRzA CRttA CRwA CRstA

tt̄ 8.1 ± 0.8 200.0 ± 3.6 160.6 ± 3.2 11.7 ± 0.9

Diboson 0.3 ± 0.1 4.7 ± 0.3 7.0 ± 0.5 0.5 ± 0.1

Z+jets 49.6 ± 2.0 0.9 ± 0.2 4.8 ± 1.0 0.9 ± 0.2

W+jets 0.0 ± 0.0 37.0 ± 1.0 268 ± 6 16.7 ± 0.8

tt̄V 0.62 ± 0.01 0.87 ± 0.02 1.13 ± 0.02 0.184 ± 0.007

Single-top 1.1 ± 0.2 33.8 ± 0.8 61.0 ± 1.0 28.1 ± 0.7

SM Total 59.7 ± 2.2 268.0 ± 4.0 510.0 ± 6.7 58.1 ± 1.5

Observed Data 79 260 543 56

Table 6.7: Sbottom 2015 analysis, expected pre-fit CR yields for all A-type regions,
including the observed number of data events.

For the B-type region two CRs are defined, one each for the tt̄ and Z+jets back-

grounds. These regions are othogonal to the SRB region due to the requirement of

either one lepton, for the tt̄ CR (CRttB), or two same-flavour leptons, for the Z+jets

CR (CRzB). This also ensures that the CRs are mutually orthogonal. Additional se-

lections are placed on the CRs to reproduce the SR kinematics more closely. The full

selections for the B-type CRs are defined in Table 6.8, Table 6.9 contains the data and

MC yields in the B-type CRs. In this case CRzB also contains a large contamination of

tt̄.
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Variable CRttB CRzB

Preselection 4 4

nbaseline leptons 1 2 (SF)

pT (`) > 26 GeV > 26, 20 GeV

Leading jet non-b−tagged 4 4

pT (j1) > 130 GeV > 50 GeV

Sub-leading jet b−tagged 4 4

∆φ(j1, E
miss
T ) > 2.5 > 2.0

Emiss
T > 100 GeV < 100 GeV

Emiss ′
T - > 100 GeV

m`` - [76-106] GeV

Table 6.8: Sbottom 2015 analysis, B-type CR definitions.

Number of Events

Process CRzB CRttB

tt̄ 15.2 ± 1.1 158.4 ± 2.0

Diboson 0.8 ± 0.2 1.2 ± 0.2

Z+jets 30.0 ± 2.0 0.18 ± 0.03

W+jets 0.0 ± 0.0 13.3 ± 0.5

tt̄V 0.78 ± 0.01 0.7 ± 0.02

Single-top 0.5 ± 0.1 16.7 ± 1.4

SM Total 47.6 ± 2.3 190.6 ± 2.1

Observed Data 59 188

Table 6.9: Sbottom 2015 analysis, expected pre-fit CR yields for all B-type regions,
including the observed number of data events.

The results of the simultaneous fit procedure are presented in 6.2.7.1. The µZ+jets

value is found to be significantly higher than 1, suggesting a poor modelling of the

Z+jets process. Due to the prevalence of the Z+jets process in both types of SR,

and this noticable pre-fit discrepancy in both CRzA and CRzB regions between the

expected Z+jets from MC and the observed data, alternative data-driven methods are

investigated to validate the modelling of the Z+jets process in the SRs.

6.2.4 Data-driven replacement methods

There are two alternative data driven methods used and the underlying strategy for

both methods is relatively similar, in that the methods require the replacement of one

branch of the Z+jets process, either replacing the Z boson with a photon (referred to as
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the “γ+jets replacement method”), or replacing the b−jets in the final state, with light

jets (referred to as the “Z from light” method). As the main component of the author’s

work was implementing the “γ+jets replacement” method, the “Z from light” method

will only be discussed briefly.

The “Z from light” method allows for an alternative estimate of the Z → νν in the

A-type SRs. This method requires the assumption that the shape of the mCT variable

in the SRs is similar for Z + light jet events, and for Z + b−jet events. As the method

explicitly depends upon the mCT variable, it cannot be used to provide an estimate in

the B-type SR. A high statistics two lepton CR is defined to select events with Z → ``

+ light jets. The mCT distribution in this region is then used to estimate the mCT

shape for the Z+jets process. The normalisation of the estimate from this method is

calculated based on the ratio of Z → `` events with zero b−tagged jets, to a Z → ``

events with two b−tagged jets. The main advantage of this method is that it allows for

the use of a very high statistics region dominated by the Z+jets background, to perform

the extrapolation to the SR.

The γ+jets replacement method exploits the similarity between the production mech-

anisms of the Z+jets and γ+jets processes. When considering the differences between

the production of a γ or Z at a q, q̄ vertex, the primary difference is the mass contribution

in the propagator term:

M∝ 1

q2 −m2
(6.2)

For the γ+jets process, Equation 6.2 reduces to 1/q2, whereas for the Z+jets process

the mass term does not disappear. However if the momentum of the Z boson is much

larger than its mass, (q2 >> m2
Z) then the propagator term for the Z+jets process can

be approximated as 1/q2, similar to the γ+jets process. In the 0 leptons final state, the

pT(Z) is very closely related to the Emiss
T . The Emiss

T selection requirements in both types

of SR almost fufil the requirement that pT(Z) >> mZ . To correct for any remaining

differences that may arise due to the mass term and additional kinematic differences,

a pT(Z)-based reweighting procedure is used. The usage of the pT-based reweighting

procedure also mitigates the second difference between the γ and Z vertices, that is

the difference in the coupling term between the electromagnetic and weak forces. At

the Z vertex, the coupling term is related to gW sin(θW ), whereas at the γ vertex, the

coupling is related to e. These differences are taken into account implicitly in the pT
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(Z) reweighting procedure. The overall method is as follows:

• A γ+jets CR (CRγ) is defined, matching the SR selection but dropping the re-

quirement on Emiss
T and instead requiring one photon with pT > 130 GeV to satisfy

trigger requirements. The photon 4-vector is added vectorally to the reconstructed

Emiss
T , to produce a photon-corrected variant referred to as Emiss ,γ

T . The Emiss
T se-

lection is then applied to the photon-corrected Emiss ,γ
T .

• Events passing the above requirement lead to a very high purity γ+jets region,

however some non-γ backgrounds still remain. Those are subtracted from the data

using estimates from MC. In this scenario the shape of any given distribution can

be expressed as fdata
CRγ − f

nonγ−MC
CRγ . The non-γ MC contributes less than 1% in the

regions of interest.

• The reweighting factor, R(Z, γ), is defined as the ratio of Z+jets to γ+jets events

binned in pT and it is calculated using the Z → νν + bb events in the SR, and the

γ + bb events passing the CRγ selection. This gives:

R(V )dpT(V ) =
fZ→ννSR dpT(Ztruth)

fγ+bb
CRγ dpT(γreco)

. (6.3)

The reweighting procedure is performed using the truth-level Z-boson pT. As the

above ratio includes pT(γ) at reconstruction level acceptance effects are implicitly

taken into account. The available γ+jets samples are generated at LO, whereas

the nominal Z+jets sample is at NLO. Figure 6.11 presents the differences in

reweighting the γ+jets to NLO and LO Z+jets, as seen in the figure there is no

significant difference between the ratio produced from the NLO and LO samples

for the selection used in this analysis.



Chapter 6. Search for direct bottom squark pair production 143

0 100 200 300 400 500 600 700 800 900 1000

E
v
e

n
ts

 /
 5

0
 G

e
V

­3
10

­210

­110

1

10

210

3
10

410

5
10

6
10

710
 InternalATLAS

Preselection

 = 13 TeVs, 
­1

 Ldt = 1 fb∫
Z+Jets NLO 

Z+Jets LO 

+Jets LO γ

 (Ratio)
Z+Jets NLO

+Jets LOγ

    (Ratio)
Z+Jets LO

+Jets LOγ

(V) [GeV]
T

p

0 100 200 300 400 500 600 700 800 900 1000

Z
+

J
e
ts

+
J
e
ts

γ

0
0.2
0.4
0.6
0.8

1
1.2
1.4

Figure 6.11: Truth-level pT ratio for γ+jets and Z+jets processes. No significant
differences are found between reweighting the LO γ+jets to the NLO Z+jets, when

compared to the LO Z+jets.

• An additional normalisation parameter, κ, is also introduced to take into account

the differences between the cross sections the Z+jets and γ+jets processes. This

requires the introduction of two additional regions referred to as “loose”. These

regions are designed as loose as they are defined by relaxing the selections when

compared to the standard region definitions. These regions are referred to as

CRγloose and CRZ loose. The κ factor is defined as the ratio of the normalisation

parameters µloose
γ and µloose

Z , normalising the MC prediction of the γ+jets and

Z+jets in the CRγloose and CRZ loose to the observed data. This factor is used to

reconcile the known differences between the observed γ+jets process and the MC

expectations, using a relaxed selection.

κ =
µloose
γ

µloose
Z

=
Ndata

CRγloose −Nnon−γ+jets MC
CRγloose

Nγ+jets MC
CRγloose

·
NZ+jets MC

CRZloose

Ndata
CRZloose −Nnon−Z+jets MC

CRZloose

=
Ndata

CRγloose −Nnon−γ+jets MC
CRγloose

Ndata
CRZloose −Nnon−Z+jets MC

CRZloose

·
NZ+jets MC

CRZloose

Nγ+jets MC
CRγloose

(6.4)
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• Using the contributions from the above steps the expected number of Z → νν +

b−jets events in a SR can be calculated for a selection, x, on a given variable, in

this case mCT using:

NZ→νν
SR =

∫ ∞
x

(fdata
CRγ − fnonγ−MC

CRγ ) · 1

κ
·R(V )dpT(V )dmCT (6.5)

The extra CRs that are defined for the γ+jets replacement method are presented

in Table 6.10. The predicted number of events in the “loose” and tighter regions are

presented in Table 6.11. Using the looser region yields from Table 6.11 allows for the

calculation of the κ factor to be performed, resulting in a value of κ = 1.27± 0.27. This

value is consistent with the SM γ+jets measurement. The final predicted number of

events using the method are shown in Tables 6.16 and 6.19, where they are compared to

the nominal fit procedure, and also the prediction from the “Z from light” method. The

predictions using the alternative data-driven methods are consistent with the nominal

fit procedure, providing further confidence in the modelling of the Z+jets process.

Variable CRγA CRγB CRγloose CRZloose

Preselection 4 4 4 4

nsignal leptons 0 0 0 2 (SF)

nsignal photons 1 1 1 0

pT (`) - - - > 26, 20 GeV

pT (γ) > 130 GeV > 130 GeV > 130 GeV -

Leading jet is b−tagged 4 7 - -

Sub-leading jet is b−tagged 4 4 - -

pT (j1) > 130 GeV > 300 GeV > 50 GeV > 50 GeV

Emiss
T - - - < 100 GeV

Emiss ′
T - - - > 250 GeV

Emiss ,γ
T > 250 GeV > 400 GeV > 250 GeV -

mCT > 250, 350, 450 - - -

m`` - - - [76 - 106] GeV

mbb > 200 GeV - - -

Table 6.10: Sbottom 2015 analysis, additional CR definitions used in the implemen-
tation of the γ+jets replacement method.
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CRγloose CRZloose CRγA250 CRγA350 CRγA450 CRγB

Observed Data 381± 19.52 31.00± 5.57 40.00± 6.32 8.00± 2.83 4.00± 2.00 6.00± 2.45

MC Total 248.76± 5.06 26.14± 1.49 26.50± 1.40 5.87± 0.55 1.66± 0.25 6.26± 0.59

W + jets 0.62± 0.09 0.00± 0.00 0.10± 0.03 0.02± 0.01 0.01± 0.00 0.03± 0.01

Z + jets 0.08± 0.02 23.15± 0.83 0.01± 0.01 0.00± 0.00 0.00± 0.00 0.00± 0.00

Other 0.12± 2.58± 0.47 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.00± 0.00

SingleTop 0.49± 0.09 0.18± 0.06 0.03± 0.01 0.02± 0.01 0.01± 0.00 0.02± 0.01

tt̄ 2.28± 0.4 0.022± 0.13 0.00± 0.00 0.00± 0.00 0.00± 0.00 0.14± 0.07

γ + jets 245.17± 5.04 0.0± 0.0 26.33± 1.33 5.81± 0.52 1.63± 0.22 6.08± 0.50

Table 6.11: Expected yields of the SM background processes and observed events
with 3.2 fb−1 in the regions defined for the γ+jets alternative data driven method.

6.2.5 Validation Region Definitions

To validate the normalisation of the backgrounds, VRs are defined for both the A- and

B-type SRs. The VRs are chosen such that they are orthogonal to both of the relevant

SRs and CRs, and are selected to be kinematically close to the SR. As all of the CRs that

have previously been defined require leptons in the final state, whilst the SRs contain

no leptons, a sensible requirement is to design VRs such that they also contain zero

leptons. A simple method to ensure othogonality between the SRs and the VRs is to

select a key kinematic variable used in the SR (for example, mCT) and to invert the SR

selection that is placed on this variable. It is also possible to select a “window” on this

variable (after inverting the SR selection), to attempt to keep the kinematics of the VR

close to that of the SR. This is done taking into account that the signal contamination

must be as minimal as possible.

Two VRs are associated with the set of A-type SRs, defined by either inverting the

mbb selection (VRmbbA), or the mCT selection (VRmctA). For the VRmctA region,

the upper bound on the mCT selection is chosen to be 150 GeV, reducing signal contam-

ination, this region validates the modelling of the Z+jets background. The VRAmbb

region is used to validate the modelling of the tt̄ background.

A single VR is designed to validate the background prediction in the B-type SRs,

defined by inverting both the selection on the leading jet pT and the selection on Emiss
T .

Lower bounds are placed on both of these inverted selections, to ensure similar kinematics

to those expected in the SR, creating a region dominated by the tt̄ process.
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Variable VRmctA VRmbbA VRB

Preselection 4 4 4

nbaseline leptons 0 0 0

Primary jet is b−tagged 4 4 7

Secondary jet is b−tagged 4 4 4

pT (j1) > 130 GeV > 130 GeV [100, 300] GeV

mbb <200 GeV >200 GeV -

Emiss
T >250 GeV >250 GeV [250, 300] GeV

mCT >150 GeV <150 GeV -

∆φ(j1, E
miss
T ) - - > 2.5

Table 6.12: Sbottom 2015 analysis, VR definitions for both A- and B-type regions.

The fitted background events for the A- and B-type validation regions are presented

in Tables 6.15 and 6.18. It is found that the observed data in the VRs is modelled well

by the results of the background only fit.

6.2.6 Systematic Uncertainties

There are two possible sources of systematic uncertainty that can affect the results of

the analysis: systematic uncertainties arising from the detector, known as “Detector

Uncertainties”, which apply on the signal and background; or uncertainties arising from

the choice in MC generator, known as “Modelling Uncertainties”. Systematics to the

theoretical predictions are also considered on the signal.

6.2.6.1 Detector Uncertainties

As discussed in Chapter 5, the definition of physics objects in the analysis is dependent

upon both pT and η of the object as reconstructed using the information collected by the

detector. There are many sources of uncertainty that can arise from the modelling of the

detector in MC, including uncertainties from the calibrations used, uncertainties applied

to MC objects to reproduce the detector efficiency and uncertainty from the luminosity

delivered by the LHC machine. These uncertainties must be taken into account when

performing the analysis, as they can affect the number of events passing a given selection.

This subsequently changes the expected number of events in the SRs and CRs, affecting

the fit results and the statistical intepretations of the results. The individual sources of

detector uncertainty considered in the analysis are:
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Luminosity: The luminosity uncertainty is the uncertainty arising from the mea-

surement of the total luminosity (via a Van Der Meer scan [131]) performed in June

2015. The total measured luminosity is 3.2 fb−1 with an associated uncertainty of 5%.

Jet Energy Scale (JES): Initially, reconstructed jets are calibrated at the electro-

magnetic scale which is established for the EM calorimeter using test beam measure-

ments. The EM scale accounts correctly for photons and electrons, however it does not

account for detector effects, inefficiencies in calorimeter clustering or jet reconstruction.

For hadronic jets the measured energy is less than the actual jet energy. A JES cali-

bration must be applied which takes into account the non-compensating nature of the

calorimeter to correct the hadronic jet activity. The JES uncertainty is the uncertainty

that arises from the choices made when developing the JES calibration from both data

and MC [132]. In total there are 67 parameters which must be varied in order to pro-

duce the JES uncertainty, however a reduced set of parameters (4 sets of 3 parameters

each) were produced to provide a more efficient way to estimate the effect of the JES

uncertainty [133].

Dedicated calibrations are used to determine the JES uncertainty arising from light

jets and heavy-flavour jets, as heavy-flavour jets have additional contributions to the

final JES uncertainty calculation [134].

Jet Energy Resolution (JER): The jet energy resolution is the uncertainty on

the central value measured for the energy of a jet. Varying the jet energy resolution can

result in a change to the jet multiplicity as varying the JER can change the measured

pT of a given jet, which can result in the jet no-longer passing the jet pT requirements

(or vice-versa) [135].

Jet Vertex Tagger (JVT). The JVT method used to reject central jets that arising

from pile-up events, applies pT dependant scale factors in MC to match the observed

efficiency of the JVT in data events. The JVT uncertainty arises from varying these

scale factors [136].

Emiss
T and Emiss

T soft term: The uncertainty on the Emiss
T arises arises as a conse-

quence of the changes from other variations (for example the JER and JES systematics)

which affect the objects that enter the Emiss
T calculation. The uncertainty on the recon-

structed Emiss
T can also be affected by the Emiss

T soft term. There are three associated

uncertainties related to the soft term: the scale term, which varies the offset of the soft

term along the Emiss
T axis; and the parallel and perpendicular resolution terms, which

vary the resolution of the soft term either parallel to, or perpendicular to, the Emiss
T
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axis. These uncertainties are varied orthogonally to provide the total uncertainty on the

Emiss
T soft term.

b−tagging: The uncertainties arising from the b−tagging algorithm are taken into

account by varying the pT, η and flavour-dependent scale factors that are applied to

the jets [112]. The variations are applied in an orthogonal manner (as the uncertain-

ties are flavour dependent, so correspond individually to b−jets, c−jets and light-jets).

A final variation is considered to estimate the uncertainty arising from the extrapola-

tion required to perform b−tagging for high pT jets, as the method for calculating the

efficiency of the b−tagging algorithms is dependent upon a sample of tt̄ events. An

extrapolation is required for the calibration of high pT due to a lack of statistics.

Lepton energy scale and resolution: Uncertainties from the calibration of the

lepton energy scale and resolution are estimated in a similar manner to the JES and

JER uncertainties, as similar to that of the JER/JES uncertainties, varying the lepton

energy scale/resolution may change the lepton multiplicity in an event, changing the

number of events that pass a lepton multiplicity selection.

Lepton efficiency: The uncertainty on the scale factors applied to MC to match

the reconstruction, identification, isolation and trigger efficiencies in data are taken into

account by varying the scale factors within their uncertainties.

PileUp: A scale-factor is applied to the MC simulations to better describe the

minimum-bias vertex data related to the number of pile-up interactions. The uncer-

tainty on the scale-factor applied is evaluated by varying the scale-factor within its

uncertainties.

The most relevant detector uncertainties for the analysis are the uncertainties related

to the jets, the JER, JES and b−tagging uncertainties. The uncertainties arising from

the leptons and Emiss
T are relatively unimportant in the analysis and only contribute a

small (< 1%) amount to the overall total uncertainty.

6.2.6.2 Modelling Uncertainties

The uncertainties arising due to non-arbitrary choices made when constructing a MC

generator to model a physics process have previously been discussed in Chapter 4. For

the four main backgrounds in the analysis (tt̄, single-top, Z+jets and W+jets), the

effects of the modelling uncertainties are evaluated.
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As previously introduced in Section 4.1.1 the uncertainty due to the choice in PDF

set is evaluated by comparing the nominal PDF set for each sample with alternative

PDF sets. For every analysis presented herein the uncertainty arising from the choice

in PDF set is found to be negligible.

For the tt̄ and single-top backgrounds, the nominal MC generator setup used for both

samples is Powheg for the hard-scatter process, with showering performed by Pythia6.

There are four sources of modelling uncertainty when using Powheg+Pythia6 as the

nominal sample:

• Hard scatter generation: A comparison is performed between the results produced

by Powheg+Herwig++ to an alternative generator (using the same PS algorithm),

in this case MC@NLO+Herwig++. This is motivated by the fact that MC@NLO

cannot be interfaced to Pythia6.

• Parton shower algorithm/Hadronisation uncertainty: The nominal setup is com-

pared to a sample generated with the same ME calculation but with using a dif-

ferent parton shower algorithm, in this case Powheg+Herwig++.

• Factorisation scale, renormalisation scale and shower radiation uncertainties: The

uncertainties arising from µR, µF and the shower radiation are estimated by com-

paring the nominal predictions to those of two alternative PowhegPythia samples

which use different parameters for the values of µR, µF and the hdamp parameter,

which is used as a cut-off to change the amount of hard radiation produced by the

generator. The samples chosen produce an envelope around the nominal sample

with respect to the µR, µF and hdamp parameters chosen.

The above comparisons are made to evaluate the tt̄ and single-top modelling uncertain-

ties. However, as also discussed in Section 4.3 an additional source of uncertainty arises

in the modelling of the single-top process, arising from the interference between the

single-top and tt̄ processes. As more thoroughly described in Section 4.3, the two alter-

native methods that can be used to estimate the interference uncertainty (the DS scheme

and the WWbb sample) do not provide sensible results when compared to the modelling

provided by the nominal DR sample. As such no specific uncertainty is associated to

the interference term, to prevent artificially inflating the systematics.

The prescription for the V+jets processes is slightly different, as the effects of the mod-

elling uncertainties are all evaluated using the nominal generator (Sherpa) with differing
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scale choices, although there is no available method to evaluate the uncertainty on the

hadronisation model. Alternative samples were generated with different scale choices

(either twice or half the nominal value chosen) for the factorisation scale (µF ), the

renormalisation scale (µR) and the soft gluon resummation scale (µQSF ). The matrix

element matching scale (ckkw), used to distinguish the pT of jets that should arise from

the showering algorithm and the jets that arise from the hard-scatter is also varied from

the nominal value of 20 GeV, with the up variation increasing the ckkw scale to 30 GeV,

and the down variation decreasing this parameter to 15 GeV.

The work performed calculating a parameterisation to allow for easier calculation of

the effect of the modelling uncertainties for the V+jets processes, documented in Section

4.4, is used to calculate the effects of these uncertainties.

The modelling uncertainties arising from the rare backgrounds, tt̄ + V and diboson

are estimated by varying the cross-section values up and down within the recommended

values.

The overall uncertainties that are applied due to the modelling of a given process are

calculated as percentage uncertainties on the transfer factor when moving from the CR

(defined for the process under consideration) to the SR, as shown in Equation 6.6.

TFProc =
NProc(SR,MC)

NProc(CR,MC)
(6.6)

For a given uncertainty, the error on the transfer factor is given by:

∆TFvariation
Process =

TFvariation
process − TFnominal

process

TFnominal
process

(6.7)

The total uncertainty is given by the sum in quadrature of the average of the two

uncertainties related to the µF , µR (referred to as RadHi and RadLo), with the generator

and PS uncertainties:

∆TF =

√
(∆TFgenerator)2 + (∆TFPS)2 + (

∆TFRadHi + ∆TFRadHi

2
)2 (6.8)

The V+jets uncertainties for the A-type regions are calculated in a similar manner,

taking the average uncertainty on the TF for each variation considered:

∆TF =

√
(∆TFckkw

avg )2 + (∆TFfac
avg)2 + (∆TFrenorm

avg )2 + (∆TFqsf
avg)2 (6.9)

For the W+jets sample, an additional uncertainty is applied which arises from the
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uncertainty in the heavy-flavour component of the jets produced in association with the

W . This must be applied due to the differences in b−jet multiplicity when moving from

the 1 b−jet CR to the 2 b−jet SR. In order to evaluate this uncertainty, the heavy-

flavour fraction of the W+jets samples is varied by 40%, following the measurement in

[137], which is a conservative estimate based on the uncertainties of the W+jets flavour

composition in this Run 1 measurement.

For the samples (diboson and tt̄V ) which do not have an associated CR, uncertainties

on the total production cross-section are considered for the samples.

With respect to the B-type regions, the same calculation is performed to ascertain

the modelling uncertainties for the tt̄ and Z+jets processes, as these processes have a

B-type CR defined. For the W+jets and single-top processes the uncertainty on the

absolute yield in the SRs is calculated.

Source of uncertainty SRAs SRB

Detector uncertainties

JES 15 - 30% 25%
JER 20 - 35% < 10%
b−tagging 25 - 40% 15%

Modelling uncertainties

Z+jets 25 - 35% 12%
W+jets 20 - 22% 27%
Top production 15 - 20% 70%

Total background systematic (% of expected background) 16 - 21% 21%

Table 6.13: Overview of the dominant detector and modelling uncertainties present
in the 2015 sbottom analysis. Due to the similarities between the SRA regions, and
the fact that they are defined such that they overlap, a range of values are given for
the uncertainties in this region. The size of the total systematic uncertainty (as a
% of the background expectation) is also given. As the uncertainties considered may
be correlated, the total uncertainty may not simply be the sum in quadrature of the

uncertainties.

Table 6.13 presents the dominant systematic uncertainties for the analysis. The

dominant detector systematic uncertainties arise due to uncertainties on the JES and

JER, and also on the b−tagging, which is expected when investigating a signal consisting

of b−jets and missing energy. The dominant modelling uncertainty in the A-type regions

is the uncertainty on the Z+jets background, which is expected as the Z+jets process

is dominant in the A-type SRs. The uncertainty on the modelling of top production

processes (both tt̄ and single-top) in the B-type SR is shown to be relatively large, this

uncertainty is driven by the difficult region of phase space targeted by the B-type SR.
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The uncertainties arising from the choices made when producing the signal MC (such

as the hard scatter processes, the PS algorithm and the shower radiation) are estimated

when performing the model-dependent fit procedure and account for a total systematic

uncertainty on the signal of approximately 10% for each signal point.

6.2.7 Fitting Procedure

The fitting procedure used in the analysis is implemented using the HistFitter [138]

framework. This framework performs a log likelihood fit with three types of input: the

number of expected MC events for each process, in each CR and SR; the number of data

events in each region, and the errors on the number of expected MC events arising from

the systematic uncertainties.

The number of expected and observed events in a given region, is used to calculate the

transfer factors (TFs) of each normalised background between each CR and SR, which

then allows the observed number of events in the CRs to be converted to an estimation

of the background in the SRs, using Equation 6.10.

Nproc(SR, exp) = Nproc(CR, obs) · NProc(SR)

NProc(CR)
= µp ·NProc(SR) (6.10)

In this equation, the number of expected SR events for a given process (Nproc(SR, exp))

is calculated using the number of observed events in the CR defined for the process

(Nproc(CR, obs)), and the transfer factor for the process as introduced in Equation 6.6.

This equation can be rewritten using the normalisation parameter, (µp), which is the

ratio of observed data events to the MC expected events, for the process in the CR

multiplied by the number of expected SR events for the process.

When performing the fit, a likelihood function (L) is built using the products of

the Poisson distributions of the number of events (MC and observed) in each of the

SRs (PSR) and CRs (PCR), and additional distributions to implement the systematic

uncertainties (Csyst):

L(n, θ0|µsig, b, θ) = PSR × PCR × Csyst

= P (nS |λS(µsig, b, θ))×
∏
i∈CR

P (ni|λi(µsig, b, θ))× Csyst(θ
0, θ)

(6.11)
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To break this down further, when viewing the longer form of the equation, the first

terms (containing nS and ni) are the Poisson measurements of the number of observed

events in the SR and each CR, λS and λi representing the Poisson prediction for the

number of events in the SR/CRs given the background prediction (b) for the processes

(implicitly contained here are the normalisation parameters µp), the nuisance parameters

containing the systematic uncertainties, and also the signal strength parameter µsig,

which can be set to 0, to remove the signal component as in the background-only fit

procedure, or 1, to set it to the nominal value of the signal model under consideration

as in the model-dependent fit procedure.

The systematic term, Csyst(θ
0, θ), is a probability density function built upon the

product of Gaussians for each systematic variation (Equation 6.12), using the central

values (θ0) of the variations, around which θ (the nominal value) can be varied when

performing the maximum likelihood procedure.

Csyst(θ
0, θ) =

∏
j∈Systs

G(θ0
j − θj) (6.12)

After the creation of the likelihood function, there are three statistical interpretations

that can be performed with this information, known as a background-only fit, a model-

dependent signal fit and a model-independent fit. Each of these fit types are performed

in the process of an analysis.

6.2.7.1 Background-only fit

The background-only fit is performed to produce the normalisation parameters (µp) for

each of the backgrounds that have associated CRs. The purpose of the background only

fit is to produce an estimate of the total background expectation in the SRs (and VRs)

without making any assumptions on the signal model under consideration (µsig = 0).

The method to perform the background only fit is to produce the likelihood function

as in Equation 6.11, but to remove the information in the fit from the VRs and SRs,

producing normalisation parameters calculated only using information from the CRs.

These normalisation parameters are then introduced into a different likelihood function,

containing information from the CRs, VRs and SRs, to produce estimates of the back-

ground rates in the SRs and VRs. The results of the background-only fit procedure are

reported without applying any rounding to the output.
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6.2.7.2 Model-dependent fit

The model dependent fit, also known as an “exclusion” fit, is a frequentist fit performed

intending to study a specific signal model. This fit is also known as an exclusion fit,

as if there is no significant excess of events in the SRs (which is known by previously

performing the background-only fit), then exclusion limits can be placed on a specific

signal model considered. In the case of an excess, then the model-dependent fit can be

used to measure the signal strength of the model.

In this scenario, the likelihood function is built and the signal model under investi-

gation is included in the fit for all CRs and SRs. From this the normalisation param-

eter/signal strength (µsig) is calculated for the signal model. Usually when performing

an exclusion fit a grid of signal samples with different mass assumptions are used in the

fit (with a fit performed on each signal sample in the grid). The results of the exclusion

fit when taking into account all of the signal mass scenarios allow an exclusion contour

to be placed in the mass plane considered (for this analysis, in the b̃, χ̃0
1 mass plane).

To construct an exclusion contour, a signal model hypothesis test is used. The signal

strength is used as the parameter of interest in the test. The model can be considered

to be excluded at the 95% Confidence Level (CL), if the results of the hypothesis test

return a p-value of > 0.05. In these scenarios the p-value is the probability of rejecting

the background-only hypothesis. By performing the hypothesis test on the full signal

grid an exclusion contour can be produced.

6.2.7.3 Model-Independent fit

The so-called “discovery” fit provides a model-independent limit on any additional num-

ber of events in the SRs beyond the expected number of background events. This enables

the results of the analysis to be interpreted in the context of any generic model (not

specifically SUSY), which would expect to contribute to the expected number of events

in the SRs.

The procedure for this fit proceeds generally in the same manner as the model-

dependent fit, however a “dummy” signal is inserted instead of using an actual signal

model. In this scenario no signal contamination is taken into account in the CRs (µsig =

0). The number of observed events in the SR is added to the fit to enable the signal

strength (of the dummy signal) to be investigated. The value of the signal strength

where the CLs value falls below the 5% level (corresponding to a p-value of 0.05) is
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finally evaluated, that can then be converted into an upper limit on the visible cross-

section of a generic BSM production mechanism, σvis, which is defined as the product

of the cross-section for the process, the selection efficiency and the detector acceptance.

6.2.8 Background-only Fit Results

The background-only fit results for the A-type CRs, VRs and SRs are shown in Tables

6.15 and 6.16, respectively. The estimates of the two data driven methods are also

presented. Generally a good overall agreement is found between the MC prediction and

the observed data within uncertainties, with some slight overestimates of the number of

background events, at the level of less than 1 σ.

The normalisation factors for the A-type fit are shown in Table 6.14. The normalisa-

tion factor for the Z+jets background (µZ+jets) is large (with a value of 1.3) however it is

seen that this estimate is consistent with the data-driven estimates, shown in Table 6.16.

The nominal background-only fit and the data-driven methods are consistent to within

1σ in each of the regions, providing further confidence in the nominal background-only

fit procedure. There is a relatively large uncertainty (44.6%) on the normalisation of

the single-top background, which is driven by the relatively small number of events in

the CRstA and the associated statistical uncertainty.

Normalisation Value

µsingle−top 0.83 ± 0.37
µtt̄ 0.95 ± 0.13
µW+jets 1.21 ± 0.18
µZ+jets 1.34 ± 0.18

Table 6.14: Normalisation factors for the main backgrounds in the A-type regions
using the background-only fit with 3.2 fb−1.

Figure 6.12 shows a selection of key kinematic variables in the A-type CRs after

applying the normalisation factors. Generally acceptable modelling is found throughout

the key variables.
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A-Type SRs SRA250 SRA350 SRA450

Observed events 23 6 1

Fitted bkg events 29.16± 4.71 6.96± 1.23 1.84± 0.39

Fitted Z+jets events 21.50± 4.29 4.94± 1.08 1.34± 0.35
Z+jets events (using “γ+jets replacement” method) 18.24± 4.93 3.69± 1.54 1.84± 1.01
Z+jets events (using “Z from light” method) 25.22± 6.63 6.28± 1.68 1.80± 0.54
Fitted W+jets events 4.36± 1.33 1.19± 0.41 0.30± 0.12
Fitted tt̄ events 1.04± 0.45 0.17± 0.08 0.04± 0.02
Fitted single-top events 1.80± 1.01 0.53± 0.30 0.13± 0.07
Fitted diboson events 0.21± 0.05 0.07± 0.04 0.02+0.02

−0.02

Fitted tt̄+ Z events 0.22± 0.03 0.06± 0.01 0.02± 0.00
Fitted tt̄+W events 0.02± 0.00 0.01± 0.00 0.00± 0.00

MC exp. SM events 23.41 5.63 1.48

MC exp. Z+jets events 16.09 3.70 1.00
MC exp. W+jets events 3.60 0.98 0.25
MC exp. tt̄ events 1.10 0.18 0.04
MC exp. single-top events 2.18 0.64 0.15
MC exp. diboson events 0.21 0.07 0.02
MC exp. tt̄+ Z events 0.22 0.06 0.02
MC exp. tt̄+W events 0.02 0.01 0.00

Table 6.16: Fit results in A-type SRs with an integrated luminosity of 3.2 fb−1. The
results are obtained using the background-only fit procedure. The uncertaintes shown

contain only the systematic uncertainties on the background prediction.

The background-only fit results for the B-type CRs, VRs and SRs are shown in Tables

6.18 and 6.19 respectively. The number of fitted background events is consistent with

the number of observed data events in the VRB region, whilst in the SRB region there

is an overestimate of the expected number of background events

Normalisation Value

µtt̄ 0.98 ± 0.10
µZ+jets 1.46 ± 0.27

Table 6.17: Normalisation factors for the main backgrounds in the B-type regions
using the background-only fit with 3.2 fb−1.

The normalisation factors for the B-type fit are shown in Table 6.17. Similarly to

the A-type fit, the normalisation factor for the Z+jets background (µZ+jets) for the

B-type regions is large with a large uncertainty due to the small number of events in

the CRzB region. The alternative data-driven “γ+jets replacement” method provides

additional validation of the Z+jets normalisation, as it can be seen in Table 6.19 that the

predictions from the nominal background-only fit procedure and the alternative method

are within 1.2σ.
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Figure 6.12: Post-fit distributions for key variables in the A-type CRs.
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Figure 6.13 displays post-fit plots for key kinematic variables in the B-type CRs.

Generally acceptable modelling is found for the key variables used in the analysis.

B-type CRs & VR CRzB CRtopB VRB

Observed events 59 188 76

Fitted bkg events 58.99± 7.66 188.01± 13.71 71.71± 6.71

Fitted Z+jets events 42.78± 7.87 0.30± 0.12 13.86± 3.16
Fitted W+jets events 0.00± 0.00 12.91± 4.74 6.42± 3.42
Fitted tt̄ events 14.23± 1.95 155.86± 14.98 46.61± 5.95
Fitted single-top events 0.42± 0.07 16.62± 2.13 3.95± 0.61
Fitted diboson events 0.83± 0.36 1.31± 0.20 0.50± 0.16
Fitted tt̄+ Z events 0.70± 0.08 0.69± 0.06 0.32± 0.04
Fitted tt̄+W events 0.03± 0.01 0.31± 0.03 0.05± 0.01

MC exp. SM events 45.38 191.04 68.14

MC exp. Z+jets events 28.88 0.20 9.36
MC exp. W+jets events 0.00 12.92 6.43
MC exp. tt̄ events 14.52 158.97 47.53
MC exp. single-top events 0.42 16.63 3.95
MC exp. diboson events 0.83 1.31 0.50
MC exp. tt̄+ Z events 0.70 0.69 0.32
MC exp. tt̄+W events 0.03 0.31 0.05

Table 6.18: Fit results in the CRs and VR associated with the B-type SR for an
integrated luminosity of 3.2 fb−1, using the background-only fit procedure. The uncer-

tainties shown contain both the systematic and statistical uncertainties.
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B-type SR SRB

Observed events 6

Fitted bkg events 12.03± 2.49

Fitted Z+jets events 4.16± 1.29
Z+jets events (using “γ+jets replacement method”) 2.22± 1.04
Fitted W+jets events 1.11± 0.57
Fitted tt̄ events 5.46± 2.03
Fitted single-top events 0.99± 0.36
Fitted diboson events 0.19± 0.05
Fitted tt̄+ Z events 0.10± 0.01
Fitted tt̄+W events 0.01± 0.00

MC exp. SM events 10.79

MC exp. Z+jets events 2.81
MC exp. W+jets events 1.11
MC exp. tt̄ events 5.57
MC exp. single-top events 0.99
MC exp. diboson events 0.19
MC exp. tt̄+ Z events 0.10
MC exp. tt̄+W events 0.01

Table 6.19: Fit results in SRB for an integrated luminosity of 3.2 fb−1. The results
are obtained using the background-only fit procedure. The errors shown contain only

the systematic uncertainties on the background estimate.

6.2.9 Interpretation of the results

As no significant deviations from the SM expectations are found in any of the sig-

nal regions, exclusion limits are placed on a generic BSM signal hypothesis, using the

model-independent fit procedure outlined in Section 6.2.7.3. The results of the model-

independent fit-procedure are shown in Table 6.20, which contains the observed (S95
obs)

and expected (S95
exp) 95% CL limits on the number of BSM events. This corresponds to

a visible cross section upper limit on a generic BSM process (σvis = ε ·A · σBSM ), where

ε is the selection efficiency of a BSM signal, A is the detector acceptance and σBSM is

the BSM production cross section.

Signal Region σvis [fb] S95
obs S95

exp

SRA250 3.42 11.0 13.8+6.0
−3.2

SRA350 1.93 6.2 6.6+3.1
−1.1

SRA450 1.23 3.9 4.1+1.9
−0.6

SRB 1.89 6.1 8.7+3.1
−2.5

Table 6.20: 95% CL upper limits on the visible cross section of a generic BSM process
(σvis), the number of expected signal events (S95

obs) and the limit on the number of
expected signal events, taking into account the expected number of background events

(S95
exp).
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Figure 6.13: Post-fit distributions for key variables in the B-type CRs.

Figure 6.18 shows N-1 plots of some key kinematic distributions in the A- and B-type

SRs. The arrows on the plots denote where the SR selection on the variable is applied.

Acceptable modelling is found in all regions with no significant features in any of the

key distributions for the analysis. Additionally Figure 6.15 presents mCT distributions

in the SRA250 region, when the Z+jets background is estimated using the data-driven

methods. Both methods provide comparable modelling when compared to the nominal

Z+jets estimate.

Exclusion limits are also placed in the sbottom-neutralino mass plane, assuming

sbottom pair production, subsequently decaying via b̃→ b+ χ̃0
1, with a branching ratio

of 100%, using the model-dependent fit procedure described in Section 6.2.7.2.

Figure 6.16, shows the exclusion contour obtained using the best expected SR for a

given (b̃, χ̃0
1) mass scenario. Experimental systematic uncertainties on the signal yields

are taken into account in the fit procedure, and are assumed to be fully correlated with
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the uncertainties placed on the background estimate. The exclusion contour produced

using the best expected SR, shows a significant increase in exclusion when compared to

the Run 1 analysis, with mb̃ = 840 GeV excluded for massless neutralinos. The high

mCT signal region (SRA450) is the region which contributes the most to the exclusion

in the bulk scenario, as can be seen in the limit for the SRA450 region in the bottom

left of the figure. The regions with a looser selection on mCT (SRA250 and SRA350)

provide exclusion in the intermediate mass range where the mass splitting between the

sbottom and neutralino is not so large. As expected, the SRB region (bottom right of

Figure 6.16) provides the best exclusion in the compressed scenarios.
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Figure 6.14: N-1 distributions of key variables in the SRA and SRB regions. The
arrow on the plot denotes where the SR selection is applied.
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Figure 6.15: N-1 distributions of the mCT distribution in SRA250, with the Z+jets
background estimated using the data-driven methods.

6.3 Sbottom 2016 Analysis

Limits produced using the 3.2 fb−1 collected by ATLAS during 2015 operations pro-

vided a significant increase on the exclusion in the (b̃, χ̃0
1) mass plane when compared

to the Run 1 analysis. An additional extension to the sensitivity was expected with

the data collected in 2016. To exploit this the analysis performed during 2016 carried

improvements driven by the increased luminosity.

The following sections contain an overview of the updates to the sbottom analysis

performed with the combined 2015 and 2016 data corresponding to a total luminosity

of 36.1 fb−1. An overview of the improved SRs is given, with an additional type of SR

defined to target the intermediate ∆m(χ̃±1 , χ̃
0
1) scenarios. The dominant background

processes are considered and CRs are defined to estimate the backgrounds in the SRs.

An update to the γ+jets replacement method is presented, using a 2-dimensional ratio

to more accurately model the differences between the Z and γ processes. Updated

VRs are presented, which are tighter than the previous version of the analysis. Finally

the results of the background-only, model-dependent and model-independent fits are

presented, with limits placed in the (b̃, χ̃0
1) mass plane and in a model-independent

manner.

The analysis is also sensitive to more complex sbottom decay scenarios. The inter-

pretation of the analysis with regards to these models is presented in Section 7.4.
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Figure 6.16: Combined expected and observed exclusion limits at 95% CL in the
(mb̃,mχ̃0

1
) plane. The dashed black and solid red lines show the 95% CL expected and

observed limits respectively, including all uncertainties except the 1σ uncertainty on
the signal cross sections, which are represented by the thin red dotted lines. The yellow
bands present the experimental uncertainties. The limits from the Run 1 Sbottom

analysis [127] are shown for reference.
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6.3.1 Signal Region Definitions

Generally the analysis strategy follows closely the 2015 analysis, and as such the prese-

lection applied to the 2015 analysis is still used as the preselection for the 2016 iteration.

A set of SRs are defined using mCT as the main discriminating variable defined to tar-

get the bulk region of the (b̃, χ̃0
1) mass plane, referred to as the A-type regions. The

increased luminosity allows for tighter selections to be placed on the mCT, and as such

the SRA250 region from the 2015 analysis is dropped, and is replaced with a region

requiring mCT > 550 GeV. Other than this change, the regions are the same as the 2015

iteration of the analysis. The A-type SR selections are presented in Table 6.21.

Variable SRA350 SRA450 SRA550

Preselection 4

nbaseline leptons 0

Leading two jets (pT ordered) are b−tagged 4

pT (j1) > 130 GeV

mbb >200 GeV

Emiss
T >250 GeV

mCT >350 GeV >450 GeV >550 GeV

Table 6.21: Sbottom 2016 analysis, A-type SR definitions.

As seen previously, the mCT variable is not appropriate to target intermediate and

small splitting between the sbottom and neutralino masses. However, an ISR-like se-

lection is also not appropriate to target this region. This can be seen in the best ex-

pected exclusion contour in Figure 6.16. For example, if a mass scenario of (mb̃,mχ̃0
1
) =

(550, 350) GeV is considered, it can be seen that there is a “bump” in the contour, corre-

sponding to a region where neither the mCT-based or ISR-based analyses are sensitive.

If the kinematics of such a region are considered, then the lack of sensitivity of an

mCT-based analysis is understandable due to the expected end-point of the mCT vari-

able. However it is found that the minimum transverse mass between the jets and the

Emiss
T (minmT(j, Emiss

T )) provide discrimination in the intermediate region to reject the

tt̄ background. After a selection on minmT(j, Emiss
T ), the main background is again the

Z+jets process. Further consideration of the topology of the signal events suggests that

a selection on both ∆φ(b1, E
miss
T ) and ∆φ(b2, E

miss
T ) can be used to increase sensitivity.

For the signals the angle between the b−jets and the Emiss
T would generally be expected

to be around π/3, resulting in a “Mercedes”-like topology, with one of the legs being
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constructed of the Emiss
T . For the Z+jets background however, the angles would be

expected to be around π/2, as the b−jets originate from gluon splitting with gluon be-

ing produced back-to-back with the Z boson and leading to a large angular separation

between the Emiss
T and the b−jets. The region defined based upon the minmT(j, Emiss

T ),

∆φ(b1, E
miss
T ) and ∆φ(b2, E

miss
T ) variables is defined as the B-type region. The selections

for the B-type SR are presented in Table 6.22. Figure 6.17 (c) and (d) show the discrim-

ination of the ∆φ(b1, E
miss
T ) and minmT(j, Emiss

T ) variables respectively. It is seen that

in this intermediate region a selection of minmT(j, Emiss
T ) > 250 GeV can reduce the tt̄

background effectively.

Variable SRB

Preselection 4

nbaseline leptons 0

pT (j1), pT (j2) > 50 GeV

mjj > 200 GeV

∆φ(b1, E
miss
T ) < 2.0

∆φ(b2, E
miss
T ) < 2.5

minmT(j, Emiss
T ) > 250 GeV

Emiss
T > 250 GeV

Table 6.22: Sbottom 2016 analysis, B-type SR definition.

The region designed to target compressed scenarios (referred to as the B-type region

in the 2015 analysis) requires an ISR-like selection and is referred to as the C-type region

in this analysis. The ISR-like selection is specifically optimised to target smaller mass

splitting between the sbottom and neutralino (∆m(b̃, χ̃0
1) = 20 GeV). The topology of

these highly compressed signals contains very soft b−jets, and a high pT non-b−tagged

jet. The pT asymmetry of the leading (non-b−tagged) jet and the leading b−jet provides

excellent discrimination between the signal and backgrounds for this type of selection.

A very important difference between the C-type region and the other regions, is that

due to the low pT expected from the b−jets in the event, the jet pT requirements are

lowered to be pT > 20 GeV. Lowering the jet pT requirement is found to significantly

increase the significance of the selection when targeting the compressed region.

The final important difference for the C-type region, is that the selection on min ∆φ(j, Emiss
T )

is loosened to > 0.2. Whilst lowering the selection on min ∆φ(j, Emiss
T ) may allow a sig-

nificant amount of multi-jet background to be introduced, checks performed using a

data driven method to evaluate the multi-jet background suggest a negligible amount
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entering the region when applying the full SR selection. The C-type SR selections are

presented in Table 6.23. In contrast to the other regions in the analysis, the C-type

regions are not required to pass all preselection requirements, where this is the case, the

variable with a selection different to the nominal preselection is also presented in the

table.

Variable SRC

Preselection 4 (unless otherwise stated below)

nbaseline leptons 0

njets 2-5 (pT > 20 GeV)

min ∆φ(j1,2, E
miss
T ) > 0.2

leading jet non-b−tagged 4

sub-leading jet b−tagged 4

pT (j1) > 500 GeV

mjj > 200 GeV

meff > 1.3 TeV

Emiss
T > 500 GeV

∆φ(j1E
miss
T ) > 2.5

A > 0.8

HT 4 < 70 GeV

Table 6.23: Sbottom 2016 analysis, C-type SR definition. The usage of the HT 4

variable implies the sum for the HT calculation begins with the fourth jet.
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Figure 6.17: Pre-fit N-1 distributions for key variables in the A-, B- and C-type signal
regions.

6.3.2 Control Region Definitions

The main SM background process for the A-, B- and C-type SRs is the Z+jets process,

with Z → νν. Due to the similarity of the A-type SRs to the 2015 analysis, the CR

strategy is very similar, with CRs defined for the tt̄, single-top, Z+jets and W+jets

backgrounds using the 2015 regions as a baseline. The additional luminosity provided

by the 2016 dataset allows the regions to be tightened to more closely represent the
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kinematics in the SRs. Tighter selections are placed on the Emiss
T in the CRttA, CRwA

and CRstA regions. The mCT selection is tightened to > 250 GeV in all regions. Table

6.24 contains the full selections employed for the A-type CRs.

Variable CRzA CRttA CRwA CRstA

Preselection 4 4 4 (one b−jet) 4

nsignal leptons 2 (SF) 1 1 1

pT (`) > 90, 20 GeV > 27 GeV > 27 GeV > 27 GeV

Leading two jets are b−tagged 4 4 4 (primary b−jet) 4

Emiss
T < 100 GeV > 200 GeV > 200 GeV > 200 GeV

Emiss ′
T > 100 GeV - - -

mCT > 250 GeV > 250 GeV > 250 GeV > 250 GeV

pT (j1) - > 130 GeV > 130 GeV > 50 GeV

pT (j2) - > 50 GeV > 50 GeV > 50 GeV

m`` [76 - 106] GeV - - -

mT - - > 30 GeV -

mbb > 200 GeV < 200 GeV > 200 GeV (mb,j) > 200 GeV

mmin
b,l - - - > 170 GeV

Table 6.24: Sbottom 2016 analysis, A-type CR definitions.

For the B-type regions, three CRs are defined for the Z+jets, tt̄ and W+jets back-

grounds, presented in Table 6.25. These regions are defined with similar lepton multi-

plicity selections as the corresponding A-type CR. In all regions, a selection is placed

on minmT(j, Emiss
T ), the main discriminating variable in the B-type SR, to ensure the

regions are kinematically similar to the SR. In addition to this, in the CRttB and CRwB

regions (associated to the tt̄ and W+jets processes), the SR selections on ∆φ(b1, E
miss
T )

and ∆φ(b2, E
miss
T ) are also used. For the CRwB region events are selected containing

one b−tagged jet, to ensure a relatively high purity of W+jets events.
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Variable CRttB CRzB CRwB

Preselection 4 4 4(one b−jet)

nbaseline leptons 1 2 (SF) 1

pT (j1), pT (j2) > 50 GeV > 50 GeV > 50 GeV

pT (`) > 27 GeV > 27, 20 GeV > 27 GeV

m`` - [76-106] GeV -

Emiss
T < 100 GeV > 100 GeV > 100 GeV

Emiss ′
T - > 200 GeV -

mT - > 30 GeV > 30 GeV

∆φ(b1, E
miss
T ) < 2.0 - < 2.0

∆φ(b2, E
miss
T ) < 2.5 - < 2.5

minmT(j, Emiss
T ) > 200 GeV > 200 GeV > 250 GeV

Table 6.25: Sbottom 2016 analysis, B-type CR definitions.

The background strategy of the C-type SR is similar to that of the B-type strategy,

with CRs defined for the tt̄, W+jets and Z+jets backgrounds. Selections are employed

on the leading jet pT, jet asymmetry and ∆φ(j1, E
miss
T ) to ensure similar kinematics

to the SR. As for all the previously defined CRs targeting the W+jets process, the

CRwC selects events containing exclusively 1 b−tagged jet. Table 6.26 contains the full

CR selections for the C-type regions. A slightly adjusted preselection is required to be

passed, with the jet multiplicity calculated with pT > 20 GeV jets and min ∆φ(j, Emiss
T )

selections differing to the usual preselection.
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Variable CRttC CRzC CRwC

Preselection (unless otherwise stated below) 4 4 4(one b−jet)

njets (pT > 20 GeV) 2-5 2-5 2-5

nbaseline leptons 1 2 (SF) 1

pT (j1) > 500 GeV > 250 GeV > 500 GeV

leading jet non-b−tagged 4 4 4

secondary jet b−tagged 4 4 4

pT (`) > 27 GeV > 27, 20 GeV > 27 GeV

m`` - [76-106] GeV -

Emiss
T < 100 GeV > 100 GeV > 100 GeV

Emiss ′
T - > 200 GeV -

mjj > 200 GeV > 200 GeV > 200 GeV

mT > 30 GeV - [30-120] GeV

HT 4 < 70 GeV < 70 GeV < 70 GeV

A > 0.5 > 0.5 > 0.8

∆φ(j1, E
miss
T ) > 2.5 > 2.5 > 2.5

min ∆φ(j1,2, E
miss
T ) > 0.2 > 0.2 > 0.2

Table 6.26: Sbottom 2016 analysis, C-type CR definitions.

6.3.3 Data-driven γ replacement method

The γ+jets replacement method implemented in the 2015 analysis for the prediction

of the Z+jets background in the SRs was extremely useful to provide confidence in

the nominal Z+jets prediction using the background-only fit procedure. As such it is

also implemented in the 2016 analysis to provide an alternative estimate for the Z+jets

backgrounds. The “Z from light” method is also implemented for the A-type SRs,

however there are no significant changes to the method from the 2015 analysis, other

than the increase in statistics from the additional luminosity.

The main improvement in the γ+jets replacement method arises from the use of

a 2-dimensional (2D) reweighting factor, when compared to Equation 6.3. The 2D

reweighting is performed using truth-level information for Z and γ for both pT and η.

The reweighting factor is given by:

R(V )dpT(V )dη(V ) =
fZ→ννSR dpT(Ztruth)dη(Ztruth)

fγ+bb
CRγ dpT(γtruth)dη(γtruth)

. (6.13)

This requires the explicit introduction of the acceptance and efficiency for the γ into the

final calculation of the number of expected events:
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NZ→νν
SR =

∫ ∞
x

(fdata
CRγ−fnonγ−MC

CRγ )· 1
κ
·R(V )·ε(pT, η)·Ain(pT, η)·Aout(pT, η)dpT(V )dmCT.

(6.14)

These updates to the γ+jets data driven method aim to further take into account the

differences between the γ+jets and Z+jets process. This leads to a more valid extrapo-

lation from the γ+jets process to the Z+jets process.

Consistency between the predicted SR yields of Z+jets using the background-only

method and the γ+jets method provides further confidence in the modelling of the

dominant Z+jets background in the analysis. The results of the background-only fit

procedure and the two data-driven methods are presented in Tables 6.32, 6.35 and 6.38.

The nominal background-only prediction is found to be consistent with the data-driven

methods providing additional confidence in the modelling of the Z+jets background in

each region.

6.3.4 Validation Regions

Zero lepton VRs are defined associated with either the A-, B- or C-type SRs. Due to the

introduction of a SR targeting the intermediate region which is not explicitly required

to be orthogonal to the A-type SRs (and vice-versa), additional care must be taken to

ensure that the VR associated with the B-type SR is not overlapping with any of the

A-type SRs. A similar situation occurs when attempting to define B-type VRs to ensure

that the region does not overlap with SRC, as there is no specific requirement ensuring

orthogonality between these regions either.

Due to this difficulty the VR cannot be defined by simply reversing a selection on

the key kinematic variables in a given region, and instead must be made to model the

SR kinematics.

Table 6.27 presents the full selections applied to define each validation region. The

SRs are also presented to allow for easier cross-referencing of the orthogonality of the

regions.

Two VRs are defined associated with the SRA regions. Primarily these regions are

defined by inverting either the mCT or mbb selections, and introducing a lower bound

on each variable. For the VRmctA region a window in mCT is chosen of [150, 250] GeV

to allow for relatively similar kinematics to the SR, but to minimise possible signal

contamination. For the VRmbbA region, a window in mbb is used of [100, 200] GeV,



Chapter 6. Search for direct bottom squark pair production 173

which again attempts to closely model the SR kinematics. Finally to ensure othogonality

with the B-type SRs, a selection on minmT(j, Emiss
T ) < 250 GeV is applied.

There are two VRs defined associated with the B-type SR, using windows in minmT(j, Emiss
T )

to create VRs enhanced in either Z+jets or tt̄, to validate the modelling of these two

processes. The VRzB is defined with a selection on minmT(j, Emiss
T ) between 200 and

250 GeV. The selections on the angular separation between the b−jets and Emiss
T are

dropped in this case to enhance the Z+jets contribution in the region. The VRttB is

defined with a window of [150, 200] in minmT(j, Emiss
T ) to enhance the tt̄ background.

To avoid any overlap with the A-type SRs, an additional selection of mCT < 250 GeV

is employed. Further to this, orthogonality with the SRC region is ensured by using a

selection on the pT asymmetry, with both VRs requiring A < 0.8.

Finally, a single VR associated with the SRC region is employed to validate the

modelling of the tt̄ background. The region is defined by inverting the SR selection on

the pT asymmetry and introducing a lower bound, such that 0.6 < A < 0.8. A selection

is placed of mCT < 250 GeV to further enhance the tt̄ contribution in the region. To

ensure orthogonality with the B-type SRs, a selection of minmT(j, Emiss
T ) < 250 GeV is

also required.

A B C
Variable Units SRAx VRmctA VRmbbA SRB VRzB VRttB SRC VRttC

Njets(pT > 35) 2-4 2-4 -
Njets(pT > 20) - - 2− 5
Leading jet pT [GeV] > 130 > 50 > 500
Sub-leading jetpT [GeV] > 50 > 50 > 20
4th jet veto [GeV] < 50 - -
HT ;4:5 [GeV] - - < 70
Nb-jets 2 2 2
Leading jet b-tagged 3 - 7

Sub-leading jet b-tagged 3 - 3

Emiss
T [GeV] > 250 > 250 > 500

meff [TeV] - - > 1.3
mjj [GeV] > 200 [100, 200] - > 200
mCT [GeV] >x [150, 250] > 250 - < 250 < 250 - < 250
min[mT(jet1−4, E

miss
T )] [GeV] - <250 > 250 [200,250] [150, 200] - <250

∆φ(b1, E
miss
T ) - < 2.0 - < 2.0 -

∆φ(b2, E
miss
T ) - < 2.5 - < 2.5 -

∆φ(j1, E
miss
T ) - - > 2.5

A - - < 0.8 < 0.8 > 0.8 [0.6,0.8]
Emiss

T /meff > 0.25 - -
min ∆φ(j, Emiss

T ) > 0.4 > 0.4 -
min ∆φ(j1,2, E

miss
T ) - - > 0.2

Table 6.27: Overview of the sbottom 2016 VR and SR definitions for each type of
SR. In the first column, SRAx refers to the mCT selection used for the 3 A-type SRs

(either 350, 450, or 550 GeV).
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6.3.5 Systematic Uncertainties

The detector uncertainties that are considered for the 2016 iteration of the analysis are

the same as those that were taken into account in the 2015 version. The modelling

uncertainties considered are also consistent with the 2015 version of the analysis, includ-

ing the methods used to calculate the uncertainty. An extra modelling uncertainty is

evaluated to assess the interference between the single-top and tt̄ processes as reported

in Chapter 4.3.5. The effect of the interference is evaluated comparing the alternative

samples generated using MadGraph5+aMC@NLO to the nominal sample in a similar

manner to the other single-top uncertainties and contributes between 6-16% depending

on the SR under consideration.

A more comprehensive overview of all uncertainties considered in the analysis can be

found in Section 6.2.6.

Table 6.28 presents the dominant uncertainties in the analysis, the dominant detec-

tor uncertainties are due to the JES, JER and the b−tagging uncertainties, as in the

2015 analysis. Compared to the 2015 analysis the detector uncertainties are generally a

smaller contribution to the total background systematic uncertainty, due to the experi-

ence gathered during the 2015 data-taking. This smaller contribution from the detector

systematics causes an increase in the relative contribution of the modelling uncertainties,

most noticably the uncertainty from the Z+jets process. Whilst the contribution to the

total systematic uncertainty is relatively large (70%), the error on the transfer factor

(used to calculate the Z+jets uncertainty) is relatively consistent (≈ 20%) in the 2015

and 2016 analyses, hence the large contribution is not necessarily a cause for concern

with regards to the modelling of the Z+jets process.

6.3.6 Background-only fit results

The results of the background-only fit procedure for the A-type CRs, VRs and SRs

are presented in Tables 6.30, 6.31 and 6.32. The SR estimates provided by the data-

driven methods are also presented for comparison, showing a good agreement between

the Z+jets prediction using the nominal fit procedure and the data-driven methods.

Generally there are slight excesses in the SRs, which are correlated due to the over-

lapping nature of the region definitions. The excesses have a significance of < 1σ and

as such cannot be considered to be significant, and are covered by the statistical and

systematic uncertainties.
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Source of uncertainty SRAs SRB SRC

Detector uncertainties

JES 13 - 19% 30% 19%
JER 4 - 15% 11% 42%
b−tagging 14 - 20% 28% 35%

Theory uncertainties

Z+jets 33 - 73% 72% 44%
W+jets 13 - 25% 25% 30%
Top production 11 - 21% 31% 15%

Total background systematic (% of total background) 14 - 19% 19% 25%

Table 6.28: Overview of the dominant detector and modelling uncertainties present
in the 2016 sbottom analysis. Due to the similarities between the SRA regions, and
the fact that they are defined such that they overlap, a range of values are given for
the uncertainties in this region. The size of the total systematic uncertainty (as a
% of the background expectation) is also given. As the uncertainties considered may
be correlated, the total uncertainty may not simply be the sum in quadrature of the

uncertainties.

The normalisation factors for the main backgrounds are shown in Table 6.14. The

normalisation of the main backgrounds is consistent with the previous iteration of the

analysis. Again the uncertainty on the µsingle−top normalisation is large, which is caused

by the relatively small amount of statistics in the CRstA region, but also by the purity

of the region, which (pre-fit) contains relatively similar yields of both single-top and

W+jets.

Normalisation Value

µsingle−top 0.82 ± 0.35
µtt̄ 1.04 ± 0.19
µW+jets 1.24 ± 0.15
µZ+jets 1.32 ± 0.19

Table 6.29: Normalisation factors for the main backgrounds in the A-type SRs, using
the background-only fit with 36.1 fb−1.

Tables 6.34 and 6.35 present the results of the background-only fit procedure for the

B-type regions, with Table 6.33 displaying the normalisation parameters calculated in the

fit. The normalisation for the Z+jets background is large in this region (µZ+jets = 1.5).

There is confidence in the final predicted number of events in the SR, and hence the large

normalisation, due to the alternative data-driven γ+jets method. The value predicted

by the nominal fit method and by the data-driven method are consistent to within 0.2σ.

As with the A-type SRs, there is a slight excess in the SRB region, at the significance

level of ≈ 1σ, however as in the A-type regions this excess is not significant.
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A-type CRs CRzA CRwA CRttA CRstA

Observed events 53 1026 381 118

Fitted bkg events 53.04± 7.28 1026.13± 32.06 381.04± 19.53 117.95± 10.79

Fitted tt̄ events 0.00± 0.00 197.31± 62.66 242.86± 28.44 17.89± 3.86
Fitted single-top events 0.20+0.21

−0.20 69.37± 30.67 25.27± 10.58 37.95± 15.93
Fitted W+jets events 0.00± 0.00 731.73± 84.14 96.47± 20.71 58.81± 11.38
Fitted Z+jets events 51.46± 7.29 5.71± 1.25 2.59± 0.42 1.65± 0.25
Fitted tt̄+ V events 0.32± 0.03 2.53± 0.19 1.65± 0.26 0.46± 0.09
Fitted diboson events 1.05± 0.24 19.48± 3.68 12.20± 1.33 1.19± 0.52

MC exp. SM events 40.60 889.77 358.59 113.65

MC exp. tt̄ events 0.00 189.67 234.31 17.22
MC exp. single-top events 0.25 84.35 30.79 46.16
MC exp. W+jets events 0.00 589.40 77.67 47.37
MC exp. Z+jets events 38.97 4.32 1.96 1.25
MC exp. tt̄+ V events 0.32 2.53 1.65 0.46
MC exp. diboson events 1.05 19.50 12.20 1.20

Table 6.30: Background-only fit results for the A-type CRs of the sbottom 2016
analysis with an integrated luminosity of 36.1 fb−1. The uncertainties shown contain

both systematic and statistical uncertainties.

A-Type VRs VRmbbA VRmctA

Observed events 142 257

Fitted bkg events 138.93± 22.11 271.87± 42.66

Fitted tt̄ events 53.60± 16.27 77.27± 29.75
Fitted single-top events 4.57± 2.54 12.73± 9.46
Fitted W+jets events 17.82± 3.94 29.03± 6.70
Fitted Z+jets events 60.13± 13.41 148.48± 29.09
Fitted tt̄+ V events 1.09± 0.13 2.01± 0.19
Fitted diboson events 1.73± 0.67 2.33± 0.76

MC exp. SM events 119.87 229.92

MC exp. tt̄ events 51.62 74.26
MC exp. single-top events 5.57 15.49
MC exp. W+jets events 14.33 23.36
MC exp. Z+jets events 45.53 112.47
MC exp. tt̄+ V events 1.09 2.01
MC exp. diboson events 1.72 2.34

Table 6.31: Background-only fit results for the A-type VRs of the sbottom 2016
analysis with an integrated luminosity of 36.1 fb−1. The uncertainties shown contain

both systematic and statistical uncertainties.
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A-type SRs SRA350 SRA450 SRA550

Observed events 81 24 10

Fitted bkg events 69.42± 11.93 20.00± 2.81 7.35± 1.37

Fitted tt̄ events 2.05± 0.66 0.55± 0.20 0.19± 0.08
Fitted single-top events 2.99± 1.79 0.94± 0.68 0.49± 0.27
Fitted W+jets events 15.14± 3.56 5.18± 1.17 2.43± 0.68
Fitted Z+jets events 47.31± 11.42 12.71± 2.33 3.98± 1.04
Z+jets using “γ+jets” method 43.12± 4.13 13.29± 2.35 3.13± 1.11
Z+jets using “Z from light” method 50.46± 9.47 14.48± 3.64 4.28± 1.42
Fitted tt̄+ V events 0.51± 0.08 0.22± 0.05 0.07± 0.02
Fitted diboson events 1.41± 0.54 0.40± 0.18 0.19± 0.16

MC exp. SM events 55.58 16.08 6.01

MC exp. tt̄ events 1.98 0.53 0.19
MC exp. single-top events 3.64 1.14 0.60
MC exp. W+jets events 12.21 4.17 1.95
MC exp. Z+jets events 35.84 9.63 3.01
MC exp. tt̄+ V events 0.51 0.22 0.07
MC exp. diboson events 1.41 0.40 0.19

Table 6.32: Background-only fit results for the A-type SRs with 36.1 fb−1. The
uncertainties shown contain both the statistical and systematic uncertainties.

Normalisation Value

µtt̄ 1.32 ± 0.19
µW+jets 1.40 ± 0.12
µZ+jets 1.50 ± 0.07

Table 6.33: Normalisation factors for the main backgrounds in the B-type SRs, using
the background-only fit with 36.1 fb−1.

The results of the background-only fit for the C-type regions are presented in Tables

6.37 and 6.38, with the associated normalisation parameters presented in Table 6.36. The

observed and fitted number of events agree well in the SRC region. The normalisation

for the tt̄ background (µtt̄) is shifted down when compared to the A- and B-type regions,

which had normalisation parameters of ≈ 1.0. This behaviour is expected in the C-type

regions due to the ISR-like selection and the known behaviour of the nominal MC used

to model tt̄ when considering a selection requiring large values of meff .

Figure 6.18 presents distributions of key variables in the SRA, SRB and SRC regions.

The observed data and post-fit background expectation is generally in agreement for the

variables considered.
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6.3.7 Interpretation of results

The slight discrepancies between the observed and expected number of events in the

SRAs and the SRB are not significant and are well within the uncertainties. Limits on

the cross section of a generic BSM process are placed using the model-independent fit

procedure, the results of which are presented in Table 6.39 which contains the observed

and expected 95% CL limits on the number of additional BSM events, corresponding to

a visible cross section upper limit.

Exclusion limits are placed in the sbottom-neutralino mass plane, assuming the sbot-

tom decay proceeding via b̃→ b+ χ̃0
1 with a BR = 100% using the model-dependent fit

procedure. The exclusion contours produced for each individual SR are shown in Figure

6.19. The exclusion contour produced using the best expected SR is shown in Figure

6.20. The A-type SRs targeting the bulk region of the mass plane provide exclusion

approaching 1 TeV, in sbottom mass for massless neutralinos. The B-type SR provides

exclusion in the intermediate region between the compressed and bulk regions of the

phase space, whilst the C-type SR provides exclusion close to the kinematic diagonal of

the b̃→ b+ χ̃0
1 decay. The inclusion of the region targeting the intermediate mass region

provides additional exclusion when comparing the limits to the 2015 analysis, where

there was a noticable “bump” between the ISR-like and bulk selections. The general

B-type CRs CRzB CRwB CRttB

Observed events 516 737 232

Fitted bkg events 516.09± 22.72 736.77± 27.13 232.05± 15.21

Fitted tt̄ events 7.16± 2.21 162.31± 33.05 173.34± 18.85
Fitted single-top events 3.12± 0.87 45.99± 3.75 18.90± 4.56
Fitted W+jets events 0.00± 0.00 508.90± 41.92 36.00± 6.58
Fitted Z+jets events 479.57± 23.05 5.30± 0.74 0.37± 0.22
Fitted tt̄+ V events 5.09± 0.43 2.53± 0.17 2.43± 0.26
Fitted diboson events 21.15± 2.10 11.74± 1.88 1.01± 0.14

MC exp. SM events 354.92 548.85 179.55

MC exp. tt̄ events 5.42 123.03 131.36
MC exp. single-top events 3.11 45.98 18.88
MC exp. W+jets events 0.00 362.06 25.62
MC exp. Z+jets events 320.17 3.54 0.25
MC exp. tt̄+ V events 5.09 2.52 2.43
MC exp. diboson events 21.14 11.72 1.01

Table 6.34: Background-only fit results for the B-type control regions, with an in-
tegrated luminosity of 36.1 fb−1. The errors shown contain both the systematic and

statistical uncertainty.
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B-type VRs & SR VRzB VRttB SRB

Observed events 924 184 45

Fitted bkg events 955.52± 165.98 189.29± 51.40 35.79± 6.92

Fitted tt̄ events 240.97± 108.93 113.53± 50.02 5.19± 2.53
Fitted single-top events 32.68± 3.94 9.12± 1.51 1.47± 0.57
Fitted W+jets events 162.58± 46.41 22.01± 5.61 6.42± 2.08
Fitted Z+jets events 488.87± 121.84 42.05± 10.37 21.36± 5.37
Z+jets events using “γ+jets” method - - 19.92± 2.78
Fitted tt̄+ V events 10.29± 0.83 1.06± 0.18 0.59± 0.21
Fitted diboson events 20.14± 3.14 1.52± 0.29 0.76± 0.22

MC exp. SM events 687.55 141.43 25.59

MC exp. tt̄ events 182.45 85.99 3.93
MC exp. single-top events 32.67 9.12 1.48
MC exp. W+jets events 115.68 15.65 4.57
MC exp. Z+jets events 326.35 28.08 14.26
MC exp. tt̄+ V events 10.29 1.06 0.59
MC exp. diboson events 20.11 1.52 0.76

Table 6.35: Background-only fit results for the B-type validation and signal regions,
corresponding to an integrated luminosity of 36.1 fb−1. The errors shown contain both

the systematic and statistical uncertainty.

Normalisation Value

µtt̄ 0.72 ± 0.17
µW+jets 1.11 ± 0.19
µZ+jets 1.12 ± 0.18

Table 6.36: Normalisation factors for the main backgrounds in the C-type regions,
using the background-only fit with 36.1 fb−1.

1σ discrepancy in the A- and B-type regions is noticable when comparing the observed

to the expected limits, however this discrepancy is well within the expected systematic

uncertainties.
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C-type CRs CRzC CRwC CRttC

Observed events 54 132 43

Fitted bkg events 53.98± 7.34 131.96± 11.47 43.03± 6.55

Fitted tt̄ events 5.89± 1.74 30.49± 7.90 31.06± 7.15
Fitted single-top events 0.00± 0.00 12.88± 1.29 5.78± 0.50
Fitted W+jets events 0.00± 0.00 86.39± 14.64 5.31± 1.28
Fitted Z+jets events 46.59± 7.55 0.00± 0.00 0.15± 0.07
Fitted tt̄+ V events 0.17± 0.04 0.08± 0.03 0.25± 0.05
Fitted diboson events 1.33± 0.16 2.12± 1.41 0.47± 0.43

MC exp. SM events 51.20 135.62 54.71

MC exp. tt̄ events 8.21 42.49 43.27
MC exp. single-top events 0.00 12.89 5.78
MC exp. W+jets events 0.00 78.05 4.80
MC exp. Z+jets events 41.49 0.00 0.13
MC exp. tt̄+ V events 0.17 0.08 0.25
MC exp. diboson events 1.33 2.12 0.48

Table 6.37: Background only fit results for the control regions associated with the
SRC region. All uncertainties include both statistical and systematic uncertainty.

C-type VR & SR VRttC SRC

Observed events 37 7

Fitted bkg events 31.71± 4.40 6.29± 1.54

Fitted tt̄ events 15.64± 3.88 0.95± 0.36
Fitted single-top events 2.81± 0.38 0.80± 0.21
Fitted W+jets events 5.61± 1.74 1.61± 0.88
Fitted Z+jets events 6.66± 1.33 2.42± 0.86
Z+jets events using “γ+jets” method - 2.16± 0.97
Fitted tt̄+ V events 0.17± 0.03 0.07± 0.02
Fitted diboson events 0.81± 0.39 0.43± 0.18

MC exp. SM events 36.60 6.24

MC exp. tt̄ events 21.80 1.32
MC exp. single-top events 2.81 0.80
MC exp. W+jets events 5.07 1.46
MC exp. Z+jets events 5.93 2.16
MC exp. tt̄+ V events 0.17 0.07
MC exp. diboson events 0.81 0.43

Table 6.38: Background only fit results for the VR and SR associated with the SRC
region. All uncertainties include both statistical and systematic uncertainty.
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Figure 6.18: N-1 distributions of key variables in the SRA, SRB and SRC regions.
The arrow on the plot denotes where the SR selection is applied. The error bars include

both statistical and systematic uncertainties.

Signal Region σvis [fb] S95
obs S95

exp

SRA350 1.06 38.2 30.9+11.3
−8.4

SRA450 0.43 15.6 13.9+5.6
−3.8

SRA550 0.3 10.7 7.8+3.7
−1.6

SRB 0.72 26.1 19.9+8.3
−5.4

SRC 0.24 8.7 6.8+3.3
−1.3

Table 6.39: 95% CL upper limits on the visible cross section of a generic BSM process
(σvis), the number of expected signal events (S95

obs) and the limit on the number of
expected signal events, taking into account the expected number of background events

(S95
exp).
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Figure 6.19: Combined expected and observed exclusion limits at 95% CL in the
(mb̃,mχ̃0

1
) plane. The dashed black and solid red lines show the 95% CL expected and

observed limits respectively, including all uncertainties except the 1σ uncertainty on
the signal cross sections. The yellow bands present the experimental uncertainties.



Chapter 6. Search for direct bottom squark pair production 183

 [GeV]
1b

~m
200 400 600 800 1000 1200

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

700

800

900

1000
0

1
χ∼ b → 1b

~
Bottom squark pair production, 

-1=13 TeV, 36.1 fbs

ATLAS

=8 TeVs, -1 + 2 b-jets, 20.1 fb
T

missATLAS E

=13 TeVs, -1 + 2 b-jets, 3.2 fb
T

missATLAS E

Best b0L SR

)theory
SUSYσ1 ±Observed limit (

)expσ1 ±Expected limit (

 fo
rb

idd
en

0
1χ∼

 b
 

→ 
1b~

Figure 6.20: Combined expected and observed exclusion limits at 95% CL in the
(mb̃,mχ̃0

1
) plane. The dashed black and solid red lines show the 95% CL expected

and observed limits respectively, including all uncertainties except the 1σ uncertainty
on the signal cross sections, which are represented by the thin red dotted lines. The
signal region providing the best expected exclusion is chosen to produce the final limit

contour.
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6.4 Conclusions

Presented in this chapter are the most recent results for the search for direct sbottom

pair production using the ATLAS detector. The initial search using the 2015 dataset

corresponding to a luminosity of 3.2 fb−1 provided world leading limits on sbottom pair

production, decaying via the b̃ → b+ χ̃0
1 decay mode, when the results were published.

This greatly increased the limits when compared to the Run 1 analysis. For massless

neutralinos sbottom masses of up to 840 GeV are excluded at the 95% CL. This analysis

was heavily based upon the original Run 1 analysis, and was primarily performed to

take advantage of the increase in ECMS when moving from Run 1 to Run 2, to use the

small luminosity to attempt to discover the sbottom assuming a mass scenario which

was just beyond the Run 1 limits.

The search performed utilising the full 2015+2016 dataset comprising of a total lu-

minosity of 36.1 fb−1 further extended these limits by generally improving the analysis

strategy, background modelling, and taking advantage of the increased luminosity dur-

ing 2016 operations. In the bulk region of phase space sbottom masses of up to 950 GeV

are excluded for massless neutralinos, up to neutralino masses of 400 GeV. The inclusion

of a dedicated SR to target the intermediate region of the phase space, where neither

an ISR-like or an mCT-based search are appropriate provides a bridge between the two

analysis and resolves the “bump” feature present in the 2015 limits. Finally the lower

pT threshold applied to the jets in the ISR-like region allows for signals very close to the

kinematic diagonal to be targeted.



Chapter 7

Searches for third generation

squarks in the tb + Emiss
T final state

This chapter presents an overview of the searches performed in final state events char-

acterised by the presence of a top quark, a bottom quark and Emiss
T (referred to as the

tb+Emiss
T final state) using both Run 1 and Run 2 data with the ATLAS detector. The

top quark in the event is considered to decay leptonically. The analysis was originally

performed at the end of Run 1, using 20 fb−1 of data collected by ATLAS at
√
s = 8 TeV.

The aim of the analysis was to target more “complex” decay scenarios than the simpli-

fied model cases previously considered. Specifically, the analysis targeted the so-called

“mixed” decay scenario, where the pair produced squarks may decay via different decay

modes. The mixed-decay scenario was an uncovered signature in Run 1 and this analysis

was designed to fully exploit the Run 1 dataset. During Run 2 the tb + Emiss
T analysis

was performed using the Run 1 analysis as a baseline but with reoptimised SRs and

an updated analysis strategy to more suitably reflect the dominant backgrounds in the

signal regions.

The chapter contains three components. The first component, “Analysis Motivation”,

contains an overview of the signal phenomenology used to guide the design of the signal

regions, for both the Run 1 and Run 2 analyses.

Following from the above, the Run 1 analysis is presented. An overview of the studies

performed to design the SRs is given, culminating in the definition of the signal, control

and validation regions defined in the analysis. The results of the fitting procedure and

exclusion limits are discussed.

The Run 2 analysis is also presented. The updates to the SRs defined in the previous

185
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iteration of the analysis are documented, as is the introduction of an additional SR to

target compressed scenarios. The new control and validation regions implemented for

the analysis are given, and the results of the fitting procedure and limits are presented.

The author’s contribution to the Run 1 analysis consisted of the development of the

exclusive SR (SRexA) and the associated control and validation regions. The contribu-

tion to the Run 2 analysis consisted of the updates to the SR definitions, the updated

background estimation strategy, the evaluation of the modelling uncertainties and the

fit results.

7.1 Analysis motivation

Approaching the end of Run 1, many possible final states had been investigated when

performing searches for the pair production of top and bottom squarks, assuming a 100%

Branching Ratio (BR) for the decay of the squark to the lightest neutralino: t̃→ t+ χ̃0
1

and b̃→ b+ χ̃0
1 [139, 140, 127].

If the BR for the decay scenario considered is not 100%, for example, when the

decay of the squark can proceed via a chargino, then the constraints from the previous

analyses are less stringent. If the t̃→ t+ χ̃0
1 and t̃→ b+ χ̃±1 decays are equally probable,

approximately half of the events are expected to proceed as in Figure 7.1. If the W boson

is off-shell, the decay products of the W are not detected and the signature contains a

top-quark, a bottom-quark and Emiss
T .
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1 Introduction81

A search for direct top squark (stop, t̃1) and bottom squark (sbottom, b̃1) pair production is82

presented in this note, assuming mixed decays of the top or bottom squarks to neutralinos83

(c̃0
1 ) and charginos (c̃±

1 ). This process can lead to a final state consisting of a top and bottom84

quark and significant missing transverse momentum (Emiss
T ). If, as suggested in the so-called85

“natural” theories, the neutralino and the chargino are almost mass degenerate, the final state86

only includes soft final state particles in addition to the top and bottom quarks, and neutralinos.87

If gluino and squarks of the first two generations have masses of the order >1-2 TeV, di-88

rect sbottom and/or stop pair production may be the only process accessible at the LHC. De-89

pending on the gaugino mass spectrum, the sbottoms/stops can decay either directly into the90

lightest supersymmetric particle (LSP), generally referred to as the neutralino (b̃1 ! b + c̃0
1 ,91

t̃1 ! t + c̃0
1 ) or via intermediate decay into charginos (b̃1 ! t + c̃±

1 , t̃1 ! b + c̃±
1 ). The analysis92

presented in this note aims at scenarios in which sbottoms or stops are directly pair-produced93

and one of them decays directly to a neutralino, while the other decays via a chargino. Natu-94

ralness arguments bring the lightest chargino and neutralino masses to be close to one another,95

so the resulting final state is characterised by the presence of a top quark, a bottom quark, and96

neutralinos escaping the detector. Additional particles may be present, whose transverse mo-97

menta depend on the mass difference between the chargino and the neutralino. A Feynman98

diagram representing the tb+MET signature from such stop/sbottom decays can be seen in99

Figure ??.100

Figure 1: Feynman diagrams of the tb+MET final state signature produced by asymmetric
decays of the stop or sbottom into the neutralinos and charginos.

Some aspects of the event selection are driven by the triggers used, while other aspects are101

the result of a Monte Carlo based optimisation. The leptonic and hadronic decays of the top102

quark have been studied to find the best sensitivity to the signal models of interest. The leptonic103

channel, giving a final state of two b-jets, one lepton and Emiss
T , was found to give the best signif-104

icances. The dominant SM background processes in the signal regions (SRs) are semileptonic tt̄105

and single top production as well as W +hf production, where hf indicates heavy-flavour b-jets106

and c-jets. The Standard Model background is evaluated using a combination of Monte Carlo107

and semi data-driven techniques.108

The note is structured as follows: first, definition of the MSSM scenarios considered, details109

Figure 7.1: Diagram of of the asymmetric tb+ Emiss
T decay scenario.

The assumption for the W boson to be highly off-shell results from considering SUSY

scenarios characterised by a small mass splitting between the gauginos. This is suggested

by the constraints on the measured dark matter relic density in the universe.
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Constraints placed by LEP [141] on direct chargino production provide a lower limit

on the chargino mass of 110 GeV, which in these scenarios also constrains the neutralino

masses considered, dependent upon the mass splitting chosen.

If the BR for t̃ → t + χ̃0
1 or b̃ → b + χ̃0

1 is 50%, then 50% of the decays will proceed

via the asymmetric decay mode and 25% of decays will proceed with both legs decaying

symmetrically. Figure 7.2 contains the processes required to create the physical decay

(for both sbottom and stop production) and Equation 7.1 contains the total number of

expected events when considering the contributions from each decay scenario, with k

taken to be the branching ratio of the t̃→ t+ χ̃0
1/b̃→ b+ χ̃0

1 decay.

NTotal = k2Ntt/bb+χ̃0
1χ̃

0
1

+ 2k(1− k)Ntb+χ̃0
1χ̃
±
1

+ (1− k)2Nbb/tt+χ̃±1 χ̃
±
1

(7.1)

(a) t̃t̃/b̃b̃→ tt/bb+ χ̃0
1χ̃
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Some aspects of the event selection are driven by the triggers used, while other aspects are101

the result of a Monte Carlo based optimisation. The leptonic and hadronic decays of the top102

quark have been studied to find the best sensitivity to the signal models of interest. The leptonic103

channel, giving a final state of two b-jets, one lepton and Emiss
T , was found to give the best signif-104

icances. The dominant SM background processes in the signal regions (SRs) are semileptonic tt̄105

and single top production as well as W +hf production, where hf indicates heavy-flavour b-jets106

and c-jets. The Standard Model background is evaluated using a combination of Monte Carlo107

and semi data-driven techniques.108

The note is structured as follows: first, definition of the MSSM scenarios considered, details109

(b) t̃t̃/b̃b̃→ tbχ̃0
1χ̃
±
1 (c) t̃t̃/b̃b̃→ bb/tt+ χ̃±1 χ̃

±
1

Figure 7.2: Example of the three decay scenarios required to make the physical decay
process for the tb+ Emiss

T analysis.

In Run 1 stop production was targeted. In Run 2 the results are reported as part of

the search for bottom squarks. The sensitivity to the production of both squarks is

the same provided the W decay is invisible. An additional set of SUSY models based

upon pMSSM scenarios (as introduced in Section 2.7.7) are also considered for the Run

1 analysis.

7.1.1 Signal phenomenology

The optimisation studies to achieve the best selection are performed by maximising the

efficiency to extract the mixed signals from the SM background. It is found that selecting

events containing a leptonically decaying top quark is the most optimal to extract the

signal.

For this final state, the main SM processes which must be considered as background

are: tt̄, single-top, W+jets, diboson and tt̄+ V . The dominant background is expected
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to be semi-leptonic tt̄ which, due to the expected signal topology, will look very similar

to the signal process under investigation. Single-top Wt-channel production will also

be expected to contribute significantly to the one lepton final state due to the leptonic

decay of either W boson in the event. Additionally a large contribution is expected from

the W+jets process, with the W boson decaying via either an electron or a muon, it is

also possible that this process can contribute to this final state with the W decaying via

a tau-lepton, and the tau subsequently decaying leptonically.

The contributions from the rare diboson and tt̄+ V are expected to provide a minor

contribution to the final state, due to the small cross sections for these processes at

8 TeV.

7.2 tb+ Emiss
T Run 1 Analysis

An overview of the studies performed investigating two signal scenarios is presented,

including the optimisation performed to target a more realistic pMSSM-like scenario

and a simplified model scenario. Two types of SR are designed, one set of three SRs

with an inclusive jet multiplicity selection, targeting the pMSSM models, and a single

SR with an exclusive jet selection, targeting the simplified model scenarios. The control

regions designed to constrain the main backgrounds in the analysis (tt̄ and W+jets)

are presented, as are the validation regions used to provide confidence in the fit results

and the most relevant systematic uncertainties. The background-only fit results are

presented, with the statistical interpretation of the fit given in both model-dependent

and independent scenarios.

7.2.1 Signal kinematic studies

The analysis is optimised considering two distinct signal scenarios which both result in

the tb+ Emiss
T final state.

The first targets realistic pMSSM models, containing the pair production of both

stops and sbottoms, which decay asymmetrically as in Figure 7.1. The mass hierar-

chy of the sparticles in these scenarios is driven by the common third generation mass

parameter, mQL3, for the squarks, and the higgsino mass parameter, µ, for the gaugi-

nos. The parameters varied in these scenarios are not directly the physical mass of the

b̃ and t̃ but are the mQL3 and µ parameters. These parameters are chosen such that

the mass splitting of χ̃±1 , χ̃0
1 is below 10 GeV across all models and both decay modes
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are kinematically open for the t̃/b̃ and are equivalently probable. For example, for the

(mQL3, µ) = (400, 110) GeV scenario, the percentage of events proceeding asymmetri-

cally is 49%.

In contrast to the above models, the second signal scenario is the simplified model

scenario containing solely the pair production of top-squarks which decay asymmetrically

as shown before. Two mass splitting scenarios are considered for the chargino neutralino

of either 5 or 20 GeV.

Due to the similarities between the above models a general preselection is applied

shown in Table 7.1, on top of which the optimisation studies are based. All events are

required to pass the Run 1 event cleaning, as discussed in Chapter 5. According to

the final state requirements, events are selected consisting of one signal lepton and two

b−tagged jets. A selection of Emiss
T > 100 GeV is used to target the neutralinos in the

signal whilst also reducing the tt̄ contribution. As the analysis aims to use the amT2

variable, a requirement placed on all regions is mmin
b,l < 170 GeV, which ensures that the

amT2 is calculated. Finally selections on min ∆φ(b − jets, Emiss
T ) and Emiss

T significance

reduce the multi-jet background to negligible levels.

Preselection

Variable Selection

Event cleaning selections 4

nb−jets 2

nleptons 1

Emiss
T > 100 GeV

min ∆φ(b− jets, Emiss
T ) > 0.4

mmin
b,l < 170 GeV

Emiss
T significance > 5 GeV1/2

Table 7.1: tb+Emiss
T Run 1 analysis, preselection definition used as a baseline selection

for all regions in the analysis.

The optimisation of all SRs, VRs and CRs are based upon the preselection require-

ments described in Table 7.1.

7.2.2 Signal Region definitions

The most discriminating variables used to define the SR selections are amT2 and mT,

effective to reduce tt̄ and W+jets backgrounds respectively. Additional selections on
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meff , Emiss
T and Emiss

T significance, the latter two with tighter selections than in the

preselection, are used to target specific regions of phase space for both models.

The main difference between the pMSSM models and the simplified models is the

number of extra-jets (defined as jets with pT > 50 GeV) expected in the event. Since in

pMSSM models it is possible for the stops and sbottoms to decay via the second lightest

neutralino (χ̃0
2), for example t̃ → t + χ̃0

2, with the subsequent decay χ̃0
2 → h + χ̃0

1 or

χ̃0
2 → Z0 + χ̃0

1. These extra decay modes can lead to many extra jets in the pMSSM

events. This is in contrast to the simplified model scenarios which consist of only the

t̃→ t+ χ̃0
1 and t̃→ b+ χ̃±1 decays. With the small mass difference between the χ̃±1 and

χ̃0
1, these scenarios lead to events with a small amount of extra jet activity.

The set of three SRs targeting the pMSSM scenarios are inclusive with respect to the

jet multiplicity. The optimisation is performed to maximise the discovery significance

(Equation 6.1) targeting three benchmark scenarios in the pMSSM mass plane : (mQL3,

µ) = (400, 110) GeV, (500, 210) GeV and (700, 110) GeV. The full selections of the SRs

defined to target these regions are reported in Table 7.2. Generally, the meff selection is

increased to target the higher masses with some tuning of the Emiss
T and Emiss

T significance

selections. The yields in the inclusive SR defined are shown in Table 7.3.

For the mQL3 = 400 GeV scenario, a selection of meff > 300 GeV is employed to

further reduce the tt̄ background after the amT2 selection. In addition to this, the Emiss
T

and Emiss
T significance selections are tightened to enhance the signal. This selection is

referred to as SRinA. The intermediate scenario (mQL3, µ) = (500, 210) GeV) is targeted

by tightening the meff selection with respect to the SRinA selection. This selection,

referred to as SRinB, targets both higher squark and neutralino masses, and requires

Emiss
T significance > 12 GeV1/2. The region defined to target the largest squark mass

scenario (mQL3 = 700 GeV) uses the tightest meff selection of > 650 GeV and Emiss
T

> 220 GeV.
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Variable SRinA SRinB SRinC

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nb−jets 2

nlepton 1

Emiss
T > 200 GeV > 120 GeV > 220 GeV

mT > 140 GeV > 180 GeV

meff > 300 GeV > 450 GeV > 650 GeV

Emiss
T significance > 8 GeV1/2 > 12 GeV1/2 > 5 GeV1/2

amT2 > 180 GeV > 200 GeV > 180 GeV

mmin
b,l < 170 GeV

min ∆φ(b− jets, Emiss
T ) > 0.4

Table 7.2: tb+ Emiss
T Run 1 inclusive SR definitions.

Expected Yield SRinA SRinB SRinC

tt̄ 10.08 ± 3.77 4.44 ± 2.20 2.17 ± 1.56

W+jets 3.41 ± 2.00 1.99 ± 1.53 0.60 ± 0.80

Z+jets 0.08 ± 0.28 0.05 ± 0.23 0.03 ± 0.17

single-top 8.66 ± 3.19 5.12 ± 2.37 3.06 ± 1.83

Other 3.42 ± 2.99 2.19 ± 2.08 1.0 ± 1.12

Background Total 25.67 ± 6.12 13.78 ± 4.14 6.92 ± 2.77

(mQL3, µ) = (400, 110) GeV 71.90 ± 8.48 – –

(mQL3, µ) = (500, 210) GeV – 35.63 ± 5.06 –

(mQL3, µ) = (700, 110) GeV – – 7.48 ± 2.74

Table 7.3: Expected yield values for the inclusive SRs, with the signal point the SRs
were optimised for presented for comparison.

A fourth region, defined in Table 7.4, is used to target signal models with low extra

jet activity, such as in the simplified models. Relatively loose selections on both meff

and Emiss
T are used with respect to the previous regions, however the main difference is

the selection on the extra-jet multiplicity, with either zero or one extra jet expected in

the events. Table 7.5 shows the number of expected events for the SM processes, and a

representative signal scenario.
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Variable SRexA

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nb−jets 2

nlepton 1

Emiss
T > 160 GeV

mT > 120 GeV

meff > 300 GeV

amT2 > 180 GeV

mmin
b,l < 170 GeV

Emiss
T significance > 10 GeV1/2

min ∆φ(b− jets, Emiss
T ) > 0.4

nextrajets, (pT > 50 GeV) < 2

Table 7.4: tb+ Emiss
T Run 1 exclusive SR definition.

Expected Yield SRexA

tt̄ 12.43 ± 4.78

W+jets 3.87 ± 2.14

Z+jets 0.05 ± 0.25

single-top 9.55 ± 3.35

Other 3.02 ± 3.73

Background Total 28.95 ± 7.25

(mt̃, mχ̃0
1
) = (300, 100) GeV 35.01 ± 5.92

Table 7.5: tb+ Emiss
T Run 1 exclusive SR yield.

Tables 7.3 and 7.5 show that the dominant background in every SR is tt̄, followed

by single-top and W+jets. There is also a relatively significant contribution from the

“Other” category, which is the sum of the diboson and tt̄+ V processes. The dominant

contribution in the Other category is tt̄ + Z, however when considered on its own the

contribution from tt̄+Z is less than both of the single-top and W+jets backgrounds. The

control region strategy is defined based on the dominant top and W+jets backgrounds.

7.2.3 Control Region definitions

The background estimation strategy for the analysis focuses on the definition of one-

lepton CRs enhanced in either tt̄ or W+jets. Whilst the yields reported in Tables 7.3

and 7.5 would suggest that the ideal strategy would be to define CRs for tt̄, single-top
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and W+jets, this is found not to be possible due to the difficulties in isolating a region

enhanced in single-top. For each SR in the analysis, two CRs are defined, one for tt̄ and

another for the W+jets process.

The inclusive tt̄ CRs (CRTin) are defined similarly to the SR in terms of the meff

selection but inverting the amT2 requirement to < 160 GeV. This value is used as it

is close to the predicted end-point of the amT2 distribution for tt̄, which is 140 GeV.

Additionally either the Emiss
T or Emiss

T significance selections are inverted whilst keeping

the lower limit required by the preselection. The exclusive tt̄ CR (CRTexA) is defined

by inverting both the amT2 and Emiss
T significance SR selections and is inclusive in meff .

A full overview of the tt̄ CRs is presented in Table 7.6.

Selection CRTinA CRTinB CRTinC CRTexA

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nLepton 1

nb−jets 2

Emiss
T [100, 200] GeV > 120 GeV [100, 220] GeV > 100 GeV

mT > 140 GeV > 180 GeV > 120 GeV

amT2 < 160 GeV < 180 GeV

meff > 300 GeV > 450 GeV > 650 GeV -

Emiss
T significance > 8 GeV1/2 [6, 12] GeV1/2 > 5 GeV1/2 [5-10] GeV1/2

mmin
b,l < 170 GeV

min ∆φ(b− jets, Emiss
T ) > 0.4

nextrajets (pT > 50 GeV) - - - < 2

Table 7.6: Summary of the selections used to define the top CRs in the tb + Emiss
T

Run 1 analysis.

The inclusive W+jets CRs (CRWin) are defined by inverting the selection on mT

and lowering the selection to < 120 GeV. Similarly to the tt̄ CRs, the selections on

either Emiss
T or Emiss

T significance are also inverted while maintaining the lower bound as

required by the preselection. To further ensure a region enhanced in W+jets, the b−jet

multiplicity is loosened to allow events containing one or two b−jets. The exclusive

W+jets region (CRWexA) is defined by inverting the mT selection as in the inclusive

regions, and also inverting the Emiss
T significance selection. Similarly to the exclusive tt̄

region, an inclusive meff selection is used.



Chapter 7. Search for third generation squarks in the tb+ Emiss
T final state 194

Selection CRWinA CRWinB CRWinC CRWexA

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nlepton 1

nb−jets 1,2 2

Emiss
T [100, 200] GeV > 120 GeV [100, 220] GeV > 100 GeV

mT < 120 GeV

amT2 > 180 GeV > 200 GeV > 180 GeV

meff > 300 GeV > 450 GeV > 650 GeV -

Emiss
T significance > 8 GeV1/2 [6, 12] GeV1/2 > 5 GeV1/2 [5, 10] GeV1/2

mmin
b,l < 170 GeV

min ∆φ(b− jets, Emiss
T ) > 0.4

nextrajets, (pT > 50 GeV) - < 2

Table 7.7: Summary of the selections used to define the W+jets CRs in the tb+Emiss
T

Run 1 analysis.

tb+ Emiss
T Inclusive CRs CRTinA CRWinA CRTinB CRWinB CRTinC CRWinC

Observed events 1371 4997 429 1946 26 411

Fitted bkg events 1370± 37.0 5000± 70.8 429± 20.7 1950± 44.1 25.8± 5.05 411± 20.2

Fitted tt̄ events 1330± 38.0 2710± 389 416± 21.0 1230± 179 24.5± 5.08 175± 48.3
Fitted single-top events 27.4± 5.05 392± 50.9 8.07± 1.63 178± 21.0 0.65± 0.17 37.5± 5.79
Fitted W+jets events 5.84± 2.24 1740± 381 0.86± 0.55 465± 179 0.08+0.09

−0.08 179± 51.8
Fitted Z+jets events 0.31± 0.10 54.8± 7.62 0.28± 0.22 23.7± 4.07 0.04+0.04

−0.04 6.15± 0.82
Fitted diboson events 0.74± 0.20 86.8± 9.90 0.37± 0.07 39.4± 5.17 0.12± 0.03 11.3± 1.23
Fitted tt̄+ V events 7.26± 2.30 8.96± 2.72 3.70± 1.19 7.37± 2.31 0.41± 0.13 2.34± 0.73

MC exp. SM events 1300 4990 385 2120 27.4 436

MC exp. tt̄ events 1260 2570 371 1100 26.1 187
MC exp. single-top events 27.4 392 8.06 178 0.65 37.5
MC exp. W+jets events 6.31 1880 1.43 768 0.09 192
MC exp. Z+jets events 0.31 54.8 0.27 23.6 0.04 6.14
MC exp. diboson events 0.74 86.8 0.37 39.3 0.11 11.3
MC exp. tt̄+ V events 7.26 8.96 3.70 7.36 0.41 2.34

Table 7.8: Background fit results for the inclusive CR regions.

Tables 7.8 and 7.9 present both the pre- and post-fit yields for the CRs corresponding

to the inclusive and exclusive SRs respectively. The pre-fit yields show that all regions

are dominated by the tt̄ process. The pre-fit yields for the tt̄ process in the CRT regions

show that the tt̄ MC generally predicts the data well. The W+jets process is sub-

dominant in the CRW regions, due to the difficulty in designing CRs dominated by

W+jets while remaining close to the kinematics of the SR.
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tb+ Emiss
T Exclusive CRs CRTexA CRWexA

Observed events 2870 337

Fitted bkg events 2870± 53.6 337± 18.3

Fitted tt̄ events 2740± 60.0 176± 26.4
Fitted single-top events 82.1± 15.2 54.4± 7.58
Fitted W+jets events 35.8± 14.0 96.5± 29.3
Fitted Z+jets events 1.30± 0.67 3.84± 0.70
Fitted diboson events 1.88± 0.31 5.24± 0.84
Fitted tt̄+ V events 9.25± 2.91 1.06± 0.32

MC exp. SM events 2720 318

MC exp. tt̄ events 2590 166
MC exp. single-top events 82.0 54.4
MC exp. W+jets events 32.4 87.4
MC exp. Z+jets events 1.30 3.84
MC exp. diboson events 1.88 5.24
MC exp. tt̄+ V events 9.25 1.06

Table 7.9: Background fit results for the exclusive CRs.

Value
Normalisation SRinA SRinB SRinC SRexA

µtt̄ 1.06 ± 0.07 1.12 ± 0.09 0.94 ± 0.21 1.06 ± 0.07
µW+jets 0.92 ± 0.20 0.61 ± 0.23 0.93 ± 0.27 1.10 ± 0.34

Table 7.10: tt̄ and W+jets normalisation parameters corresponding to the fit per-
formed for each SR of the tb+ Emiss

T Run 1 analysis using 20fb−1.

Table 7.10 contains the normalisation parameters for the tt̄ and W+jets backgrounds.

The tt̄ normalisation parameters are consistently found to be close to 1, again suggesting

generally good modelling of the tt̄ process by the MC.

The fluctuation in the central values of the normalisation parameters for the W+jets

backgrounds is due to the purity of the CR in terms of the W+jets background. The

W+jets normalisation parameters for the inclusive regions are consistent to within 1σ.

The normalisation parameters are subsequently validated in a set of validation re-

gions.

7.2.4 Validation Region definitions

Similarly to the definition of the CRs, two VRs are defined for each SR, to validate the

modelling of the tt̄ and W+jets backgrounds.

The regions are defined for both the inclusive and exclusive selections by maintaining

the CR selection on either the amT2 (for the tt̄ regions) or the mT (for the W+jets
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regions) to ensure a region enhanced in the background under consideration. Otherwise

the SR selections are required. This ensures the region validates the modelling of both

the tt̄ and W+jets backgrounds using kinematics similar to the SR.

Variable VRTinA VRTinB VRTinC VRWinA VRWinB VRWinC

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nLepton 1

nb−jets 2

Emiss
T > 200 GeV > 120 GeV > 220 GeV > 200 GeV > 120 GeV > 220 GeV

mT > 140 GeV > 180 GeV < 120 GeV

amT2 < 160 GeV > 180 GeV > 200 GeV > 180 GeV

meff > 300 GeV > 450 GeV > 650 GeV > 300 GeV > 450 GeV > 650 GeV

Emiss
T significance > 8 GeV1/2 > 12 GeV1/2 > 5 GeV1/2 > 8 GeV1/2 > 12 GeV1/2 > 5 GeV1/2

mmin
b,l < 170 GeV

min ∆φ(b− jets, Emiss
T ) > 0.4

Table 7.11: Summary of inclusive tb+ Emiss
T VR definitions

Variable VRTexA VRWexA

Event cleaning 4

Trigger Single lepton (e, µ) pT > 25 GeV

nLepton 1

nb−jets 2

Emiss
T > 160 GeV

mT > 120 GeV < 120 GeV

amT2 < 180 GeV > 180 GeV

mmin
b,l < 170 GeV

Emiss
T significance > 10 GeV1/2

min ∆φ(b− jets, Emiss
T ) > 0.4

meff > 300

nextrajets, (pT > 50 GeV) < 2

Table 7.12: Summary of selections used in the exclusive tb+ Emiss
T Run 1 VRs.

The results of the background-only fit performed for the inclusive and exclusive re-

gions is included in Tables 7.13 and 7.14, respectively. Generally it is seen that the

regions validating the tt̄ process have generally good agreement between the post-fit

prediction and the observed data. The regions targeting the W+jets process show again
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tb+ Emiss
T Inclusive VRs VRTinA VRWinA VRTinB VRWinB VRTinC VRWinC

Observed events 237 257 122 138 36 83

Fitted bkg events 251± 23.2 265± 30.6 134± 16.3 134± 17.4 31.7± 6.61 97.3± 13.0

Fitted tt̄ events 240± 22.9 125± 20.6 129± 16.2 71.1± 11.1 30.3± 6.61 34.2± 8.93
Fitted single-top events 4.63± 1.82 51.5± 20.5 2.47± 1.20 27.4± 10.8 0.73± 0.32 23.8± 6.65
Fitted W+jets events 2.32± 0.98 78.2± 26.0 0.20± 0.11 29.8± 14.0 0.10± 0.05 33.9± 12.8
Fitted Z+jets events 0.02+0.02

−0.02 2.01± 0.28 0.00+0.01
−0.00 0.94± 0.19 0.00± 0.00 0.78± 0.12

Fitted diboson events 0.37± 0.12 6.28± 0.84 0.15+0.20
−0.15 4.09± 0.49 0.02+0.02

−0.02 3.52± 0.63
Fitted tt̄+ V events 8.96± 2.72 2.83± 0.92 1.77± 0.59 1.19± 0.38 0.58± 0.19 1.18± 0.38

MC exp. SM events 238 265 120 146 33.6 102

MC exp. tt̄ events 228 118 115 63.5 32.2 36.4
MC exp. single-top events 4.63 51.5 2.46 27.3 0.73 23.8
MC exp. W+jets events 2.50 84.6 0.33 49.2 0.11 36.3
MC exp. Z+jets events 0.02 2.01 0.00 0.94 0.00 0.78
MC exp. diboson events 0.37 6.28 0.15 4.08 0.02 3.52
MC exp. tt̄+ V events 2.83 2.45 1.77 1.19 0.58 1.18

Table 7.13: Background fit results for the inclusive VRs.

tb+ Emiss
T Exclusive VRs VRTexA VRWexA

Observed events 665 280

Fitted bkg events 640± 71.9 312± 41.6

Fitted tt̄ events 613± 71.7 142± 20.3
Fitted single-top events 16.1± 6.58 50.3± 20.5
Fitted W+jets events 6.14± 2.36 108± 35.3
Fitted Z+jets events 0.15± 0.07 2.34± 0.40
Fitted diboson events 0.84± 0.12 8.29± 1.01
Fitted tt̄+ V events 4.02± 1.29 1.26± 0.40

MC exp. SM events 606 294

MC exp. tt̄ events 579 134
MC exp. single-top events 16.1 50.3
MC exp. W+jets events 5.56 97.4
MC exp. Z+jets events 0.15 2.34
MC exp. diboson events 0.84 8.28
MC exp. tt̄+ V events 4.02 1.26

Table 7.14: Background-only fit results for the exclusive VRs.
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generally good agreement. In the VRWinC and VRexA regions the prediction overesti-

mates the observed data, however this overestimate is at a level of less than 1σ in both

regions and is covered by the statistical and systematic uncertainties.

7.2.5 Systematic uncertainties

The systematic uncertainties are evaluated as explained in Section 6.2.6 with regards to

both the detector and modelling uncertainties. The dominant detector uncertainties are

reported in Table 7.15, the largest contributions are jet-related (JES and JER), and the

uncertainty arising from the b−tagging. The modelling uncertainties are evaluated in a

similar manner to the methods previously discussed but with different MC sets as they

follow the Run 1 recommendations.

tt̄ uncertainties

The uncertainty on the tt̄ modelling due to the choice of generator is investigated by

comparing the predictions from a tt̄ sample generated with Herwig+Jimmy [142] to a

sample generated with MC@NLO-Jimmy. The uncertainty on the TF (using the Her-

wig+Jimmy sample as the nominal), is applied to the nominal Powheg-Pythia sample.

The parton shower uncertainty is estimated comparing the nominal Powheg-Pythia sam-

ple with the Powheg-Herwig+Jimmy sample. Finally the ISR and FSR uncertainties are

evaluated using tt̄ samples generated with AcerMC-Pythia [143]. The uncertainties on

the TF are calculated and summed in quadrature, before applying them symmetrically

to the nominal Powheg-Pythia sample.

Single-top uncertainties

The uncertainties on the single-top modelling are estimated in a similar manner as

described above for the tt̄ process, however there is no dedicated CR defined for the

single-top background and the uncertainty is calculated with respect to the absolute

yield and not the transfer factor. In addition to the above uncertainties, the uncertainty

on the interference term between single-top and tt̄ is also calculated. The sum of the

nominal Powheg-Pythia Wt-channel and tt̄ yields is compared with the yield of an

inclusive WWbb sample generated at LO using AcerMC+Pythia. The uncertainty on

the yield in this scenario is summed in quadrature with the generator, PS and radiation

uncertainties, and applied to the nominal single-top Wt-channel process.

W+jets uncertainties
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For the Sherpa samples used to model the W+jets process, uncertainties arise from the

choice of ME matching scale; renormalisation and factorisation scales; and also the soft

gluon resummation scale. These uncertainties are evaluated using a 1D parameterisation

based upon the number of truth-jets in an event. Further to this, the uncertainty related

to the heavy flavour composition of the samples is estimated by varying the cross sections

of the c- and b-filtered slices by 24% [137].

Source of uncertainty SRinA SRinB SRinC SRexA

Detector uncertainties

JES 8.4% 15% 5.8% 5.4%
JER 28% 32% 6.8 32%
b−tagging 11.1% 15% 9.8% 9.5%

Theory uncertainties

Top production 82% 43% 64% 33%
Single-top 38% 69% 71% 80%
W+jets 4.9% 8.2% 44% 32.5%

Total background systematic (% of total background) 25% 20% 41% 22%

Table 7.15: Overview of the dominant detector and modelling uncertainties present
in the Run 1 tb + Emiss

T analysis. The size of the total systematic uncertainty (as a
% of the background expectation) is also given. As the uncertainties considered may
be correlated, the total uncertainty may not simply be the sum in quadrature of the

uncertainties.

Table 7.15 presents the dominant uncertainties for the analysis and the contribution to

the total systematic uncertainty of each of the dominant uncertainties. The dominant

theory uncertainties are related to the modelling of the top-processes (both tt̄ and single-

top), which is expected as the tt̄ and single-top processes are the dominant processes in

the SRs. For the inclusive B and C regions, the uncertainty due to the modelling of the

single-top processes is the largest contribution to the total uncertainty. Whilst this is is

partly due to the single-top process being dominant in these regions, it is also somewhat

due to the arbitrary nature to assigning the interference systematic to a specific sample

(when it affects both tt̄ and single-top). For the tt̄ dominated SRexA, the uncertainty

from the single-top is also dominant, which is again due to the interference term.

7.2.6 Interpretation of Results

The background only fit results for all SRs are reported in Table 7.16. A slight excess

of events in data with respect to the background predictions is observed in every region

which are correlated due to the overlapping nature of the SRs. Table 7.17 estimates the

significance of the excesses in each of the SR which are found to be between 0.73σ−1.67σ.
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Figure 7.3 presents the amT2 distributions in each SR where generally there is good

agreement between the data and post-fit background.

Signal Regions SRinA SRinB SRinC SRexA

Observed events 38 20 10 46

Fitted bkg events 27.0± 6.73 14.1± 2.84 7.12± 2.93 31.3± 6.82

Fitted tt̄ events 10.7± 5.64 4.98± 1.40 2.04± 1.96 13.2± 3.01
Fitted single-top events 9.08± 2.88 5.24± 2.07 3.22± 2.14 9.96± 5.34
Fitted W+jets events 3.21± 1.24 1.24± 0.65 0.56± 0.26 4.35± 1.65
Fitted Z+jets events 0.09± 0.02 0.05± 0.01 0.03± 0.00 0.07± 0.01
Fitted diboson events 1.04± 0.18 0.72± 0.11 0.29± 0.06 1.48± 0.29
Fitted tt̄+ V events 2.92± 0.92 1.88± 0.61 0.98± 0.32 2.30± 0.72

MC exp. SM events 26.7 14.4 7.28 30.2

MC exp. tt̄ events 10.1 4.44 2.17 12.4
MC exp. single-top events 9.07 5.24 3.21 9.96
MC exp. W+jets events 3.47 2.04 0.60 3.94
MC exp. Z+jets events 0.09 0.05 0.03 0.07
MC exp. diboson events 1.04 0.72 0.29 1.48
MC exp. tt̄+ V events 2.92 1.88 0.98 2.30

Table 7.16: Background fit results for all SRs in the tb+ Emiss
T Run 1 analysis.

Value
Normalisation SRinA SRinB SRinC SRexA

Observed events 38 20 10 46
Expected Events 27.0 ± 6.73 14.1 ± 2.84 7.12 ± 2.93 31.3 ± 6.82
Significance 1.29σ 1.25σ 0.73σ 1.67σ

Table 7.17: Expected and observed yields of the tb+Emiss
T SRs. With the significance

of the excesses in each region also presented. As the SRs are overlapping (in meff

selection) the excesses are correlated across the regions.

The model-independent fit procedure is used to produce model-independent limits

on a generic BSM signal hypothesis, the results of which are presented in Table 7.18.

Due to the excesses, the observed limit on the number of signal events is weaker than

the expected limit from the background-only fit.
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Figure 7.3: Post-fit data MC comparisons of the amT2 distribution in each SR. Error
bands include both statistical and systematic uncertainties.

Signal Region 〈εAσ〉95
obs[fb] S95

obs S95
exp

SRinA 1.41 28.5 19.3+7.0
−6.1

SRinB 0.81 16.3 10.7+4.5
−2.6

SRinC 0.58 11.9 9.8+3.3
−2.4

SRexA 1.58 32.1 20.3+8.0
−3.6

Table 7.18: Breakdown of upper limits. Left to right: 95% CL upper limits on the
visible cross section (〈εAσ〉95

obs) and on the number of signal events (S95
obs ). The third

column (S95
exp) shows the 95% CL upper limit on the number of signal events, given the

expected number of background events

Figure 7.4 presents model-dependent exclusion limits for the pMSSM model consid-

ered. Plot 7.4(a) presents the limits placed in the (mQL3, µ) mass plane, with limits

placed on mQL3 from 340 to 680 GeV for µ = 110 GeV. The limits on placed on mQL3 and

µ can be translated into direct limits on the masses of the sbottom, stop and neutralino

in this pMSSM model, which are shown in Figures 7.4(b) and 7.4(c) respectively.
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The limits placed directly on the mQL3 and µ parameters show interesting behaviour

for mQL3 > 700 GeV. This is due to the relationship between mQL3 and mt̃: increasing

the mQL3 parameter beyond 700 GeV leads to scenarios with a significant production of

the heavier stop eigenstate, t̃2; whilst leaving the t̃1 mass at about 600 GeV. A represen-

tation of this behaviour can be seen further in Figure 7.4(b), where the uncertainty band

for the expected exclusion appears to stop abruptly at mt̃ =600 GeV. This behaviour

does not occur in the sbottom scenario, as shown in Figure 7.4(c), where the limit in

the mb̃,mχ̃0
1

mass plane is very similar to the limit in the mQL3, µ phase space. In these

scenarios stop masses are excluded between 320 and 560 GeV, and sbottom masses are

excluded between 280 and 660 GeV, for neutralinos with mass 110 GeV.
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Figure 7.4: Limits placed in (a) the natural pMSSM µ-mqL3 phase space, (b) the
mt̃,mχ̃0

1
mass plane and (c) the mb̃,mχ̃0

1
mass plane. The blue curve shows the expected

confidence level at 95%. The yellow band shows the expected confidence level at σ = ±1.
The red curve shows the observed limit at 95% CLs with dashed-red curves representing

the σ = ±1 theoretical limits on the signal cross section.
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Figures 7.5(a) and 7.5(b) present the exclusion limits placed in the two simplified

model scenarios with ∆m(χ̃±1 , χ̃
0
1) = 5 GeV and ∆m(χ̃±1 , χ̃

0
1) = 20 GeV respectively,

assuming an equal BR for the t̃ → t + χ̃0
1 and t̃ → b + χ̃±1 decays. The impact of the

largest discrepancy observed in the SRexA region, is visible in the low mass diagonal

region of Figure 7.5(a). For neutralinos with mass 110 GeV, stop quarks with masses

between 300 and 510 GeV are excluded, leaving a large set of models uncovered to be

targeted in Run 2.
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Figure 7.5: Combined SR limit plot in the asymmetric simplified model scenarios
considered assuming BR(t̃→ t+ χ̃0

1) = 50%. The red curve presents the observed limit
at the 95% CL. The blue curve shows the expected confidence level at 95%. The yellow

band shows the expected confidence level at σ = ±1.

Figure 7.5(b) presents the limits in the ∆m(χ̃±1 , χ̃
0
1) = 20 GeV scenario. The significant

differences between the kinematics of the ∆m(χ̃±1 , χ̃
0
1) = 5 GeV and ∆m(χ̃±1 , χ̃

0
1) =

20 GeV scenarios lead to weaker expected limits in the case of the ∆m(χ̃±1 , χ̃
0
1) = 20 GeV

scenario as the decay product of the W ∗ are visible, reducing the number of events

passing the exclusive selection. Stop masses are excluded between 370 and 500 GeV for

mχ̃0
1

= 110 GeV in these scenarios.

7.3 tb+ Emiss
T Run 2 Analysis

The Run 2 search is optimised solely on the simplified model scenario, considering the

pair production of sbottoms decaying asymmetrically via b̃b̃→ bχ̃0
1 +tχ̃±1 . The chargino-

neutralino mass splitting is taken to be 1 GeV in these scenarios. This provides similar

decay kinematics to the simplified models considered in the Run 1 analysis. The analysis

was performed concurrently with the sbottom 2016 analysis, with a statistical combina-

tion of the tb + Emiss
T and sbottom analyses foreseen to provide stronger constraints in
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case of null results in the mixed scenario. As such, some analysis choices for the Run 2

tb+ Emiss
T analysis are designed to ease the statistical combination of the analyses.

In the following sections an overview of the updates to the Run 1 analysis are pre-

sented, including the definition of a new SR to target the models characterised by a small

mass difference between b̃ and χ̃0
1 (≈ mt) and the reoptimisation of the SRs that are

based on the Run 1 analysis. The CR/VR strategy is presented for both the Run 1 based

regions and the new region. The dominant systematic uncertainties are discussed briefly

as they are calculated in an identical manner to the sbottom 2016 analysis. Finally

the background-only fit results and the statistical interpretation of both the tb + Emiss
T

analysis on its own, and the combined sbottom and tb+ Emiss
T analyses are presented.

7.3.1 Signal kinematic studies

The optimisation studies for the analysis are focused on maximising the sensitivity to

the mixed-decay scenarios, where one leg of the decay proceeds via b̃→ b+ χ̃0
1 and the

other leg proceeds via b̃→ tχ̃±1 , with the subsequent decay χ̃±1 →W ∗ + χ̃0
1.

During the production of the samples to be used for the analysis, it was found that

there are no noticable kinematic differences between the scenarios with mass splitting =

1 GeV or 5 GeV, and models with ∆m(χ̃±1 , χ̃
0
1) = 1 GeV have been chosen. An additional

check was performed to investigate if there were any significant differences in the pair

production of t̃ or b̃ if both decay asymmetrically. The result of these studies was found

to be that the decay kinematics are similar, regardless of which squark was produced at

the production vertex.

The results of the above investigations allow the simplified scenarios used in Run 1

search to be placed on an even footing with the Run 2 signals. This implies that the

regions used for the Run 1 analysis will be sensitive to the Run 2 signal scenarios and

are used as a baseline for the Run 2 search.

As the search was performed in parallel with the sbottom 2016 analysis, the preselec-

tion used for the optimisation studies is identical to the preselection used in the sbottom

analysis, as presented in Table 6.1. The choice of a common preselection is motivated

by the aim of performing a statistical combination of the analyses.
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7.3.2 Signal Region definitions

Similarly to the Run 1 analysis, the general SR strategy is to use the amT2 variable

to reject the contribution from tt̄, and mT to reject W+jets. Table 7.19 presents an

overview of the SRs defined for the analysis.

The A-type regions for the analysis use the inclusive regions defined in the Run 1

search as a baseline. These regions differed due to the meff selection, but also due to

the Emiss
T and Emiss

T significance selections which were chosen to target different regions

of the complex pMSSM phase space. In contrast, the regions defined for the Run 2

analysis use the same Emiss
T and Emiss

T significance selections whilst increasing the meff

selection to target higher sbottom masses. When targeting large mass splitting between

the sbottom and the neutralino, the invariant mass of the b−jets in the decay provides

discrimination between signal and SM background hence a selection of mbb > 200 GeV

is introduced. It is found that extrapolating in meff provides sensitivity to higher mass

sbottoms, however a minimum meff threshold of 450 GeV is used in the lowest meff SR

(SRinA450), with two further SRs defined with meff > 600 (SRinA600) and > 750 GeV

(SRinA750) respectively.

The B-type region (SRB) is designed to target the so-called compressed scenario,

with ∆m(b̃, χ̃0
1) ≈ mt. The mbb selection introduced above is inverted and the selections

on amT2 and the mT variable are loosened to prevent signal event losses. A selection on

the minmT(b, Emiss
T ) variable is introduced to provide additional discrimination between

signal and the tt̄ background.

In addition to the above SRs, a region kinematically close to the selection which

exhibited the most significant excess in the Run 1 analysis is defined. This SR, labelled

as SRA-300-2j is characterised by a stringent selection on the number of additional jets

and is retained as it addresses a topology uncovered by other SUSY searches.
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SRinAx SRA-300-2j SRB

Pre-selection 3 3 3

Signal Leptons (e, µ) 1 1 1

pT(`) > 27 GeV > 27 GeV > 27 GeV

njets ≥ 2 = 2 ≥ 2

nb−jets 2 2 2

Emiss
T > 200 GeV > 200 GeV > 200 GeV

Emiss
T significance > 8 GeV

1
2 > 8 GeV

1
2 > 8 GeV

1
2

mmin
b,l < 170 GeV < 170 GeV < 170 GeV

min ∆φ(j, Emiss
T ) > 0.4 > 0.4 > 0.4

amT2 > 250 GeV > 250 GeV > 200 GeV

mT > 140 GeV > 140 GeV > 120 GeV

mbb > 200 GeV > 200 GeV < 200 GeV

meff > 450, 600, 750 GeV > 300 GeV > 300 GeV

minmT(b, Emiss
T ) – – > 200 GeV

Table 7.19: Summary of the Run 2 tb + Emiss
T SRs. For the inclusive A regions, the

x refers to the meff selection of the region.
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Figure 7.6: Significances for the Run 2 tb+ Emiss
T SRs, as defined in Table 7.19.



Chapter 7. Search for third generation squarks in the tb+ Emiss
T final state 209

S

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 ) [GeV]b
~

m( 

300 400 500 600 700 800

 )
 [
G

e
V

]
0 1χ∼

m
( 

100

150

200

250

300

350

400

450

500

4.48 10.39 9.32 7.88 4.08 2.85 2.11

2.08

0.30 4.19 5.72 5.79 5.04 3.95 2.85 1.96

1.94

0.07 0.91 2.23 2.95 2.77 2.42

0.05 0.50 1.11 1.25

0.05 0.25
 = 13 TeVs 

­1
 Ldt = 36.5 fb∫ InternalATLAS

b0L−SRA350, BR=50%

2+1)
bkg

+(0.2BN
bkg

N

signalN
S = 

(a)

S

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

 ) [GeV]b
~

m( 

300 400 500 600 700 800

 )
 [
G

e
V

]
0 1χ∼

m
( 

100

150

200

250

300

350

400

450

500

0.33 2.73 4.73 5.89 4.86 3.61 2.93

2.80

0.15 0.25 1.07 3.00 4.07 4.18 3.40 2.66

2.30

0.02 0.13 0.27 1.22 1.98 2.27

0.02 0.04 0.24 0.70

0.02 0.01
 = 13 TeVs 

­1
 Ldt = 36.5 fb∫ InternalATLAS

b0L−SRA450, BR=50%

2+1)
bkg

+(0.2BN
bkg

N

signalN
S = 

(b)

Figure 7.7: Significance of the sbottom 2016 analysis SRA350 and SRA450 regions
as defined in Table 6.21, when applied to the asymmetric decay scenario.

The significances obtained with the 50% BR assumption for the tb + Emiss
T SRs are

presented in Figure 7.6 for each of the regions defined in the analysis. It is seen that an

increased meff selection targets higher sbottom mass scenarios, whilst the compressed

selection Figure 7.6(e) provides the highest sensitivity to the mb̃,mχ̃0
1

= (400,200) mass

point. Figure 7.7 presents the significance of the sbottom SRA350 and SRA450 selections

when applied to the asymmetric scenario with a BR = 50%. It can be seen that there

is a complimentarity between the sbottom and tb+Emiss
T SRs, and a combination of the

two would allow for exclusion up to around 800 GeV for scenarios with light neutralinos.

7.3.3 Control Region definitions

The analysis strategy related to the A-type SRs differs significantly to that of the Run

1 analysis. Only two CRs are defined to constrain the backgrounds for the A-type SRs.

A dedicated CR for W+jets processes is no longer considered as W+jets events are

expected to contribute less than 5% of the total SM background, while a CR is adaped

to aid in the estimate of the single-top background. Investigations performed between

Run 1 and Run 2 allowed for a selection to be defined which targets the single-top

background.

Table 7.20 presents the CRs defined to constrain the tt̄ and single-top backgrounds

for the A-type regions. The tt̄ region is defined with inverted amT2 and mbb selections

produce a pure tt̄ region. As these regions are to be combined with the sbottom 2016
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A-type regions, in addition to requiring orthogonality with the SRs, mutually exclusive

requirements are also set with respect to the one-lepton sbottom CRs. For the tt̄ CR,

this is ensured using a selection of mCT < 250 GeV. In contrast to this, the single-top

CR is identical to the sbottom CRstA region.

Variable CRttA CRstA

Pre-selection 3 3

nLeptons (e, µ) 1

pT(`) > 27 GeV

nb−jets 2

Emiss
T > 200 GeV

min ∆φ(j, Emiss
T ) > 0.4

mmin
b,l < 170 GeV > 170 GeV

mCT < 250 GeV > 250 GeV

mbb < 200 GeV > 200 GeV

meff > 300 GeV 7

Emiss
T significance > 8 GeV1/2 7

amT2 < 250 GeV 7

Emiss
T /meff 7 > 0.25

mT > 140 GeV 7

njets > 2 2, 3, 4

pT(j1) > 35 > 130

pT(j2) > 35 > 50

pT(j4) > 35 (or njets < 4) [35, 50] (or njets < 4)

Leading b−jets 7 3

Table 7.20: Overview of the control regions associated to the SRinA selections.

There is significant contribution in the SRB region of tt̄, single-top and W+jets

events. Three CRs are defined, one for each of the main backgrounds. Table 7.21

presents the selections used to define the B-type CRs. The inclusion of the min ∆φ(b−
jets, Emiss

T ) > 2.0 selection ensures that the selection is mutually exclusive with respect

to the sbottom B-type CRs.

The tt̄ CR is defined by inverting the amT2 and minmT(b, Emiss
T ) selections with

respect to the SR requirement. The single-top CR associated with SRB, requires mmin
b,l

> 170 GeV to ensure a selection with high purity of single-top. In addition, the mbb

selection is also inverted to reduce the tt̄ contributions. Finally the W+jets region is
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defined requiring only one b−jet in the event. A window in mT of [30, 120] GeV is used

to further enhance the W+jets contribution in this region.

Variable CRttB CRstB CRwB

Pre-selection 3 3 3

nLeptons (e, µ) 1

pT(`) > 27 GeV

nb−jets 2 2 1

Emiss
T > 200 GeV

min ∆φ(j, Emiss
T ) > 0.4

mmin
b,l < 170 GeV > 170 GeV < 170 GeV

mbb < 200 GeV > 200 GeV > 200 GeV

Emiss
T significance > 8

amT2 < 200 GeV 7 > 200 GeV

mT > 120 GeV [30, 120] GeV [30, 120] GeV

njets > 2

minmT(b, Emiss
T ) < 200 GeV > 200 GeV < 200 GeV

min ∆φ(b− jets, Emiss
T ) > 2.0 > 2.0 > 2.0

Table 7.21: Summary of the control regions associated to SRB.
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tb+ Emiss
T A-type CRs CRttA CRstA

Observed events 975 118

Fitted bkg events 975.04± 31.23 118.01± 10.84

Fitted tt̄ events 915.05± 33.06 17.87± 3.90
Fitted single-top events 20.87± 8.58 52.56± 20.84
Fitted W+jets events 15.20± 9.17 44.62± 15.95
Fitted Z+jets events 0.34+0.37

−0.34 1.57± 0.26
Fitted diboson events 1.99± 1.42 0.94± 0.29
Fitted ttV events 21.58± 1.81 0.45± 0.08

MC exp. SM events 927.98 146.20

MC exp. tt̄ events 856.38 16.73
MC exp. single-top events 32.50 81.88
MC exp. W+jets events 15.20 44.64
MC exp. Z+jets events 0.34 1.57
MC exp. diboson events 1.99 0.94
MC exp. ttV events 21.57 0.45

Table 7.22: Pre- and post-fit background expectations in the A-type control regions.
The errors shown are the statistical plus systematic uncertainties.

Table 7.22 presents the pre- and post-fit yields for the A-type CRs. The pre-fit MC

expectation in the CRstA region consists of a similar amount of single-top and W+jets.

As there is not a specific CR designated to constraining the W+jets background, the

W+jets contribution is allowed to float within its uncertainty in the fit. Table 7.24

tb+ Emiss
T B-type CRs CRttB CRstB CRwB

Observed events 593 277 330

Fitted bkg events 592.97± 24.35 276.93± 16.61 330.09± 18.15

Fitted tt̄ events 565.28± 24.78 47.75± 8.51 84.16± 8.88
Fitted single-top events 9.36± 3.25 123.62± 32.35 23.25± 7.46
Fitted W+jets events 8.64± 4.57 97.00± 23.97 208.77± 23.90
Fitted Z+jets events 0.10+0.16

−0.10 0.78± 0.19 1.44± 0.50
Fitted diboson events 0.26± 0.18 5.66± 1.97 12.18± 6.28
Fitted ttV events 9.33± 0.75 2.12± 0.21 0.29± 0.08

MC exp. SM events 612.22 297.72 272.98

MC exp. tt̄ events 583.52 49.31 86.82
MC exp. single-top events 13.27 175.19 32.94
MC exp. W+jets events 5.75 64.67 139.32
MC exp. Z+jets events 0.10 0.78 1.44
MC exp. diboson events 0.26 5.66 12.17
MC exp. ttV events 9.33 2.12 0.29

Table 7.23: Pre- and post-fit background expectations in the B-type control regions.
The errors shown are the statistical plus systematic uncertainties.
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Normalisation A-type Fit result B-type Fit result

µtt̄ 1.07 ± 0.04 0.97 ± 0.05
µsingle−top 0.64 ± 0.25 0.71 ± 0.19
µW+jets – 1.50 ± 0.22

Table 7.24: Normalisation parameters corresponding to the fit performed for the
tb+ Emiss

T Run 2 analysis.

presents the normalisation parameters with the tt̄ and single-top contributions both

scaled up in the fit procedure. The uncertainty on the single-top normalisation is driven

by the small statistics in the CRstA region.

The pre- and post-fit yields for the regions used in the B-type fit are presented in

Table 7.23. Single-top is the dominant contribution to the CRstB region, comprising of

43% of the total pre-fit yield compared to 29% W+jets. The use of a 1 b−jet CR to

constrain W+jets leads to a region dominated by W+jets with only a small contribution

from the tt̄ and single-top processes. Finally as in the A-type region, the CRttB region

is dominated by tt̄. The pre-fit MC yield in the CRttB region overestimates the data

slightly, which causes the tt̄ normalisation to be less than 1, as reported in Table 7.24.

E
v
e

n
ts

 /
 5

0
 G

e
V

1−10

1

10

210

3
10

b1L­CRstA

 ATLAS ATLAS

­1 = 13 TeV, 36.1 fbs

Data SM total

Single top W + jets

tt Others

Z + jets Vtt

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

D
a
ta

 /
 S

M

0

1

2

(a) CRstA mbb

E
v
e

n
ts

 /
 3

0
 G

e
V

1−10

1

10

210

3
10

410

5
10

b1L­CRttB

 ATLAS ATLAS

­1 = 13 TeV, 36.1 fbs

Data SM total

tt Single top

W + jets Vtt

Others Z + jets

 [GeV]Tm
150 200 250 300 350 400 450 500 550 600

D
a
ta

 /
 S

M

0

1

2

(b) CRttB mT

Figure 7.8: Distributions of key variables used in the definition of the tb + Emiss
T

CRs: (a) CRstA, mbb; (b) CRttB, mT. The error bars contain both statistical and
systematic uncertainties.

Figure 7.8 presents distributions of: (a) the mbb in the CRstA region; and (b) the

mT in the CRttB region. In both regions for both variables the post-fit background

expectation is in very good agreement with the observed data.
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7.3.4 Validation Region definitions

Two sets of VRs are defined to validate the SM background estimates resulting from the

fit procedure for both A- and B-type regions.

The two A-type VRs are defined in Table 7.25. VRA-amT2 aims to validate the

modelling of amT2 beyond the kinematic end-point by using the SR amT2 selection with

an inverted mbb requirement. The VRA mbb uses the same selection as the SR on the

mbb variable but an inverted amT2 selection to validate the modelling of mbb.

Variable VRA amT2 VRA mbb

Pre-selection 3 3

nLeptons (e, µ) 1

pT(`) > 27 GeV

nb−jets 2

meff > 300 GeV

Emiss
T > 200 GeV

Emiss
T significance > 8 GeV1/2

min ∆φ(j, Emiss
T ) > 0.4

amT2 > 250 GeV < 250 GeV

mmin
b,l < 170 GeV < 170 GeV

mT [30, 140] GeV > 140 GeV

mbb < 200 > 200 GeV

Table 7.25: Summary of the A-type VRs.

Two B-type regions are defined to validate the normalisations calculated for the B-

type fit. These regions aim to validate the modelling of either the amT2 or mbb variables.

The VRB amT2 region is defined requiring the SR selections but with an inverted

mbb selection to validate the modelling of amT2. A check of the signal contamination in

this region is performed and it is found that the VR does not have a significant amount

(< 15%) of signal contamination.

The modelling of mbb in MC simulation is validated in the VRB mbb region which

requires identical selections to the SR, but using a mass window in mT of [30, 120] GeV

to ensure orthogonality with the SR.
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A-type Validation Regions VRmbbA VRamt2A

Observed events 878 89

Fitted bkg events 877.83± 339.72 64.97± 12.55

Fitted tt̄ events 837.60± 339.99 19.44± 8.62
Fitted single-top events 21.34± 11.13 21.96± 11.36
Fitted W+jets events 1.62± 0.85 21.41± 8.41
Fitted Z+jets events 0.05± 0.01 0.25± 0.10
Fitted diboson events 0.15± 0.06 0.90+4.48

−0.90

Fitted ttV events 17.06± 1.29 1.00± 0.13

MC exp. SM events 836.19 75.97

MC exp. tt̄ events 784.06 18.20
MC exp. single-top events 33.24 34.20
MC exp. W+jets events 1.62 21.41
MC exp. Z+jets events 0.05 0.25
MC exp. diboson events 0.15 0.91
MC exp. ttV events 17.05 1.00

Table 7.27: Pre- and post-fit background expectations in the A-type validation re-
gions. The errors shown are the statistical plus systematic uncertainties.

Variable VRB amT2 VRB mbb

Pre-selection 3 3

nLeptons (e, µ) 1

pT(`) > 27 GeV

nb−jets 2

Emiss
T > 200 GeV

Emiss
T significance > 8 GeV1/2

min ∆φ(j, Emiss
T ) > 0.4

amT2 > 200 GeV

mmin
b,l < 170 GeV

mT > 120 GeV [30, 120] GeV

mbb > 200 GeV < 200 GeV

njets > 2

minmT(b, Emiss
T ) > 200 GeV

min ∆φ(b− jets, Emiss
T ) > 2.0

Table 7.26: Summary of the B-type Validation Regions.

Table 7.27 displays the pre- and post-fit expectations for the VRA regions. The

VRA amT2 region can be seen pre-fit to consist of relatively equal amounts of tt̄, single-

top and W+jets. Post-fit there is a 1.6σ discrepancy between the observed number of
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B-Type Validation Regions tb VRamt2B tb VRmbbB

Observed events 53 517

Fitted bkg events 41.08± 9.50 520.81± 136.09

Fitted tt̄ events 16.71± 7.27 276.87± 128.31
Fitted single-top events 15.31± 6.74 46.88± 18.96
Fitted W+jets events 1.38+1.84

−1.38 181.21± 65.08
Fitted Z+jets events 0.02± 0.00 1.09± 0.32
Fitted tt̄+ V events 7.61± 0.66 3.85± 0.45
Fitted diboson events 0.05± 0.01 10.90± 1.81

MC exp. SM events 47.55 489.10

MC exp. tt̄ events 17.26 286.10
MC exp. single-top events 21.70 66.47
MC exp. W+jets events 0.91 120.68
MC exp. Z+jets events 0.02 1.09
MC exp. tt̄+ V events 7.61 3.86
MC exp. diboson events 0.05 10.91

Table 7.28: Pre- and post-fit background expectations in the SRB validation and
signal regions. The errors shown are the statistical plus systematic uncertainties. Un-
certainties on the fitted yields are symmetric by construction, where the negative error

is truncated when reaching to zero event yield.

events and the expected number of background events. This has been studied in detail

and found to be due to a mismodelling of the amT2 variable in MC simulation, which is

observed also at the preselection level. This mismodelling is covered by the modelling

uncertainties of the tt̄ and single-top processes. The VRA mbb region shows very good

agreement between the data and the expected background estimate.

The fit results of the B-type VRs are presented in Table 7.28. A slight discrepancy is

observed in the VRB amT2 region used to validate the modelling of the amT2 variable,

however this is the level of less than 1σ. The VRA mbb region has good agreement

bewtween the expected and observed number of events.

7.3.5 Systematic uncertainties

The systematic uncertainties considered in the analysis are identical to those in the

sbottom 2016 analysis as reported in Section 6.3.5, including the single-top/tt̄ inter-

ference systematic. Table 7.29 reports the effects of the major detector and modelling

uncertainties for the analysis.

The dominant uncertainties are related to the jet energy scale and resolution and to

the uncertainty on b−tagging, which have relatively similar contributions to the total
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Source of uncertainty SRinAs & SRA-300-2j SRB

Detector uncertainties

JES 6 - 12% 5%
JER 20 - 30% 4%
b−tagging 27 - 36% 11%

Theory uncertainties

Single-top 30 - 54% 30%
W+jets <5% 17%
tt̄ production 52 - 74% 54%

Total background systematic (% of total background) 23 - 30% 22%

Table 7.29: Overview of the dominant detector and modelling uncertainties present
in the Run 2 tb + Emiss

T analysis. Due to the similarities between the A-type regions,
and the fact that they overlap, a range of values are given for the uncertainties in
these regions. The size of the total systematic uncertainty (as a % of the background
expectation) is also given. As the uncertainties considered may be correlated, the total

uncertainty may not simply be the sum in quadrature of the uncertainties.

overall systematic uncertainty as in the Run 1 analysis. The theoretical uncertainties

are the main contributions to the total overall uncertainty, with the uncertainties from

the tt̄ and single-top modelling leading to the largest contributions.

7.3.6 Intepretation of Results

The results of the background-only fit procedure are presented in Table 7.30. The ex-

pected number of background events in the SRinA600 and SRinA750 regions models

the observed data very well, whilst there are discrepancies observed in the SRs with the

looser meff selections (SRinA450, SRA-300-2j and SRB). The region with the largest

discrepancy between post-fit MC and data is the SRA-300-2j region, at the level of 1.3σ

and is partially correlated with the SRinA discrepancy due to the overlapping meff and

jet multiplicity selections of these two regions. The discrepancy in the SRB region is un-

related to the discrepancy in the other regions due to the mbb selection. When compared

to the excess in the SRA-300-2j region in Run 1, the excess has decreased from 1.4σ to

1.3σ in Run 2. Figure 7.9(a) presents an N-1 distribution of the meff in the SRinA600

region, which shows good agreement between the post-fit background expectation and

the observed data. The mT distribution in the SRB region is presented in 7.9(b), the

post-fit background expectation generally agrees well with the data, however the slight

discrepancy in the SRB region is noticable.

Exclusion limits are placed in both the model-independent scenario and in the asym-

metric decay scenario assuming an equal BR for the b̃ → b + χ̃0
1 and b̃ → t + χ̃±1 decay

modes.
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tb+ Emiss
T Signal Regions SRinA450 SRinA600 SRinA750 SRA-300-2j SRB

Observed events 33 21 13 12 69

Fitted bkg events 28.08± 6.83 22.99± 5.37 14.37± 3.61 6.28± 1.85 53.47± 12.04

Fitted tt̄ events 12.15± 5.89 9.96± 4.69 5.46± 2.74 2.39± 1.32 15.82± 7.12
Fitted single-top events 9.07± 4.38 6.62± 3.23 4.20± 2.37 2.88± 1.60 10.15± 5.32
Fitted W+jets events 1.08± 0.54 0.94± 0.49 0.59± 0.27 0.40± 0.26 16.99± 8.33
Fitted Z+jets events 0.02± 0.00 0.02± 0.00 0.02± 0.00 0.02± 0.00 0.08± 0.02
Fitted tt̄+ V events 5.68± 0.65 5.40± 0.65 4.03± 0.53 0.55± 0.14 8.74± 1.14
Fitted diboson events 0.07± 0.03 0.05± 0.01 0.05± 0.02 0.05± 0.02 1.68± 0.25

MC exp. SM events 26.08 21.45 13.44 5.73 52.54

MC exp. tt̄ events 11.41 9.35 5.13 2.24 16.35
MC exp. single-top events 7.83 5.71 3.63 2.48 14.38
MC exp. W+jets events 1.07 0.93 0.59 0.39 11.31
MC exp. Z+jets events 0.02 0.02 0.02 0.02 0.08
MC exp. tt̄+ V events 5.68 5.39 4.03 0.55 8.75
MC exp. diboson events 0.07 0.05 0.05 0.05 1.68

Table 7.30: Pre- and post-fit background expectations all signal regions. The errors
shown are the statistical plus systematic uncertainties.
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Figure 7.9: N-1 Distributions of key variables in the SRs: (a) SRinA600, meff ; (b)
SRB, mT. The error bars consider both statistical and systematic uncertainties.

Signal Region 〈εAσ〉95
obs[fb] S95

obs S95
exp

SRinA450 0.61 22.1 18.7+7.5
−4.9

SRinA600 0.39 13.9 15.1+5.5
−4.2

SRinA750 0.28 10.0 11.9+4.2
−2.8

SRA-300-2j 0.40 14.3 9.5+3.8
−2.8

SRB 1.14 41.3 29.5+11.1
−8.3

Table 7.31: Model-independent upper limits on the cross section of a generic BSM
process. Left to right: 95% CL upper limits on the visible cross section (〈εAσ〉95

obs) and
on the number of signal events (S95

obs ). The third column (S95
exp) shows the 95% CL

upper limit on the number of signal events, given the expected number of background
events
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Table 7.31 presents the model-independent limits at the 95% CL on the number of

additional BSM events corresponding to an upper limit on the visible cross section. Due

to the discrepancies in the SRinA450, SRA-300-2j and SRB regions the exclusion limit

on the observed number of events is less stringent than the expected limit, whereas for

SRinA600 and SRinA750 the exclusion limit on the observed number of events is better

than the expected limit.

The model-dependent exclusion limits placed in the (b̃, χ̃0
1) mass plane are presented

in Figure 7.10. Figure 7.10(a) presents the limit using the best expected SR, which

is driven in the high mass region by the SRinA600 and SRinA750 regions. In the

compressed region the SRB region can be seen to provide exclusion power along the

kinematic diagonal (beyond which the b̃→ t+ χ̃±1 decay is forbidden).

The limits for the SRA-300-2j region can be seen in Figure 7.10(e) where the effects

of the discrepancy in this region can be appreciated as the observed limit is weaker than

the expected limit. As the SRA-300-2j region is sub-optimal for these scenarios and was

kept as a cross-check for the Run 1 discrepancy the signal sensitivity is weaker than the

other regions.

7.4 Combination with Sbottom Analysis

As previously shown in Section 7.3.2, the sbottom 2016 analysis is also sensitive to the

asymmetric decay scenarios targeted by the 1-lepton analysis. This is primarily due

to the sensitivity of the sbottom analysis to the symmetric b̃ → b + χ̃0
1 decay, which

occurs in 25% of signal events under the hypothesis of equal BRs for the b̃ → b + χ̃0
1

and b̃ → t + χ̃±1 . A model-dependent fit is performed using the sbottom 2016 analysis

to place exclusion limits in the (b̃, χ̃0
1) mass plane under such a hypothesis and is shown

in Figure 7.11.

Upon comparing the exclusion contours of the two analyses good constraints can be

obtained by performing a statistical combination of the tb+Emiss
T and bb+Emiss

T regions,

as both analyses have similar reach in the (b̃, χ̃0
1) mass plane.

The A-type sbottom SRs is combined with the A-type tb+Emiss
T SRs, and the B-type

sbottom SR are combined with the B-type tb+Emiss
T SR. The statistical combination of

the analyses was foreseen during the design of the tb+Emiss
T analysis and, as mentioned,

the regions used for the tb + Emiss
T analysis are designed to be either orthogonal to

the sbottom analysis, or to overlap completely to allow the same region to be used for
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Figure 7.10: Expected and observed exclusion limits of the SRs at 95% CL in the
(mb̃,mχ̃0

1
) plane for the BR(b̃ → b + χ̃0

1) = 50% scenario. The dashed black and solid
bold red lines show the 95% CL expected and observed limits respectively.
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both analyses. When performing the combined fit for the A-type regions, the single-top

CR definition is identical for both analyses, as such the same single-top normalisation

parameter must be used, which is taken to be the single-top normalisation obtained

using the sbottom 2016 fit (Table 6.29, µsingle−top = 0.82±0.35). This is consistent with

the single-top normalisation parameter obtained considering the tb+Emiss
T background-

only fit which is µsingle−top = 0.64 ± 0.25. With the single-top normalisation from the

bb+Emiss
T fit, the µtt̄ also varies within uncertainties. On the other hand, the combined

fit for the B-type regions is straightforward as the SRs and CRs for both analyses are

mutually exclusive and the fit is performed with the normalisation parameters reported

in Tables 6.33 and 7.24.

The likelihood function (as in Equation 6.11) is built using the products of the prob-

abilities from the individual regions in each analysis:

L(n, θ0|µsig, b, θ) = P
bb+Emiss

T
SR1 × P tb+E

miss
T

SR1 × P bb+E
miss
T

CRs × P tb+E
miss
T

CR × Csyst (7.2)

The results of the statistical combination are shown in Figure 7.12 for the BR(b̃ →
b + χ̃0

1) = 50% scenario, with the best expected SR from the individual analyses also

shown as a reference. The statistical combination of the analysis provides exclusion up to

larger sbottom masses. For example, compared to the individual analyses which extends

to sbottom masses up to 800 GeV for mχ̃0
1

= 110 GeV, the combined exclusion excludes

sbottom masses up to 880 GeV for the same neutralino mass. In the compressed region

the sensitivity of the sbottom analysis to the symmetric sbottom decay contributes to

the constraints of scenarios in the kinematic limit where the b̃ → t + χ̃±1 decay is only

just viable from the conservation of total energy. This region is difficult to target with

the tb+Emiss
T analysis as the signal is very similar to the tt̄ background. The sensitivity

of the bb+Emiss
T analysis to the symmetric b̃→ b+ χ̃0

1 scenario (which occurs in 25% of

events) provides exclusion in this region.

7.5 Conclusions

This chapter presented the results from searches performed in Run 1 and Run 2 for

stop/sbottom pair production where two decay modes are kinematically available: t̃/b̃→
t/b+ χ̃0

1 and t̃/b̃→ b/t+ χ̃±1 . As the mass splitting between the chargino and neutralino
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Figure 7.11: Expected and observed exclusion limits of the sbottom 2016 regions
at 95% CL in the (mb̃,mχ̃0

1
) plane for the BR(b̃ → b + χ̃0

1) = 50% scenario. The
dashed black and solid bold red lines show the 95% CL expected and observed limits
respectivelyExclusion limits of the three sbottom SRs which have sensitivity in the

asymmetric decay scenario at 95% CL

is taken to be small in these scenarios, the chargino decay subsequently proceeds via

χ̃±1 →W ∗ + χ̃0
1. These searches were unique in that they were specifically optimised to

target the asymmetric decay mode, which leads to a final state consisting of a top-quark,

a bottom-quark and Emiss
T , provided that the W boson is off mass-shell.

The search performed using the 20 fb−1 Run 1 dataset was optimised targeting two

signal scenarios. An optimisation was performed on a pMSSM scenario designed such

that ∆m(χ̃±1 , χ̃
0
1) is small, leading to an off-shell W boson, and so the BR of the sym-

metric decays lead to approximately 50% of events proceeding via the asymmetric final

state. In this scenario limits are placed on the common mass parameter of the third

generation squarks (mQL3) and the higgsino mass parameter (µ). These limits can be

related to direct limits on the stop/sbottom and neutralino masses, with stop masses
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Figure 7.12: Exclusion limits produced using the combined fit procedure with the
sbottom 2016 and tb+Emiss

T Run 2 analyses, at 95% CL in the (mb̃,mχ̃0
1
) plane for the

asymmetric decay scenario with BR(b̃→ b+ χ̃0
1) = 50%. The best expected exclusion

for the sbottom analysis (green) and tb + Emiss
T analysis (pink) are also shown for

comparison.

excluded up to 560 GeV and sbottom masses excluded up to 660 GeV for neutralinos of

mass 110 GeV. An optimisation was also performed targeting stop pair production in a

simplified model scenario, with the BR(t̃→ t+ χ̃0
1) = 50%, and the mass splitting of the

lightest gauginos set to either 5, or 20 GeV. For the ∆m(χ̃±1 , χ̃
0
1) = 5 GeV scenario lim-

its are placed on the stop mass up to 510 GeV for neutralinos of mass 110 GeV. When

considering the ∆m(χ̃±1 , χ̃
0
1) = 20 GeV scenario the exclusion limits are less stringent

and top squark masses are excluded between 370 and 500 GeV for neutralinos of mass

110 GeV.

Using the combined 2015+2016 Run 2 dataset a search was performed in the tb+Emiss
T

final state, investigating sbottom pair production with asymmetric decays in a simplified

model scenario and assuming ∆m(χ̃±1 , χ̃
0
1) = 1 GeV. The search used the Run 1 analysis

as a baseline to define the SRs, however the CR strategy was changed to reflect the

different background composition of the SRs when moving from Run 1 to Run 2. Further

to this an additional SR to specifically target the compressed region of the phase space

was introduced. Exclusion limits are placed in the b̃, χ̃0
1 mass plane, with sbottom
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masses of between 350 and 800 GeV excluded for neutralinos of mass 110 GeV.

The Run 2 version of the analysis was designed to allow for a statistical combination

with the sbottom 2016 analysis. The statistical combination of the analyses provides

greater exclusion in the b̃, χ̃0
1 phase space, with sbottom masses excluded up to 880 GeV

for neutralino masses of 110 GeV. Further to this as the sbottom analysis is unaffected

by the kinematic diagonal, beyond which the b̃→ t+ χ̃±1 decay is forbidden, the sbottom

analysis provides additional exclusion in the compressed mass region.



Chapter 8

Search for direct Dark Matter

production in association with

b−jets

This chapter contains an overview of a search performed investigating direct dark mat-

ter production in association with b−jets using the full 2015 and partial 2016 dataset

collected by ATLAS in Run 2, comprising a total luminosity of 13.3 fb−1. The analysis

focuses on searching for simplified models for DM production as introduced in Section

2.8. This chapter is heavily based upon the results presented in Ref. [3].

A brief overview of the signal models under investigation is introduced, the main

background processes expected when considering the bb+Emiss
T final state are discussed

and the signal region is presented. The control regions associated with the SR are

documented with the results of the background-only fit results normalisation parameters.

These are subsequently validated in the validation regions. Finally the background-only

fit results in the SR are shown and the statistical interpretations are given in both

model-independent and model-dependent scenarios.

The author’s contribution consisted of the development of the CR strategy, analysis

cross-checks, the calculation of the modelling uncertainties, and validation of the signal

samples.

225
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8.1 Signal Model Overview

Searching for dark matter production using hadron collisions provides complementary

results to direct and indirect dark matter detection experiments [144, 145, 146, 147].

When performing a search for dark matter production in hadron collisions the production

mechanism for DM is unknown and must be modelled in some way. As discussed in

Chapter 2.8, simplified model scenarios are considered when modelling the production

of DM in hadron collisions. An important aspect of the models used is the Yukawa-like

coupling between the mediator and the fermions, leading to interest in the production

of DM in association with top or bottom quarks, the latter is presented in Figure 2.8.

The mass-dependent LO cross section for the associated production of either a scalar or

pseudoscalar mediator is presented in Figure 8.1 assuming mχ = 1 GeV.

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

DRAFT

2.2.1.1 Signal cross section and k-factors The o�cial signal cross-sections are calculated at LO ac-233

curacy [4] and are shown in Figure 2.234
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Figure 2: Leading order cross sections for scalar and pseudoscalar s-channel models

Preliminary estimation of NLO cross section have been performed for the s-channel models. The final235

K-factors are shown in Figure 3 (red points), they represent the ratio between the NLO cross sections236

calculated for the NLO MadGraph default dynamic scale choice, HT/2 (HT being the sum of the trans-237

verse masses of all final-state particles) and the after-matching calculation from Pythia for the generated238

models described above. Di↵erent PDF sets were used for LO and for NLO calculations, with di↵erent239

↵s values:240

- LO calculations: ↵s = 0.130 ; PDF set NNPDF30_lo_as_0130_nf_4.241

- NLO calculations: ↵s = 0.118 ; PDF set NNPDF30_nlo_as_0118_nf_4.242

In order to better understand the behaviour of the k-factors we also calculated the LO cross sections using243

the same scale choice of the NLO setup (HT/2), which is represented by the green points at Figure 3.244

Finally we investigated the impact of the Pythia matching on the result and we calculated the k-factor245

for the NLO cross section calculated with dynamic scale of HT/2 over LO cross section calculated with246

default dynamic scale of LO setup (blue points) without an extra jet.247

It is still under discussion with the theorists whether it is appropriate to use such small k-factor, which248

are originating from destructive interference e↵ects at loop level. The origin of these e↵ects, which have249

not been observed for the DM+tt final states is also under investigation. We might decide in the end to250

provide two interpretations, one for LO cross sections and one for NLO.251

2.2.2 Signal samples: t-channel models252

The signal processes for the t-channel models are generated from LO matrix elements with up to three253

extra parton (in addition to the DM pair), using the MadGraph v2.2.3 generator interfaced to Pythia254

8.186 with the A14 tune for the modelling of parton showering, hadronisation and the description of the255

underlying event. Parton luminosities are provided by the NNPDF30LO PDF set. The samples were256

10th May 2017 – 14:05 10

Figure 8.1: Leading-Order cross sections for simplified model production of DM in
association with b−quarks

8.2 Event selection and Signal Region definition

The expected final state consists of 0 leptons, two b−jets and Emiss
T . The Emiss

T in the

event arises from the DM particles and is dependent upon the mass difference between

the DM and the mediator, in some scenarios the optimal selection on Emiss
T is lower

than the recommended offline trigger threshold of 250 GeV, however it is found that a

2D-hyperbolic selection based upon the leading jet pT, pT(j1), and the Emiss
T ensures the

trigger is fully efficient:

pT(j1) > 85 GeV Emiss
T >

(150 · pT(j1)− 11700

pT(j1)− 85

)
GeV (8.1)
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The SM background processes contributing to this final state and passing the trig-

ger requirements are similar to those in sbottom analysis. The dominant contribution

arises from the Z+jets process with additional contributions from tt̄, single-top, W+jets.

Minor contributions are expected from the rare diboson and tt̄+ V processes. The con-

tribution from the multi-jet background can be reduced to a negligible level by the

application of a selection on min ∆φ(j, Emiss
T ).

A single SR is defined based upon discriminating between signal and background

events using the large separation expected in the (η, φ) phase space between the two

b−jets in the signal. The signal topology suggests low jet multiplicity hence a selection

of either 2 or 3 jets is used in addition to the final state requirement of two jets identified

as having originated from a b−quark. The trigger requirements dictate the selection on

pT(j1) and a further selection on the leading b−jet pT is also used. Table 8.1 contains

the full signal region selection employed by the analysis.

Quantity SR

nlepton (baseline) 0

nlepton (signal) 0

min ∆φ(j, Emiss
T ) > 0.4

njets 2− 3

nb−jets = 2

pT(j1) [GeV] > 100

pT(j2) [GeV] > 20

pT(j3) [GeV] < 60

pT(b1) [GeV] > 50

Emiss
T [GeV] > 150

∆Rmin > 2.8

∆η(b1, b2) > 0.5

I(b1, b2) > 0.5

∆φ(b1, b2) > 2.2

Table 8.1: Summary of the signal region selections.

The ∆Rmin variable is calculated between all jets in the event. In addition to this, the

jet imbalance, I(b1, b2), is used to discriminate between the signal and the main Z+jets

background as the b−jets arising from gluon splitting in the background are expected

to have similar transverse momentum resulting in I ≈ 0.
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SM process Yield

tt̄ 5.8 ± 1.5

Z+jets 20.1 ± 6.0

W+jets 1.2 ± 0.8

single-top 2.7 ± 1.1

other 0.00 ± 0.00

Total Expected Background 29.8 ± 6.3

Table 8.2: Expected pre-fit background yields in the SR.

Table 8.2 presents the expected background yields in the SR. The dominant contri-

bution is from the Z+jets background, with Z → νν. The subdominant backgrounds

in this region arise from tt̄ pair production and single-top, with contributions from the

W+jets background. These yields are used to guide the control region strategy.

8.3 Control Region definitions

The four main sources of background are estimated with the aid of three dedicated

CRs. A two-lepton (same flavour opposite sign), one-b−jet region (CRZ1b) is defined

to estimate contributions from the Z+jets process. The tt̄ process is constrained in a

one-lepton and two-b−jet region (CRW2b). Due to the similarities between the W+jets

and single-top events a single control region, hence a single normalisation parameter, is

considered for both processes. This CR (CRW1b) requires one-lepton and one-b−jet.

Regions with a different b−jet multiplicity with respect to the SR are used to keep

the regions mutually exclusive to the SR and retain a sufficient number of events. In

these regions other selections are loosened based upon the angular variables to further

increase the number of events in the region. In the one-b−jet regions the calculation of

the angular variables is performed using the non-b−tagged jet with the highest b−tagging

weight as the second b−jet.

The CRZ1b region requires the invariant mass of the leptons to be in the Z-mass

window [75-105] GeV. The SR selection on Emiss
T is inverted and lowered to 100 GeV

and a selection on Emiss ′
T (the lepton corrected Emiss

T as introduced in Section 6.2.3) is

used. A looser Emiss
T selection is employed in the CRW1b region, with a selection of mT

between 30-100 GeV to enhance contributions from both W+jets and single-top events.

The CRW2b region is very pure in tt̄ from the requirement of one lepton and two b−jets.

A lower bound of mT > 30 GeV is used to reject events with mismeasured leptons.



Chapter 8. Search for direct Dark Matter production in association with b−jets 229

Quantity CRZ1b CRW1b CRW2b

nlepton (baseline) 2 1 1

nlepton (signal) 2 1 1

min ∆φ(j, Emiss
T ) > 0.4 > 0.4 > 0.4

njets 2− 3 2− 3 2− 3

nbjets = 1 = 1 = 2

pT(j1) [GeV] > 100 > 100 > 100

pT(j2) [GeV] > 20 > 30 > 20

pT(j3) [GeV] < 60 < 60 < 60

pT(b1) [GeV] > 50 > 50 > 50

Emiss
T [GeV] < 100 > 130 > 120

Emiss ′
T [GeV] > 120 - -

∆Rmin > 2.8 > 2.5 > 2.8

mT - [30, 100] > 30

m`` [75, 105] - -

pT(`1) [GeV] > 30 > 30 > 30

pT(`2) [GeV] > 25 - -

∆φ(b1, b2) > 2.2 [1, 2.2] > 2.2

Table 8.3: Summary of the selections of the control regions of the analysis.

Table 8.4 shows the results of the background only fit for the control regions. In

each region, the diboson and tt̄+ V events (listed collectively as “others”) are shown to

contribute minimally to the total event yield (< 1%). The total expected pre-fit yields

in each region are shown to model the observed number of events well. A relatively large

difference arises in the CRW2b region where the MC overestimates the data, however

this difference is expected when targeting tt̄ events in this region of phase space using

the nominal Powheg+Pythia6 sample. This effect has been found in other analyses

targetting equally extreme regions of phase space [148]. Figure 8.2 presents key post-fit

kinematic distributions in the CRs.

The normalisation parameters for the main backgrounds are presented in Table 8.5.

The normalisation parameters further confirm the good modelling of the one-b−jet CRs

as they are consistent with unity, whilst the CRW2b leads to µtt̄ < 1. The normalisation

parameters for the main backgrounds are validated in a set of VR regions with selections

closer to the SR kinematics.
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CRW1b CRZ1b CRW2b

Observed 96 176 131

Total background 96.0± 9.8 176± 13 131± 11

W+jets 49.2± 7.8 0.01+0.02
−0.01 4.3± 1.8

Z+jets 0.6± 0.5 168± 13 0.03+0.04
−0.03

tt̄ 12.8± 2.7 5.8± 1.7 109± 13
single top 33.1± 6.0 1.5± 1.0 17.7± 4.0

others 0.3+0.4
−0.3 1.2± 0.9 0.03+0.06

−0.03

pre-fit total 101.2± 12.3 159.1± 24.1 158.1± 3.8

pre-fit W+jets 51± 11 0.02+0.02
−0.02 4.4± 1.8

pre-fit Z+jets 0.6± 0.4 149± 24 0.03+0.04
−0.03

pre-fit tt̄ 15.9± 2.5 7.2± 1.9 135.3± 1.6
pre-fit single top 34.3± 4.9 1.7± 1.1 18.3± 3.0

pre-fit others 0.3+0.4
−0.3 1.2± 0.9 0.07+0.08

−0.07

Table 8.4: Fit results in all control regions for an integrated luminosity of 13.3 fb−1.
The category ”others” includes the very rare backgrounds dibosons and tt̄+ V .

Normalisation Value

µtt̄ 0.81 ± 0.1
µW+jets/single−top 0.97 ± 0.2
µZ+jets 1.12 ± 0.2

Table 8.5: Normalisation factors for the main backgrounds in the DM+bb analysis
using the background-only fit with 13.3 fb−1.

8.4 Validation Region definitions

When defining the CRs a significant number of kinematic selections were changed to

produce regions enhanced in the dominant backgrounds. To validate the normalisation

parameters a set of three VRs with selections more representitive of the SR are designed,

described in Table 8.6.

The tt̄, single-top and W+jets normalisation parameters are validated in a one lep-

ton one b−jet region, VRW1b, which is orthogonal to the CRW1b region due to the

requirement of ∆φ(b1, b2) > 2.2. The SR selection on ∆η(b1, b2) is also applied to more

closely model the SR kinematics. The modelling of the Z+jets background is validated

in a two lepton (same flavour, opposite sign), two b−jet region (VRZ2b). The invariant

mass of the leptons is chosen to be in a tight Z-mass window of between 80-100 GeV.

The usage of this tight m`` selection and requirement of two b−jets in the event reduces

statistics, preventing the angular selections used in the SR being applied in this region.

The final VR is designed to validate the extrapolation from the one- and two-lepton

CRs, to the final state by requiring zero leptons and two b−jets (VRLR). To ensure
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Figure 8.2: Post-fit distributions of key kinematic variables in the CRs: (a) CRZ1b
Emiss ′

T ; (b) CRW2b ∆η(b1, b2); (c) CRW1b Emiss
T . Both systematic and statistical

uncertainties are considered.

this region is orthogonal to the SR, a selection of ∆Rmin < 2.5 is applied whilst the

remainder of the selections used are identical to the SR.
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Quantity VRZ2b VRW1b VRLR

nlepton (baseline) 2 1 0

nlepton (signal) 2 1 0

min ∆φ(j, Emiss
T ) > 0.4 > 0.4 > 0.4

njets 2− 3 2− 3 2− 3

nb−jets = 2 = 1 = 2

pT(j1) GeV > 85 > 100 > 100

pT(j2) GeV > 20 > 30 > 20

pT(j3) GeV < 60 < 60 < 60

pT(b1) GeV > 50 > 50 > 50

Emiss
T GeV < 80 > 150 > 150

Emiss ′
T GeV > 100 - -

∆Rmin > 2.8 > 2.8 < 2.5

∆η(b1, b2) - > 0.5 > 0.5

I(b1, b2) - - > 0.5

mT - [30, 100] -

m`` [80, 100] - -

pT(`1) GeV > 30 > 30 -

pT(`2) GeV > 25 - -

∆φ(b1, b2) - > 2.2 > 2.2

Table 8.6: Summary of the selections of the validation regions of the analysis.

VRW1b VRZ2b VRLR

Observed 121 67 87

Total background 105± 20 58± 13 98± 18

W+jets 30.2± 8.3 - 3.4± 1.2
Z+jets 1.0± 0.6 49.7± 11.5 36.7± 9.2
tt̄ 26.0± 7.9 7.8± 2.6 47± 14
single top 47± 10 0.52± 0.44 10.7± 3.0

others 0.5± 0.3 0.04+0.07
−0.04 0.1± 0.1

pre-fit total 113.6± 14.5 54.3± 12.4 105.6± 19.6

pre-fit W+jets 31.3± 8.4 - 3.5± 1.3
pre-fit Z+jets 0.9± 0.5 44± 12 33± 11
pre-fit tt̄ 32.3± 9.1 9.7± 2.9 58± 16
pre-fit single top 48.6± 7.6 0.54± 0.45 11.0± 2.6

pre-fit others 0.5± 0.3 0.04+0.07
−0.04 0.1± 0.1

Table 8.7: Fit results in all validation regions for an integrated luminosity of 13.3 fb−1.
The category “others” includes the subdominant backgrounds such as diboson and tt̄+V

production.

Table 8.7 presents the background-only fit results for the validation regions. The

observed yield and post-fit expectations are in agreement to within 1σ in all regions.

Importantly the zero lepton VRLR region is modelled well, providing confidence in the
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Figure 8.3: Post-fit distributions for key variables in the one- and two-lepton VRs.
Both statistical and systematic uncertainties are considered.

extrapolation from the one/two lepton CRs to the zero lepton SR. Figure 8.3 presents

a selection of post-fit distributions in the one- and two-lepton VRs showing very good

agreement between the post-fit background expectation and the observed data.

8.5 Systematic uncertainties

The detector and modelling uncertainties considered for the analysis are evaluated in an

identical manner to the uncertainties considered for both the sbottom analysis and the

tb+ Emiss
T Run 2 analysis, as previously discussed in Section 6.2.6.

Table 8.8 contains an overview of the dominant systematic uncertainties in the analy-

sis. As expected, with the final state under consideration, the main detector uncertainties
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are jet related (JES and JER). A large contribution also arises from the flavour tagging

uncertainty. The Emiss
T uncertainty is a significant contribution which arises from the

2D-hyperbolic selection used to ensure events pass the trigger threshold.

The main modelling uncertainty is due to the modelling of the Z+jets process. The

contributions from the subdominant backgrounds, tt̄, single-top and W+jets, are a much

smaller contribution to the overall modelling uncertainty.

Source of uncertainty SR

Detector uncertainties

JES 20.6%
JER 7.2%
b−tagging 36%
Emiss

T 43%

Modelling uncertainties

Z+jets 62%
W+jets 6.4%
tt̄ 10%
single-top 6.3%

Total background systematic (% of expected background) 21%

Table 8.8: Overview of the dominant detector and modelling uncertainties present in
the DM+bb analysis. The size of the total systematic uncertainty (as a % of the back-
ground expectation) is also given. As the uncertainties considered may be correlated,
the total uncertainty may not simply be the sum in quadrature of the uncertainties.

8.6 Results and Interpretations

The results of the background-only fit procedure are presented in Table 8.9. The largest

background in the region is the Z+jets process, which comprises of over 70% of the

total post-fit yield. The observed number of events and expected background post-fit

are in very good agreement. Both model-independent and model-dependent limits are

placed at the 95% CL. The results are interpreted in the two model dependent scenarios

considered and limits are placed on the production cross-section for both scalar and

pseudoscalar mediators.

Figure 8.4 presents the distributions of I and ∆Rmin, further confirming the good

modelling in the SR.

Table 8.10 presents the model-independent limits on the cross-section of a generic

BSM process in addition to the upper-limits on the number of additional BSM events

given the observed and the background yields.
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SR

Observed 33

Total background 31.0± 6.2

W+jets 1.2± 0.8
Z+jets 22.6± 5.7
tt̄ 4.7± 1.4
single top 2.6± 1.1
others -

pre-fit total 29.8± 6.3

pre-fit W+jets 1.2± 0.8
pre-fit Z+jets 20.1± 6.0
pre-fit tt̄ 5.8± 1.5
pre-fit single top 2.7± 1.1
pre-fit others -

Table 8.9: Fit results in the SR for an integrated luminosity of 13.3 fb−1. The category
“others” includes the subdominant backgrounds such as diboson and tt̄+V production.

)
2

,b
1

Imb(b

E
nt

rie
s 

/ 0
.1

25

5

10

15

20

25

30

35

40
ATLAS Preliminary

-1 = 13.3 fbintL

SR

 = 13 TeV)sData (
Total MC
W+jets
Single Top
Z+jets
tt

others
60)×σ (20,1) GeV (Φbb

)
2

,b
1

Imb(b
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ S

M

0

1

2

(a) I(b1, b2)

min R∆

E
nt

rie
s 

/ 0
.4

10

20

30

40

50

60

70 ATLAS Preliminary
-1 = 13.3 fbintL

SR

 = 13 TeV)sData (
Total MC
W+jets
Single Top
Z+jets
tt

others
60)×σ (20,1) GeV (Φbb

min R∆
0 0.5 1 1.5 2 2.5 3 3.5 4

D
at

a 
/ S

M

0

1

2

(b) ∆Rmin

Figure 8.4: Distributions of (a) pT asymmetry I and (b) ∆Rmin with all signal region
selections applied except the selection on the variable, which is denoted by the arrow.
One signal model with (mφ,mχ) = (20, 1) GeV is shown, with the cross section scaled

by a factor of 60. All statistical and systematic uncertainties are included.
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Signal channel 〈εAσ〉95
obs[fb] S95

obs S95
exp

SR 1.38 18.3 16.8+5.7
−4.3

Table 8.10: Left to right: 95% CL upper limits on the visible cross-section (〈εAσ〉95
obs)

and on the number of BSM events (S95
obs ). The third column (S95

exp) shows the 95% CL
upper limit on the number of signal events, given the expected number of background

events.
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Figure 8.5: Cross section upper limits placed on the production of scalar mediators
assuming a DM mass of 1 GeV for 13.3 fb−1 of data.

Figures 8.5 and 8.6 present the limits placed on the production cross sections of both

scalar and pseudoscalar mediators respectively, with the assumption that mχ = 1 GeV.

As the observed and post-fit background yields agree to such a level the expected and

observed 95% CL limits are very similar.

8.7 Conclusions

The chapter presented an overview of a search for direct dark matter production in

association with b−jets using 13.3 fb−1 of Run 2 data collected by ATLAS. As previously

discussed using an EFT approach to model the production of DM at LHC energies is not

necessarily valid and this search uses simplified model scenarios with either a scalar or

pseudoscalar mediator. The mediator provides a link between the fermionic sector and

the dark sector and the free parameters in these models are the masses of the mediator
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Figure 8.6: Cross section upper limits placed on the production of pseudoscalar
mediators assuming a DM mass of 1 GeV for 13.3 fb−1 of data.

(mφ/a), the DM mass (mχ) and the couplings of the mediator to the fermionic sector

(gf ) and dark sector (gχ). No significant excesses are observed in the SR and limits

are placed on the production cross section for scalar mediators with masses between

10-1000 GeV and pseudoscalar mediators with masses between 10 and 500 GeV, for a

DM particle of mass 1 GeV.



Chapter 9

Summary

The high quality data collected by ATLAS over the course of both Run 1 and Run

2 has been used in a plethora of physics analyses including precision measurements

of SM processes, the discovery of the Higgs boson, and many BSM searches. These

analyses have returned results consistent with the predictions made by the SM. Analyses

performed searching for the direct production of particles expected by a variety of BSM

physics theories, such as SUSY, have so-far returned null results. This thesis contains

the results of searches for three such BSM processes.

Chapter 6 contains two searches investigating the direct pair production of bottom

squarks decaying via b̃→ b+χ̃0
1 at
√
s = 13 TeV, in the 0-lepton, 2-b−jets and Emiss

T final

state. The first of these searches was performed using the 3.2 fb−1 of luminosity collected

during 2015 and, at the time, placed world-leading exclusion limits on sbottom pair

production, with sbottom masses excluded up to 840 GeV, for massless neutralinos [1].

The second search improves upon the previous analysis and uses the full 2015 and 2016

dataset with a total luminosity of 36.1 fb−1. This analysis provided additional sensitivity

to more massive sbottoms, with an expected exclusion power of up to 1030 GeV for

sbottom masses, and extended the exclusion limits to sbottom masses up to 950 GeV,

assuming massless neutralinos.

Two searches for pair production of either top or bottom squarks decaying asymmet-

rically are presented in Chapter 7. These searches investigated scenarios where multiple

decay modes are open for the sbottom/stop: t̃t̃/b̃b̃ → tb + χ̃0
1χ̃
±
1 . These scenarios lead

to a complex final state consisting of a top quark, bottom quark and Emiss
T , and tar-

geted the one-lepton, two-b−jets and Emiss
T final state. The first search, performed in

Run 1, targeted both pMSSM scenarios and simplified model scenarios characterised by

238
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a small mass splitting between the χ̃±1 and χ̃0
1. For the pMSSM scenarios, exclusion

limits were placed on the mQl3 and µ mass parameters with mQl3 excluded between 340

and 680 GeV for µ = 110 GeV. In the simplified model scenarios considered, exclusion

limits are placed on stop masses assuming equal branching ratios for the t̃ → t + χ̃0
1

and t̃ → b + χ̃±1 decays. For the ∆m(χ̃±1 , χ̃
0
1) = 5 GeV scenario, stop masses are

excluded between 300 and 510 GeV for mχ̃0
1

= 110 GeV. Weaker limits are placed in

the ∆m(χ̃±1 , χ̃
0
1) = 20 GeV scenario, where stop masses are excluded between 370 and

500 GeV for an equivalent neutralino mass. The second search was performed using the

2015 and 2016 data collected during Run 2, focusing on the pair production of sbot-

toms decaying asymmetrically. This search improved upon the Run 1 analysis, using

an improved analysis strategy, setting exclusion limits on sbottom masses between 350

and 800 GeV for neutralinos of mass 110 GeV. A statistical combination of the sbottom

and tb+ Emiss
T searches was performed, with the combination of the analyses excluding

sbottom masses up to 880 GeV for mχ̃0
1

=110 GeV.

Finally, Chapter 8 presents a search for direct dark matter production in association

with b−jets in the 0-lepton, 2-b−jets and Emiss
T final state. This search is performed in-

vestigating simplified model scenarios for dark matter production, and limits are placed,

in both scalar and pseudoscalar mediator scenarios, on the production cross section for

a range of mediator masses, assuming mχ = 1 GeV.

9.1 Future Outlook

While the null results reported by the searches for BSM physics may seem disheartening,

especially considering the expectation that signs of BSM physics would be seen within

days of the start of Run 1, there are still signs hinting towards BSM physics. The con-

tinued data-taking by ATLAS and CMS during the remainder of Run 2 and beyond, will

provide further opportunities to investigate BSM physics using complementary methods.

Primarily, the increased luminosity allows for improvements to be made to the pre-

existing analyses. Additional luminosity will allow for tighter selections when targeting

signal scenarios, along with better modelling of the SM background processes. Inves-

tigating more complex models, many of which are currently uncovered, may provide

hints of BSM physics which may have been missed with the simplified model scenarios

currently investigated.
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In addition to searches providing hints at BSM physics, the measurements of SM

processes will be expected to reach an unprecedented precision. For example if the W -

boson mass can be determined to a precision of 4 MeV, then the contributions from a

variety of BSM physics models should be visible [149].

As the newest particle to be discovered, the Higgs boson also provides a tool to

investigate BSM physics. Measurements of the Higgs couplings and branching ratios

may provide the first concrete suggestions of BSM physics. The Higgs boson should also

be used as a tool to discover new physics, considering models where a SM-like Higgs

boson arises in the decay chains of new particles. The author is already actively working

on searches for bottom squarks decaying via the second lightest neutralino, b̃→ b+ χ̃0
2.

In these models the second lightest neutralino subsequently decays via χ̃0
2 → h+ χ̃0

1. A

variety of mass scenarios are considered for the mass splitting between the gauginos.

The search for new physics at the LHC has just commenced and inputs from non-

collider experiments both currently collecting data and beginnning to do so in the near

future (such as dark matter direct detection experiments, and the g-2 experiment at

Fermilab) will also provide complementary information that might give further guidance

to physicists in the search for the unknown.



Appendix A

Trigger selections and efficiencies

As introduced in Section 3.7, triggers are used to select interesting events depending

upon the existence of leptons, jets and large Emiss
T in the event. The efficiency of a given

trigger is the number of accepted events collected by the trigger, relative to the total

number of events produced that could be recorded by the trigger. Trigger efficiencies

are calculated using data collected using a different trigger, to give the total number of

events that could be recorded.

For example the efficiency of a single electron trigger is calculated using Equation

A.1, where ε is the trigger efficiency, NCollected is the total number of single electron

events collected by the trigger, and NTotal is the total number of events with a single

electron that could have been collected.

ε =
NCollected

NTotal
(A.1)

When developing an analysis the efficiency of the triggers used needs to be taken into

account when designing control, validation and signal regions. In the sbottom analysis

(as described in Chapter 6) a Emiss
T trigger is used to target the signal models under

consideration. Figure A.1 presents the efficiency of the Emiss
T trigger as a function of the

Emiss
T present in the event. As seen in the figure, the efficiency of the trigger is 100%

when the Emiss
T in the event is ≥ 250 GeV. This motivates the Emiss

T selection used when

defining the sbottom SRs, ensuring the trigger is fully efficient.

The sbottom analysis, the tb+Emiss
T analysis (as presented in Chapter 7) and the

dark matter analysis (Chapter 8) use regions which require either one, or two leptons.

For either 1-lepton selection or the 2-lepton selections defined in the analyses, single

lepton triggers are used. The lepton pT requirements in the analyses are driven by the

241
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trigger efficiency to ensure the trigger is fully efficient. The electron and muon trigger

efficiencies, as a function of the lepton pT are shown in Figure A.2.

When defining the SR for the dark matter analysis it is found that a selection of Emiss
T

> 250 GeV, ensuring that the Emiss
T trigger is fully efficient, removes a large amount of

signal events. Due to the relationship between the Emiss
T and the pT of the leading jet

in the signal a 2D selection on these two variables, to investigate if the Emiss
T threshold

could be lowered whilst still being in the region where the Emiss
T filter is fully efficient.

Figure A.3 presents the efficiency of the Emiss
T trigger as a function of the Emiss

T and

leading jet pT for both data and MC. The black curve shows the hyperbolic selection

as defined in Equation 8.1. It is seen that this selection allows the Emiss
T selection to

be loosened to > 150 GeV (with respect to the > 250 GeV required if applying a 1D
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Figure 2: Study of the e↵ect of applying a 2D plateau requirements. The black line is the plateau
hyperbolic requirement described in Eq 1

(a) Efficiencies calculated using Z → νν MC events
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Figure 2: Study of the e↵ect of applying a 2D plateau requirements. The black line is the plateau
hyperbolic requirement described in Eq 1

(b) Single muon trigger

Figure A.3: 2-dimensional hyperbolic trigger efficiency as a function of the Emiss
T and

leading jet pT.

selection as in Figure A.1) and still remaining fully efficient (ε > 0.95%).

The photon-replacement method used in the sbottom analysis uses a single photon

trigger referred to as HLT g120 loose which is found to be fully efficient with a selection

of photon pT ≥ 130 GeV, as seen in Figure A.4.
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Figure A.4: Efficiency of the single photon trigger as a function of the photon pT.
The photon trigger used in the analysis is the HLT g120 loose (orange curve), which is

fully efficient at a photon pT ≥ 130 GeV. Taken from [134].



Appendix B

Truth-level object definitions

When performing certain studies relevant for the analyses presented within this thesis,

truth-level samples are used. These samples do not take into account any detector effects

and are primarily used to calculate the modelling uncertainties. When using truth-level

objects a series of selections are employed to attempt to reproduce the fiducial selections

used for the analyses.

In addition to the selections used in Table B.1, all objects are required to be associated

with the hard process, this removes bremstrahlung photons, muons from heavy flavour

decays etc. An overlap removal corresponding to the Run 1 overlap removal introduced

in Chapter 5 is also used. Finally the missing transverse momentum Emiss
T is calculated

using the vector sum of all non-interacting particles in the event.

Object Baseline pT requirement Baseline |η| requirement

Electron > 10 GeV < 2.4

Muon > 10 GeV < 2.4

Photon > 35 GeV < 2.37

Jets > 20 GeV < 2.8

b−jets > 20 GeV < 2.5

Table B.1: Overview of the truth-level object definitions.

The jets considered are anti-kt truth jets with a jet radius R = 0.4, and the b−jets are

identified by looping over the jets and checking the truth-label of the jet. To introduce

a facsimile of the b−tagging algorithms used when considering detector effects, the |η|
requirement is tightened and a probability is assigned to the jet corresponding to the

likelihood to tag (or mis-tag) the jet as a b−jet depending on the b−tagging efficiency

of the algorithm that is being imitated. The mis-tag rate is also flavour dependent.
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Appendix C

tt̄ modelling uncertainties

During the calculation of the tt̄ generator and parton shower uncertainties for the sbot-

tom 2016 analysis (Chapter 6) and tb+Emiss
T Run 2 analysis, it was found that there was

lack of statistics for the alternative samples when considering the full analysis selections.

A significant number of selections were loosened to produce a sensible estimate for the

tt̄ uncertainties.

To provide confidence in the estimate provided by the recommended method, an

alternative comparison is made with a Sherpa tt̄ sample. The Sherpa sample also suffers

from a lack of statistics when tight selections of meff and mCT are used, so instead a

preselection level extrapolation is performed comparing the nominal Powheg sample to

the Sherpa sample.
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Figure C.1: Comparisons between the nominal Powheg and the alternative Sherpa tt̄
samples. The extrapolated line of best fit provides confidence in the nominal method

for evaluating the tt̄ modelling uncertainties.
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Appendix C. tt̄ modelling uncertainties 246

Figure C.1 presents (left) the meff distribution using the tb+ Emiss
T preselection and

(right) the mCT distribution using the bb+Emiss
T preselection. The line of best fit shown

on the ratio plot for these comparisons is used to provide confidence in the nominal value

calculated for the tt̄ uncertainties, as ratio of the Sherpa sample to the nominal Powheg

sample leads to a relatively similar uncertainty as calculated from the nominal method.

Further to this, both a Kolmogorov-Smirnov (KS) Test and a χ2 test are performed on

the two distributions to investigate the compatibility of the Powheg and Sherpa samples.

For the tb+Emiss
T distribution the result of the KS test is a probability of compatibility

of 56% and a χ2/NDF of 1.9. For the bb+Emiss
T mCT distribution the result of the KS is

a probability of compatibility of 60%, with a χ2/NDF of 1.5. The results of these tests

suggest that a comparison between the Sherpa and Powheg samples, to calculate the tt̄

modelling uncertainty, is well motivated.
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