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Abstract

New dynamics beyond the Standard Model is expected at scales probed by

the Large Hadron Collider. In particular, weak scale supersymmetry can

provide a dark matter candidate and stabilise the electroweak hierarchy.

This thesis presents two studies investigating new strategies to discover

such phenomena. First, a theoretical assessment uses six search strategies

based on 3.2 fb−1 of 13 TeV data to constrain a 19-parameter framework

of supersymmetry. This identified the fermionic partners of Higgs bosons,

called Higgsinos, as a key target for dark matter searches. Such scenarios are

very difficult to discover at colliders in electroweak production, as produced

states are one to tens of GeV heavier than the dark matter and leave little

detector activity. The second part of this thesis presents a new experimental

strategy targeting these so-called compressed scenarios, exploiting electrons

and muons down to the lowest transverse momenta detectable by the ATLAS

Experiment. Using 36.1 fb−1 of 13 TeV data, this strategy opens hadron

collider sensitivity to Higgsino dark matter down to mass splittings of 3 GeV,

and coannihilation scenarios involving winos and sleptons down to mass

splittings of 2.5 and 1 GeV respectively. While no statistically significant

excesses are observed, this landmark LHC sensitivity surpasses lepton collider

limits for the first time in nearly two decades.
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Preface

Contemporary research in fundamental physics is typically conducted in large inter-

national collaborations comprising thousands of scientists. Chapters 2 and 3 review the

experimental and theoretical foundations of this enterprise before subsequent chapters

present my original research based on published work. My contributions during the

DPhil are summarised in what follows, a subset of which is presented in this thesis.

Supersymmetry and dark matter phenomenology

Chapter 4 is based on work published in the European Physical Journal C [1,2], where

I led the entire intellectual effort and was corresponding lead author. I performed all

aspects of the Monte Carlo simulation, implementation of six early 13 TeV searches,

production of all figures and tables, and the editorial process.

Physics analysis search for supersymmetry

Chapter 5 is based on the article published in Physical Review D [3], where I was lead

analyser and editor. All figures not produced by me in this chapter are explicitly labelled

in the figure captions. As a new analysis in ATLAS, I played a central role designing the

search strategy and steering the technical implementation from inception through to

the final results, paper editorial process, and wider scholarly dissemination. Specific

personal contributions are detailed in what follows:

• I proposed the slepton analysis and designed the slepton signal Monte Carlo

samples. I devised the sampling of points from the slepton and neutralino mass

grid, and ensured sufficient statistics based on expected acceptances. Further, I

implemented a selection after the showering step of Monte Carlo generation called

a filter. This retains events satisfying a missing transverse momentum threshold

to reduce computational resources at simulation, reconstruction, and analysis. I

studied how the cross-sections of Higgsino-like states behaved as electroweakino

composition changed in more ‘realistic’ MSSM scenarios.

• I optimised signal regions and ensured a coherent analysis strategy targeting

both Higgsinos and sleptons. I expanded an existing SU S Y SK I M H I G G S I N O

analysis framework, where I implemented high-level mττ and m100
T2 variables. This
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framework is used to process data and Monte Carlo samples produced centrally

by the ATLAS Collaboration into analysis ntuples. The improved code is used by

collaborators to produce samples for the analysis team to use.

• I led the background estimation strategy, namely proposing and designing all

the control and validation regions. I studied their process purity and potential

signal contamination to define the final kinematic selections. I conducted early

composition studies of fake/nonprompt lepton backgrounds and used a same-sign

selection to validate these estimates subsequently produced by collaborators.

• I initiated and led the statistical analysis, where I was the principal coordinator

of the H I G G S I N O F I T T E R code, based on the H I S T F I T T E R package. I imple-

mented the ‘cut-and-count’ and ‘shape fit’ analyses, and the detector systematic

uncertainties. I produced kinematic distributions, statistical fits, the final figures

and tables of results, and interpretation in 3 simplified models for the paper.

• I implemented analysis selections in the S I M P L EA N A LY S I S package to calculate

signal acceptances. I prepared this code, its results and digitisation, cutflows, model

parameter files, and kinematic distributions for the public auxiliary H E P D ATA

material [4] of this publication to facilitate external reinterpretation.

• I produced and maintained the first ATLAS SUSY summary plots for both Hig-

gsino dark matter and direct slepton scenarios [5], combining limits from multiple

searches by overlaying each exclusion contour, primarily for presentation at con-

ferences.

• I co-authored the companion internal documentation [6], where I led extensive

supplementary studies crucial for the detailed scrutiny of this work during its

development and internal review. This material and accompanying discussions

are beyond the scope of this thesis.

• I developed new multi-object hardware topological triggers called ‘L1 Topo’ to

increase signal acceptance while maintaining tolerable trigger rates. This work is

documented in Ref. [6] and is commissioned for data-taking in 2017 and 2018,

but not considered in this thesis.

• I led the detailed physics scrutiny during migration to ‘Release 21’ software, fea-

turing substantial changes to ATLAS-wide object reconstruction algorithms used

to analyse the full 2015–2018 dataset. I devised and implemented significant revi-

sions to the slepton signals in Release 21, including those not in the compressed
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region used in a separate lepton trigger analysis [7]. I performed validation studies

of an updated release of Monte Carlo generators MA D GR A P H+PY T H I A that

impact ATLAS-wide production. This work comprises the technical foundations

crucial for the improved analysis [8,9], but is not presented in this thesis.

Detector operations of silicon tracker

I led radiation damage studies during operations of the ATLAS SemiConductor Tracker

(SCT). This work is accepted in the Journal of Instrumentation [10], but is not presented

in this thesis. Preliminary results were documented in the internal note [11], and I

prepared public results presented in September 2016 [12] and November 2017 [13].
Part of this work qualified me as an ATLAS author.

Specifically, I maintained the software for monitoring the optical power of fibres

connecting the on-detector SCT modules to the data acquisition over a period of 2 years

(2015–2017). I presented the first quantitative correlation between LHC luminosity and

optical power, evidencing radiation degradation. I quantified the decrease in optical

power of on-detector p-i-n photodiodes (transmission ‘Tx’ cables) with luminosity. I also

studied the optical power received by the back-of-crate photodiodes (‘Rx’ cables) across

1 year, as well as depletion voltage studies.

Proposal for photon collider new physics search

I proposed a novel way of using the LHC as a photon collider and completed a feasibility

study to search for new physics [14]. This work targets a challenging blind spot in LHC

slepton searches for moderate mass splittings. A strategy is proposed that measures

initial state kinematics from proton tagging, allowing missing momentum 4-vector re-

construction and powerful discrimination against neutrino backgrounds. I performed

the MC simulation, devised the analysis, and edited the paper. As first steps for experi-

mental realisation, I recently joined commissioning efforts of the ATLAS Forward Proton

detectors, study and calibration of proton reconstruction performance, and the Standard

Model exclusive dilepton measurement. This work is not presented in this thesis.
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Introduction

Scattering experiments govern our study of natural phenomena. Our eyes make obser-

vations via the scattering of light. Understanding its behaviour allowed microscopes and

telescopes to be built, which Hooke and Galileo used to unveil then hidden structures of

cellular biology and extraterrestrial moons. This set the basis of empirical enquiry: mak-

ing measurements to probe known phenomena allows the construction of instruments

to reveal unknown sectors of nature. The science at the Large Hadron Collider (LHC)

is no exception. This modern incarnation of the microscope is the most sophisticated

scattering experiment in human history. Situated at CERN on the Swiss–French border,

its discoveries could profoundly deepen our understanding of space and time to the

matter and forces in our universe.

The LHC scatters protons at the world’s highest centre-of-momentum energy of

13 TeV. The ATLAS detector measures the resulting debris using tracking, calorimetry

and muon systems based on a variety of solid, liquid and gaseous phase technologies,

enabling a rich physics programme. This class of scattering experiment exploits two

striking features of relativity and quantum mechanics: 1) matter–energy equivalence

enables production of new distinct particles, and 2) particle–wave duality opens non-

optical probes of subatomic structures. Decades of experimental and theoretical work

reconciled these pictures, culminating in the Standard Model (SM) of particle physics.

This principled and predictive theory continues to describe observed phenomena at

colliders with remarkable success.

However, among the most startling realisations in contemporary physics arise from

striking shortcomings of the SM. This thesis addresses two of the most pressing problems.

First, there is no viable particle to account for the dark matter observed across vast astro-

physical scales, and second, electroweak symmetry breaking is dynamically unstable to

1
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the mass hierarchy between the gravitational and electroweak sectors. A well-motivated

class of solutions is supersymmetry, which is the theoretical framework underpinning

this thesis. This extension of spacetime symmetries predicts partners of SM particles

that differ by half a unit of spin and may be accessible at the LHC. To seek evidence for

such new phenomena, precision measurements indirectly probing deviations from the

SM are complemented by direct searches for production of new states.

This thesis focuses on the second approach, where Chapter 2 introduces the princi-

ples of scattering experiments before summarising its contemporary realisation as the

LHC and ATLAS. The theoretical motivations for new physics at the weak scale and

strategies to discover supersymmetry and dark matter are reviewed in Chapter 3. Two

published pieces of original work are then presented: the first is a theoretical survey

of supersymmetry searches in strong production, while the second is an experimental

search for supersymmetry with compressed mass spectra in electroweak production.

Chapter 4 presents the theoretical survey exploring constraints of six early 13 TeV

searches for the supersymmetric partners of the gluon and quarks (gluinos and squarks)

beyond simplified models. A 19-dimensional parameter space is used, which ascribes

dark matter interpretations to these searches and comparisons with non-collider direct

detection experiments. Notably, a promising scenario that is not constrained by these

searches involves the partners of the Higgs boson, namely Higgsino dark matter.

Chapter 5 presents a new search motivated by Higgsino dark matter using 36.1 fb−1

of 13 TeV proton–proton collision data recorded by ATLAS. This targets very challenging

but phenomenologically favoured compressed scenarios in electroweak production. Here,

mass differences between produced states and dark matter are of order one to tens of

GeV, where no hadron collider sensitivity existed before this work. New strategies are

devised to overcome obstructions of conventional LHC approaches. Events are selected

with initial state radiation in signals and among the lowest transverse momentum

leptons detectable in ATLAS. This strategy opens LHC sensitivity to dark matter scenarios

involving Higgsinos and scalar partners of charged leptons known as sleptons, surpassing

limits set by LEP experiments for the first time in nearly two decades.

Conclusions and outlook are summarised in Chapter 6.
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High energy scattering experiments

Scattering experiments are the heart of fundamental physics. It is underpinned by

two concepts: preparation and measurement. Accelerators prepare initial states |i〉 and

detectors measure final states | f 〉. Studying how the final states change with respect

to the initial allows the underlying interactions to be probed. Historically, the seminal

Geiger–Marsden–Rutherford experiments [15–17] measured the elastic scattering of

alpha particles to reveal atomic substructure. A century later, the nuclear constituents

of this very discovery are used at the Large Hadron Collider (LHC) [18]. The scientific

goals remain unchanged: empirically testing theories and probing the structure of matter

in uncharted regimes. The theories tested by this thesis using these experiments are

discussed in Chapter 3. Protons accelerated to several TeV energies are the initial states

that collide after which the ATLAS Experiment [19] measures the final states:

LHC prepares |i〉, ATLAS measures | f 〉.

The total beam energy in the centre-of-momentum frame
p

s is a key design metric

of particle accelerators. Raising
p

s allows smaller length scales to be probed and

production of previously inaccessible heavy states. Recent realisations of such efforts as

ring accelerators at the energy frontier include:

• Large Electron–Positron Collider (LEP) [20]. Electrons e− and positrons e+ un-

derwent collisions at
p

s of up to 208 GeV. Highlights include measuring the Z boson

invisible width [21] and searches for supersymmetry [22–24]. LEP constraints on

supersymmetric states with only electroweak interactions are particularly relevant

for this thesis and discussed in Chapter 5.

• Tevatron [25]. This accelerator collided protons p with anti-protons p̄ at
p

s of

up to 1.92 TeV. Highlights include the top quark discovery [26,27] and searches

3
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for supersymmetry [28,29], the sensitivity to which is now surpassed by the LHC.

• LHC. This facility collides protons at
p

s of up to 13 TeV at the time of writing, and is

further discussed in Section 2.1. Highlights include the Higgs boson discovery [30,

31] and searches for supersymmetry, the latter being the focus of this thesis.

Modern particle detectors that measure properties of final states | f 〉 at these collid-

ers have three main components. First, a tracking system enables precision position–

momentum measurements of electrically charged particles. Surrounding this are calorime-

ters, which measure the energy deposited by electrons, photons, and hadrons. Finally,

muon chambers measure the trajectories of muons escaping the calorimeter. Section 2.2

discusses these subsystems in the ATLAS detector.

2.1 Large Hadron Collider

The LHC [18] is the culminating 27 km circumference two-ring synchrotron of the CERN

accelerator complex. It straddles the French–Swiss border near Geneva roughly 100 m

underground. Protons obtained from ionised hydrogen gas enter the linear accelerator

LINAC2 and undergo several further stages of acceleration illustrated in Figure 2.1 before

LHC injection. The beams are arranged with up to 2544 bunches in 25 ns intervals, each

containing ∼ 1011 protons. Dipole bending magnets and quadrupole focusing magnets

steer the proton beams into collision at four interaction points at the ATLAS, ALICE [32],

CMS [33], and LHCb [34] experiments. This thesis focuses on the LHC proton–proton

(pp) physics programme at ATLAS.

Protons are comprised of quarks and gluons, referred to as partons. In a pp collision

event, hard-scatter processes involve high momentum transfer between partons. The

remaining interactions are known as the underlying event. A principal observable that

experimentalists measure is the interaction cross-section σ of hard processes, where

heavy states may be produced in collisions. Another key beam parameter is the instanta-

neous luminosityLinst delivered to the interaction point, which reaches 2×1034 cm−2 s−1

at the LHC. The rate of hard-scatter events is then given by

dN
dt
=Linstσ. (2.1)
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LHC

SPS

CMS

LHCb
ALICE

ATLAS

PS BOOSTER

LINAC2
Figure 2.1: Schematic of the CERN accelerator complex delivering proton beams to the
LHC experiments, adapted from [35].

Integrating the instantaneous luminosity over time gives the integrated luminosity

L =
∫

Linst dt, also referred to as luminosity. This is related to the total number of

hard-scatter events N by N = Lσ. Increasing the luminosity allows low cross-section

processes to be probed, which is characteristic of the signals considered in this thesis.

The LHC delivered pp collisions up to
p

s = 8 TeV until 2012 (referred to as Run 1).

After upgrades during 2013–2015, pp collisions took place at
p

s = 13 TeV with 25 ns

bunch spacings. The data-collecting period in 2015–2018 is referred to as Run 2, and

the cumulative luminosity over the 2015–2017 period is displayed in Figure 2.2a. The

13 TeV data analysed in this thesis corresponds to 3.2 fb−1 and 36.1 fb−1, accumulated

by the end of 2015 and 2016 respectively. Adding the data collected during 2017 and

2018 results in 140 fb−1 available for analysis.

Increasing instantaneous luminosity, such as augmenting the number of protons

per bunch, results in further pp interactions known as pileup. Pileup is considered

background, as its kinematics are stochastic and have lower momentum than hard-

scatter interactions of interest. In-time pileup arises when these extra interactions occur

in the same bunch, which is parametrised by the number of reconstructed primary

vertices NPV. Meanwhile, out-of-time pileup refers to events misidentified with those

from different bunch crossings due to detector readout rate being lower than the bunch

crossing frequency; this is parametrised by the mean number of interactions per bunch

crossing 〈µ〉. This distribution separated by year is shown in Figure 2.2b.
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Figure 2.2: Displayed are: (a) Total integrated luminosity delivered by the LHC during
Run 2 in 2015–2017 data-taking (green) and recorded by ATLAS (yellow), and the subset
that is good for physics analysis (blue); (b) the luminosity weighted distribution of the
mean number of interactions per bunch crossings for the different years of data-taking.
Reproduced from [36].

2.2 ATLAS Experiment

Figure 2.3: Cutaway render of the ATLAS detector, reproduced from Ref. [19].

The ATLAS (A Toroidal LH C ApparatuS) Experiment [19] is a general-purpose particle

detector of cylindrical geometry (Figure 2.3). Its design facilitates a broad physics

programme, which demands robust triggering, identification and reconstruction of

particles amidst challenging radiation conditions [37].
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ATLAS uses a right-handed coordinate system with the origin defined at the interaction

point. The x axis points toward the centre of the LHC and y upwards. Cylindrical

coordinates (r,φ) are used and the pseudorapidity is defined by η = ln cot (θ/2), where

θ is the polar angle relative to the beam axis z. Angular distances are measured by

∆R≡
p

(∆η)2 + (∆φ)2. Rapidity is defined as y = 1
2 ln[(E + pz)/(E − pz)], where E is

the energy and pz is the longitudinal component of the momentum of the particle. The

rapidity equals the pseudorapidity for massless particles.

The design of ATLAS is influenced by the physics expected to be probed by the LHC.

Detection of the Higgs boson and new physics searches are principal targets. These

heavy states are produced close to threshold, whose decay products tend to have lower

values of |η| than those from background processes. ATLAS is hermetic in φ and has

good forward–backward coverage up to |η|< 4.9. This favours reconstruction of nearly

every energetic particle in an event, allowing determination of missing momentum from

neutrinos or dark matter.

Table 2.1 summarises the various subsystems of the ATLAS detector, where brief

overviews of each are henceforth discussed. The information recorded by the wide-

ranging detector technologies underpins triggering and objects reconstructed for analysis.

Table 2.2 summarises the particles produced in high energy LHC collisions and their

resulting signature in the ATLAS detector. Multiple subsystems minimise ambiguous

identification of objects. For example, a muon relies on both inner detector and muon

spectrometer information. States that are unstable on detector timescales, such as the Z

boson, are reconstructed from its decays to objects sufficiently stable to be detected by

ATLAS e.g. muons. Electrons, muons, jets (collimated streams of hadrons) and missing

transverse momentum are the objects used in the search for supersymmetry presented

in Chapter 5, which require information from all the ATLAS subsystems of Table 2.1.

Details on the definitions of these objects are deferred to Section 5.3.

2.2.1 Inner detector

The inner detector [39] (Figure 2.4) is situated nearest the beam pipe, employing silicon

sensor [40] and transition radiation technologies [41]. Traversing charged particles

leave signals, referred to as hits, in the sensors of these subsystems. These are used for
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Subsystem |η| coverage Active material Hardware trigger Object reconstruction

Inner detector

Pixel < 2.5 Silicon Not used
Vertex, Q, p

SCT < 2.5 Silicon Not used
TRT < 2.0 Argon, xenon gas Not used Vertex, Q, p, e PID

Calorimetry

ECal Barrel < 3.2 Liquid argon

Emiss
T , jet, e

EM energy, e/γ PID
HCal Endcap [1.5, 3.2] Liquid argon Hadronic energy
FCal [3.1, 4.9] Liquid argon EM & hadronic energy
HCal Barrel < 1.7 Tile scintillator Hadronic energy

Muon spectrometry

RPC < 1.05 C2H2F4 gas Muon

Q,p of µ
TGC [1.05, 2.4] CO2, n-C5H12 gas Muon
MDT < 2.7 Ar, CO2 gas Not used
CSC [2.0, 2.7] Ar, CO2 gas Not used

Table 2.1: Summary of the ATLAS detector subsystems [19] used in this thesis. For each,
the pseudorapidity |η| coverage, its active material, and use in the Level 1 (L1) hardware
trigger for this thesis are indicated. Brief remarks on the primary roles each subsystem
plays in object reconstruction are also displayed, such as charge Q and momentum
p determination, particle identification (PID), and electromagnetic (EM) or hadronic
energy measurements. Electrically neutral states, such as photons and neutrons do not
leave a signature in the inner detector. Particles that interact only via the weak force,
such as neutrinos and dark matter candidates, are not detected by any subsystem.

precision reconstruction of tracks and their associated vertices. These subsystems are

immersed in a uniform 2 T magnetic field aligned parallel to the beam pipe, generated

by the enclosing superconducting solenoid. This enables measurement of track curvature

and thus determination of particle charge and momentum.

Pixel detector Located closest to the interaction point, the pixel detector [42, 43]

comprises 80 million channels distributed across 1744 silicon modules, with fine spatial

granularity of 8 µm in r–φ and 115 µm in z. The modules are arranged across three

concentric barrel layers at r of 50.5, 88.5 and 122.5 mm and two endcaps, each with three

disks at |z|= 495, 580 and 650 mm from the interaction point. A fourth layer, referred

to as the insertable B-layer [44], was installed for Run 2 at r = 33 mm, |z|< 332 mm to

provide an extra hit near the beam pipe, enhancing impact parameter resolution. This

improves primary vertex reconstruction, secondary vertex finding, with flavour tagging
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Particle Mass [GeV] Stability Detector signature

Quarks

Up u 2× 10−3 Unstable ECal, HCal (jets)
Down d 5× 10−3 Unstable ECal, HCal (jets)
Strange s 0.1 Unstable ECal, HCal (jets)
Charm c 1.3 Metastable ECal, HCal (jets), displaced vertex
Bottom b 4.2 Metastable ECal, HCal (jets), displaced vertex
Top t 173 Unstable mt from e.g. t → bW → jets

Leptons

Neutrinos νe,µ,τ < 10−9 Stable Invisible (missing momentum)
Electron e 5× 10−4 Stable Silicon, TRT hits, transition radiation, ECal
Muon µ 0.106 Stable Silicon, TRT hits, muon spectrometer
Tau τ 1.78 Metastable Jets, displaced vertex

Bosons

Gluon g 0 Unstable ECal, HCal (jets)
Photon γ 0 Stable No tracks, ECal deposit
W± boson 80.3 Unstable mW from e.g. W → µνµ
Z boson 90.1 Unstable mZ from e.g. Z → µµ
Higgs boson h 125.1 Unstable mh from e.g. h→ γγ

Table 2.2: Summary of particles produced in LHC collisions, their mass, stability on
timescales resolved by ATLAS, and their typical signature in the various ATLAS subsystems.
Further details of particle properties and their field theoretic formalism are presented in
Section 3.1. Jets are collimated streams of hadrons, formed from the fragmentation of
quarks and gluons. Additional details of object reconstruction as used in this thesis are
discussed in Section 5.3. Masses are from the Particle Data Group [38].

performance seeing a four-fold increase in light flavour jet rejection for 80% efficiency

of identifying jets with b-quarks from benchmark simulation studies [45].

Semiconductor tracker (SCT) The SCT [46,47] surrounds the pixels and comprises over

6 million silicon strips across 4088 independent modules, each mounted with 768 active

silicon strip sensors. The modules are arranged on four concentric barrel layers at r

ranging from 299 to 514 mm, covering the region |η|< 1.5, while nine disks on each

endcap spread over a |z| of 853.8 to 2720.2 mm extend the tracking range to |η|< 2.5.

Each layer has transverse r −φ plane resolution of 17 µm and a z-resolution of 580 µm.

Transition radiation tracker (TRT) Surrounding the SCT is the TRT, consisting of ∼

350,000 straw drift tubes, each with 4 mm diameter. These are oriented parallel to
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Figure 2.4: Cutaway render of the inner detector, reproduced from Ref. [19].

the beam pipe for the 73 layers between r of 563 and 1066 mm in the barrel region.

Meanwhile, 160 layers of straws are oriented radially on the endcaps between |z| of 848

and 2710 mm. Together, these provide r −φ measurements of charged particles up to

|η|® 2 with a spatial resolution of 130 µm [41]. The straws are filled with a mixture of

gases comprising primarily of xenon or argon gas, and electron identification is possible

through the detection of X-ray photons known as transition radiation [48].

2.2.2 Calorimetry

Figure 2.5: Cutaway render of the calorimetry system, reproduced from Ref. [19].
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The ATLAS calorimeters (Figure 2.5) uses sampling calorimetry for particle energy

measurement, ensuring a compact design with excellent shower containment [49]. These

measurements underpin reconstruction of electrons, jets, and missing transverse energy

used in this thesis. Alternating layers of passive absorbing and active recording material

induce showering and measure cascade energies respectively. Two active materials are

employed: liquid argon [50], and plastic scintillator tiles [51] for the calorimetry of

electromagnetic and hadronic processes as follows.

Liquid argon Liquid Argon (LAr) technology is used for calorimetry of both electro-

magnetic and hadronic processes [50, 52, 53]. The LAr electromagnetic calorimeter

(ECal) has a barrel part covering |η|< 1.475. It is made of 1024 pairs of lead absorbers

arranged in an accordion geometry. The remaining cavities are filled with liquid argon

for fine granularity energy measurement of photons and electrons.

The barrel consists of three distinct sections of increasing radius. First, strip cells

provide fine η granularity, enabling discrimination of electromagnetic photons from

π0→ γγ, while the following two layers measure the bulk and tail of the shower and

have coarser granularity. LAr presamplers are placed in front of the ECal for |η|< 1.8 to

recover lost energy from premature showering of particles traversing through the inner

detector. Particles typically traverse ¦ 22 radiation lengths through the ECal.

Two coaxial disks form the ECal endcap, covering 1.375< |η|< 3.2 and also have an

accordion structure. In the range 1.5< |η|< 3.2, the endcap has modules for hadronic

calorimetry (HCal), whose showers are broader than electromagnetic ones, and uses

copper absorbers for faster heat dissipation.

Forward calorimeter (FCal) modules [54] extend coverage up to |η| < 4.9. The

module closest to the interaction point uses copper as the absorbing material for elec-

tromagnetic showers. Two further modules are used for hadronic calorimetry, using

tungsten absorbers for better hadronic shower containment.

Tile scintillator Hadronic calorimetry in the barrel region |η|< 1.7 uses tile scintilla-

tors [51,55–57]. Steel absorbers have an nuclear interaction length of 16.8 cm, while

the active material comprises plastic scintillation tiles. Scintillation photons propor-

tional to deposition energy are collected by wavelength-shifting fibres at the end of cells.
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Photomultiplier tubes at the end of each row of cells measure these signals.

2.2.3 Muon spectrometry

Figure 2.6: Schematic diagram of the muon spectrometer, reproduced from Ref. [19].

The muon spectrometer [58,59] (Figure 2.6) comprises a system of fast but coarse

detectors for triggering, complemented by slower but higher precision tracking chambers.

These are surrounded by three 0.5−1 T superconducting toroidal magnets, which curve

muons in the r −η plane for momentum measurement.

Triggering Resistive plate chambers (RPCs) [60] and thin gap chambers (TGCs) [61]

provide triggering in the region |η|< 2.4. These feature two parallel plates with a gas

gap and release an avalanche of ionised electrons upon muon traversal. The position

resolutions are relatively coarse, ranging between 2 to 10 mm for the TGC (RPC).

Together, they have a particle hit-to-signal response time of less than 25 ns enabling

robust association with bunch crossings.

Tracking The monitored drift tubes (MDTs) [62] perform precision tracking and mo-

mentum measurements of the muons in the region |η|< 2.7. The tubes are gas filled and

ionised electrons drift towards the central anode wire. The fine position resolution is as

good as 35 µm while charge collection times are as high as 700 ns. Complementing the

MDTs in the forward region 2< |η|< 2.7 are cathode strip chambers (CSCs) [63]. To-
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gether, these can measure muons with energies as low as 3 GeV (restricted by calorimetry

losses), which limits reconstruction of low momentum muons relevant for this thesis.

2.2.4 Trigger and data processing

Bandwidth and storage limitations make recording every event produced at the LHC

collision rate of 40 MHz unfeasible. A subset of these events, typically those with

energetic objects, are therefore selected using a two-stage trigger system [64]. The Level

1 (L1) triggers are implemented in hardware processors that reduce event rates from

40 MHz to 100 kHz. Only relatively coarse signatures reconstructed from calorimeter

or muon chamber information in regions of interest are used to ensure decision times

remain within 2.5× 10−6 s. The software-based High Level Trigger (HLT) then selects

a subset of these events to further reduce the recording rate to 1 kHz. The HLT has

processing times of order 0.2 s, allowing use of more information from other subsystems.

To reduce bandwidth, some triggers record a random subset of events selected (typically

those with low thresholds); these are referred to as prescaled triggers.

The search presented in Chapter 5 uses triggers that select events with large mag-

nitudes of missing transverse momentum (Emiss
T ), which is a typical signature of dark

matter production. Specifically, HLT_xe110_mht_L1XE50 is the lowest unprescaled

Emiss
T trigger with the highest threshold considered in 2015–16 data analysed in Chapter 5.

Here, the L1XE50 indicates a Emiss
T > 50 GeV threshold is applied by the L1 trigger, which

makes use of calorimeter measurements. The HLT_xe110_mht denotes Emiss
T > 110 GeV,

calculated from the negative of the transverse momentum vector sum of all jets recon-

structed by the HLT. Figure 2.7 shows the performance of this trigger as a function of

the analysis-level (offline) Emiss
T measured during 2017 data-taking, where full efficiency

is reached for Emiss
T > 200 GeV. As part of the estimation of reducible backgrounds

presented in Section 5.5, prescaled single electron (HLT thresholds between pT > 5 and

20 GeV) or muon triggers (HLT thresholds between pT > 4 and 18 GeV) are also used.

For further details on triggers, see Ref. [64].

Even retaining 1 in ∼ 105 events, ATLAS records ∼ 1016 bytes of data per year. A

multi-tier computing system called the Worldwide LHC Computing Grid distributes this

data across the world for processing [66]. All ATLAS data and Monte Carlo simulations
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Figure 2.7: Efficiency of various missing transverse momentum triggers as a function of
analysis-level Emiss

T (before correcting for muons). These are measured in events selected
using single muon triggers. The HLT_xe110_mht_L1XE50 trigger is the one with highest
threshold considered for data analysed in Chapter 5. The mht algorithm defines Emiss

T
as the transverse component of the negative vectorial sum of jets reconstructed at the
HLT. This differs from analysis-level Emiss

T , which considers the negative sum of all visible
reconstructed objects. The HLT_xe110_pufit_L1XE50 trigger is the nominal Emiss

T
trigger used to record data in 2017, but is not considered in this thesis. Reproduced
from Ref. [65].

are stored at the CERN Tier 0 (T0) data centre, and are distributed to regional Tier 1

nodes. The initial processing is done in the AT H E N A computing infrastructure, while

subsequent data analysis is typically performed using ROOT [67].

Figure 2.8 visualises the result of this particle detection and data processing, display-

ing an event with large Emiss
T and an energetic jet recorded using the Emiss

T trigger. The

observation and calculation of Emiss
T is possible due to the hermetic nature and excellent

reconstruction capabilities of the detector. Figure 2.9 shows a Higgs boson candidate

event in the final state with two electrons and two muons. The 25 additional vertices

demonstrate the importance of the tracker and the robustness of lepton reconstruction

in harsh pileup conditions. Large Emiss
T , an energetic jet, electron and muon pairs are

objects used in the supersymmetry search presented in Chapter 5.
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Figure 2.8: Event from 2016 ATLAS data taking showing a jet with pT = 1.71 TeV
indicated by the green and yellow bars corresponding to the energy deposited in the
electromagnetic and hadronic calorimeters respectively. The Emiss

T = 1.74 TeV is shown
as the white dashed line. The left-hand side shows a three-dimensional cutaway render
of the calorimeters (light blue) and toroidal magnets (grey). The right-hand side shows
a transverse projection of the detector. Reproduced from Ref. [68].

Figure 2.9: A Higgs boson candidate event from 2016 ATLAS data-taking. Displayed
are the trajectories of 2 electrons and their energy deposition in the electromagnetic
calorimeter (green bars) together with 2 reconstructed muons and hits in the muon
spectrometer (red lines). The electrons have pT(e) = 23, 19 GeV, while the muons have
pT(µ) = 31, 29 GeV. The invariant mass of the electrons and muons is 119 GeV. Grey lines
indicate reconstructed tracks with pT > 1 GeV arising from 25 additional pp collisions
due to pileup. Reproduced from Ref. [69].
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Theory for fundamental physics

The remarkable capabilities of the LHC and ATLAS experiment (Chapter 2) enable

precision measurement of event rates and cross-sections σ, specified by Eq. 2.1, across

wide-ranging final states and kinematic regimes. Equally remarkable is the ability to

describe and predict these phenomena using principled theoretical understanding. Two

concepts in quantum field theory connect the observables of scattering experiments with

the underlying theory. First is the principal equation of scattering physics [70]

σ =
1
I

∫

|〈 f |M|i〉|2 dΠ f . (3.1)

Here, I is the flux of the initial state |i〉 protons delivered by the LHC, and dΠ f is

the differential kinematic phase space of the final states | f 〉 measured by ATLAS. The

probability of a process P(|i〉 → | f 〉) is given by the modulus square of the quantum

amplitude 〈 f |M|i〉. Second, particles are excitations of fields and the particle scattering

matrixM is related to a path integral
∫

D[Φ] over field configurations [70]

〈 f |M|i〉 ∼
∫

D[Φ]eiS[Φ]. (3.2)

The action S is a functional of the set of fields Φ(x) and this chapter discusses the forms

of S[Φ] tested in this thesis. Section 3.1 summarises the conceptual structure of the

Standard Model (SM) that governs the properties and interactions of the particles detected

by ATLAS (Table 2.2). Striking phenomenological shortcomings reviewed in Section 3.2

motivate physics beyond the SM, emphasising why new states are expected near the weak

scale and merit dedicated searches at the LHC. Section 3.3 then highlights supersymmetry

and how certain mass spectra explored in this thesis are phenomenologically favoured.

16
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3.1 The structure of matter and forces

Particles observed in detectors (Table 2.2) are quantum states |m, s〉 labelled by mass

m and spin s, which can be massive or massless, while s can be integer or half-integer

units of spin [71]. These quantum numbers are associated with spacetime symmetries;

further quantum numbers, such as charge or flavour, are labels associated with internal

symmetries. These physical degrees of freedom are embedded into field representations

of the Poincaré group of spacetime symmetries: scalar φ(x), Weyl spinor ψα(x),ψα̇(x),

and vector Aµ(x). These fields are assembled into an action, S in Eq. 3.2, to define the

SM. Our description will be concise; the reader is referred to Refs. [70–75] for details.

Sector Spin Field Representation

Higgs φ 0
�

H+ H0
�

(1,2, 1)

Quarks q 1
2

(u d)L
�

3,2, 1
3

�

uc
R

�

3̄,1,−4
3

�

d c
R

�

3̄,1, 2
3

�

Leptons ` 1
2

(νe e)L (1,2,−1)
ec

R (1,1, 2)

Gauge A 1
ga Gluon (8,1, 0)
W a Weak bosons (1,3, 0)
B Hypercharge boson (1,1, 0)

Table 3.1: Field content of the Standard Model and their representations under (SU(3)C,
SU(2)L, U(1)Y). The electric charge Q (in units of electric charge e) is related to the
SU(2)L isospin eigenvalue I3 and hypercharge Y by Q = I3 +

1
2 Y . The c superscript qc

denotes complex conjugation. The quarks and leptons run over 3 generations, while L
and R subscripts denote left and right chirality respectively.

Table 3.1 displays the field content of the SM, defined by their representations under

the SM gauge group: SU(3)C × SU(2)L × U(1)Y. The three generations of quarks and

leptons (Table 2.2) are spinor fields. The bosonic content comprises a scalar Higgs field

φ and vector fields, namely eight gluons ga mediating the strong force while four bosons

W a, B govern the electroweak force, where a is the group index. Their dynamics are

governed by terms in the action S =
∫

d4 xLSM consistent with global Poincaré symmetry,

invariance under the SM gauge group, energetic stability, and renormalisability [75]. Just
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six non-trivial classes of terms1 in the Lagrangian density LSM satisfy these conditions:

LSM = −
1
4

F2 + iψγ · Dψ+ |Dφ|2 +µ2φ2 +λφ4 − yφψψ. (3.3)

Sums over Lorentz, spinor, gauge group and fermion generation indices are suppressed

for clarity. We summarise the conceptual features of each term:

• Yang–Mills −1
4 F2. This term governs the dynamics of the gauge fields A(x), which

are adjoint representations of the respective gauge groups. The field strength

F(x) is formed by the commutator of the covariant derivatives D = ∂ − igA by

iF = [D, D], with one dimensionless coupling g for each of the three gauge groups.

• Dirac iψγ·Dψ. This term is the kinetic term for the Weyl fieldsψ(x) (quarks q and

leptons `) and defines their coupling to the gauge fields, as implied by the covariant

derivative and representations (Table 3.1). The gamma matrices γ ensure Lorentz

invariance of this term, defined by the anticommutator {γµ,γν} = 2ηµν, where

ηµν is the spacetime metric.

• Higgs sector |Dφ|2+µ2φ2+λφ4. These terms comprise a kinetic term |Dφ|2 for

the complex scalar φ(x). The two potential terms feature the only dimensionful

parameter here, µ, which sets the scale of electroweak symmetry breaking, while

the dimensionless coupling λ parametrises the quartic term.

• Yukawa yφψψ. This term couples quarks and leptons to the Higgs field. The

dimensionless couplings y parametrise the fermion masses and flavour mixing

angles, namely the Cabbibo–Kobayashi–Maskawa (CKM) matrix in the quark sector.

The experimentally determined parameters are three gauge couplings g, two Higgs

potential parameters µ,λ, nine Yukawa couplings for fermion masses (six quarks, three

charged leptons), with three angles and one phase of the CKM matrix. Once these are

measured at a particular scale, Eq. 3.3 and Tab. 3.1 completely specify the SM. Fig. 3.1

shows the empirical consistency in the theoretical predictions of cross-sections for various

SM processes with those measured by ATLAS.

1One more non-trivial term actually satisfies these requirements, namely −θ F ∗ F , where ∗ denotes a
totally antisymmetric Lorentz contraction and θ is a dimensionless parameter. However, this ‘topological
term’ does not contribute to perturbation theory or collider observables within the scope of this thesis.
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Figure 3.1: Summary of several total and fiducial cross-section measurements by ATLAS
and comparisons to their theoretical SM predictions, where fiducial means within the
acceptance of the detector volume. The theoretical predictions are calculated at next-
to-leading order or higher. Certain processes assume SM branching ratios, namely
Higgs boson production. Not all processes have statistically significant observations.
Reproduced from Ref. [76].

3.2 Physics beyond the Standard Model

The SM has numerous shortcomings that motivate broad searches for new physics beyond

the Standard Model (BSM). We elaborate on the dark matter and hierarchy problems

due to their relevance in motivating BSM dynamics near the weak scale studied in

this thesis. Other observational motivations include tension in tests of lepton flavour

universality [77–80], tension in the muon anomalous magnetic moment [81,82], the

nature of neutrino masses [83, 84], anomalies in short baseline and reactor neutrino

experiments [85–87], insufficient CP violation to explain the ∼ 10−9 matter–antimatter

asymmetry [88, 89], absence of strong CP violation motivating axions [90, 91], dark
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energy accelerating cosmic expansion [92–98], and new dynamics driving cosmological

inflation [99–101]. Meanwhile, unexplained representations of the SM gauge group,

relative strength of gauge couplings, chiral structure of weak interactions, tri-generational

fermions, and hierarchy of Yukawa couplings all motivate deeper theoretical explanation,

such as grand unification [102–104].

3.2.1 Particle dark matter

One of the most startling realisations of contemporary physics is that the SM cannot

account for particle dark matter (DM) [105–109]. This is motivated by a multitude of

independent astrophysical phenomena. Evidence for the existence and particle nature of

DM arises from the gravitational sector, spanning a wide range of scales from galactic to

cosmological. At smaller scales, galactic rotation curves [110,111], galaxy cluster motion

[112,113], through to weak and strong gravitational lensing [114,115] require additional

non-baryonic matter content for empirical consistency. Galaxy cluster collisions, notably

the Bullet Cluster [116], and a recently observed galaxy without measurable DM [117]

are difficult to reconcile with modifications to gravity alone, further evidencing the

particle nature of DM. At intergalactic scales, DM is necessary for simulations of large

scale structure formation to be consistent with cosmological surveys [94]. Cosmic

microwave background measurements by the WMAP and Planck collaborations [95,96]

show DM to be about five times as abundant as SM matter.

Elucidating the identity and elementary properties of DM is one of the most press-

ing questions in fundamental physics. Astrophysical constraints motivate canonical

assumptions about particle DM: candidates interact via gravity, have suppressed electro-

magnetic interactions, cosmological lifetime, lower thermal dissipation than baryons,

small self-interactions, are cold i.e. non-relativistic at early universe decoupling [105].

One favoured class of candidates is the weakly interacting massive particle (WIMP).

WIMPs χ are thermal relics, assumed to have been in thermal equilibrium with SM

states during the early universe. The cosmological relic abundance2 Ωχh2 is set by

the thermally-averaged self-annihilation χ + χ → SM + SM cross-section 〈σv〉 such

2When appearing with the present-day dimensionless energy density parameter Ω, h =
H0/(100 km s−1 megaparsec−1) is the reduced Hubble constant [118] rather than the Higgs boson also
denoted by h.
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that [119]

Ωχh2 '
0.1pb
〈σv〉

' 0.1
�

0.01
α

�2 � mχ

100GeV

�2

. (3.4)

If WIMPs have weak scale masses mχ and couplings α, the observed abundance Ωχh2 '

0.120± 0.001 [95,96,120] is naturally obtained. This use of cosmological arguments to

motivate DM near the weak scale provides a key target to search for their production at

the LHC. Due to its weak interaction, DM escapes detection in ATLAS. One therefore

relies on measurement of other visible objects produced in association with DM to infer

its production via excesses in Emiss
T . The class of WIMP DM studied in this thesis is the

neutralino eχ0
1 predicted by supersymmetric theories, which is introduced in Section 3.3.

3.2.2 Mass hierarchies and radiative instability

The hierarchy problem in the Higgs sector [121,122] is an issue of dynamical stability. To

underscore its severity, let us recount the generation of fermion masses in the SM. Upon

electroweak symmetry breaking [123–127], the Higgs field gains a vacuum expectation

value (vev) 〈φ〉=
�

0
v/
p

2

�

, where v ≡
p

2µ2/λ' 246 GeV. Fluctuations h(x) about v

are identified as the Higgs boson with tree-level mass mh = µ while fermion masses mi

are proportional to the Yukawa couplings mi = yi v/
p

2.

A mass hierarchy exists between the Higgs boson and electron mh/me ∼ 106. While

unexplained in the SM, this hierarchy is radiatively stable because small fermion masses

are technically natural [128]. This means an enhanced symmetry (chiral symmetry

for fermions) exists in the limit me → 0. Radiative corrections to fermion masses are

proportional to the fermion mass itself δme ∼ me log(mh/me).

By contrast, fundamental scalars have no symmetry to protect their masses from

radiative instability induced by heavy states e.g. those expected near the Planck scale

MPl ∼ 1018 GeV. Radiative corrections to the Higgs mass parameter µ are quadratically

sensitive to ultraviolet scales δµ ∼ M2
Pl, leading to severe dynamical fine-tuning ∼

1030. This runs contrary to conventional intuition from effective field theory [129],

where ultraviolet physics is decoupled from infrared dynamics e.g. planetary motion is

insensitive to molecular fluctuations.

To stabilise this hierarchy, canonical solutions propose novel dynamics near the weak
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scale that are accessible to the LHC. Examples include extra spatial dimensions [130,131]

or composite Higgs scenarios [132]. This thesis explores the supersymmetric solution,

which ties the Higgs mass to that of a new fermion (Higgsino) by supersymmetry. The

Higgs–Higgsino supermultiplet is then technically natural due to the chiral symmetry

of the fermion [133]. If realised in nature, this solution is complicated by the fact

supersymmetry is broken, discussed in the next section. A search for Higgsinos is

presented in Chapter 5.

3.3 Weak scale supersymmetry

The previous section detailed two independent arguments—one astrophysical (dark

matter), the other field theoretic (radiative instability)—that favour BSM physics near

the weak scale. Supersymmetry (SUSY) [134–140] realised near the weak scale would

address both issues, while providing a consistent theoretical framework for BSM phe-

nomenology at the LHC. SUSY extends the Poincaré spacetime symmetry with fermionic

generators and predicts new states that differ by half a unit of spin from SM particles.

The formalism of SUSY is not reviewed but results stated, following Refs. [141,142].

3.3.1 The minimal supersymmetric Standard Model

This thesis focuses on the minimal supersymmetric Standard Model (MSSM) [143–145],

which extends the SM to contain two Higgs doublets. These Higgs bosons and their spin
1
2 partners called Higgsinos eH are embedded in chiral supermultiplets. The SM fermions

and their spin 0 partners (referred to as sfermions, namely squarks q̃ and sleptons ˜̀) are

also embedded in chiral supermultiplets. The SM gauge bosons and their spin 1
2 partners

(referred to as gauginos, namely the bino eB, winos fW and gluino g̃) are embedded in

vector supermultiplets. This field content of the MSSM is displayed in Table 3.2.

A global, multiplicative Z2 symmetry referred to as R-parity [146] is assumed through-

out this thesis, with quantum numbers assigned by

R≡ (−1)3(B−L)+2S =

¨

+1 for Higgs bosons, gauge bosons, fermions,

−1 for Higgsinos, gauginos, sfermions.
(3.5)

Here, S denotes the spin, B and L are the baryon and lepton number respectively.

Imposing this symmetry gives phenomenologically favourable features: baryon-number
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Chiral supermultiplet Spin 0 Spin 1
2 Representation

Higgs Higgsinos
Hu

�

H+u H0
u

� �

eH+u eH0
u

�

(1,2, 1)
Hd

�

H0
d H−d

� �

eH0
d
eH−d
�

(1,2,−1)

Squarks q̃ Quarks q
Q

�

ũ d̃
�

L
(u d)L

�

3,2, 1
3

�

U c ũc
R uc

R

�

3̄,1,−4
3

�

Dc d̃ c
R d c

R

�

3̄,1, 2
3

�

Sleptons ˜̀ Leptons `
L (ν̃e ẽ)L (νe e)L (1,2,−1)
Ec ẽc

R ec
R (1,1, 2)

Vector supermultiplet Spin 1
2 Spin 1 Representation

G ega Gluino ga (8,1, 0)
W fW a Wino W a (1,3, 0)
B eB Bino B (1,1, 0)

Table 3.2: Field content of the minimal supersymmetric extension to the Standard Model
(MSSM), with notation as that in Table 3.1.

violating interactions such as unobserved proton decay p→ π0e+ are forbidden, while

the lightest supersymmetric particle (LSP) is stable such that neutral massive states are

DM candidates. Another consequence is that SUSY states are pair-produced at colliders.

Masses of supersymmetric states If realised near the weak scale, SUSY must be broken

for new states to have evaded detection. Specific SUSY breaking mechanisms are

discussed in Refs. [141,142]. The MSSM parametrises the unknown masses using soft

SUSY breaking terms

−Lsoft = m2
Hd
|Hd |

2 +m2
Hu
|Hu|

2 −µ (Hu ·Hd + h.c.) Higgs sector

+m2
eQ

�

�
eQ
�

�

2
+m2

eU

�

�
eU c
�

�

2
+m2

eD

�

�
eDc
�

�

2
+m2

eL

�

�
eL
�

�

2
+m2

eE

�

�
eE
�

�

2
sfermion masses

+
1
2

�

M1
eBeB +M2

fWfW +M3egeg
�

gaugino masses

+
�

yuAu
eQ ·HuU c − ydAd

eQ ·Hd Dc − yeAe
eL ·Hd

eEc + h.c.
�

trilinear A terms.
(3.6)

Electroweak symmetry breaking occurs when the two Higgs fields obtain a vev

〈Hu〉 = vsβ , 〈Hd〉 = vcβ , where v ' 174 GeV and sβ ≡ sinβ , cβ ≡ cosβ . The resulting



3.3 Weak scale supersymmetry 24

Higgs bosons states are two CP-even neutral states h and H, where mh < mH , one CP-odd

neutral state A, and a charged scalar H±.

The scalar partners of the left- and right- handed fermions (denoted f̃L and f̃R

respectively) mix to form mass eigenstates, typically to an extent proportional to the

Yukawa coupling. Thus, we refer to the selectron and smuon mass eigenstates by the

chirality of their SM partner (˜̀L, ˜̀R), while significant mixing is expected in the third

generation such that the masses of the stau are denoted τ̃1,2 with mτ̃1
< mτ̃2

. The squark

sector also follows this pattern of mixing. Throughout this thesis, no additional CP

violation is assumed beyond that of the CKM matrix.

Particularly relevant to this thesis is the mass spectrum of the fermionic partners of the

electroweak gauge bosons and Higgs bosons, referred to as electroweakinos. Their mass

spectrum is largely controlled by the values of the Higgsino µ, bino M1, and wino M2 mass

parameters. The neutral bino and wino (eB,fW 0) mix with the neutral Higgsinos ( eH0
d , eH0

u)

to form four neutralino mass eigenstates eχ0
i=1,2,3,4 (subscripts ordered by increasing

mass). Denoting the gauge eigenbasis of 2-component spinors as eψ0 = (eB,fW , eH0
d , eH0

u)
T,

the mass Lagrangian takes the Majorana form [147]

Lmass
eψ0
= −

1
2
eψT

0 M
eψ0
eψ0 + h.c. , (3.7)

where the mass matrix M
eψ0 is parametrised at tree-level by

M
eψ0 =







M1 0 −mW tθW
cβ mW tθW

sβ
0 M2 mW cβ −mW sβ

−mW tθW
cβ mW cβ 0 −µ

mW tθW
sβ −mW sβ −µ 0






. (3.8)

This is diagonalised into the neutralino mass eigenbasis eχ0
i by a unitary transformation

eχ0
i = Ni j

eψ0
j , where Ni j are the components of the neutralino mixing matrix, such that

(M
eχ0)i j = m(eχ0

i )δi j are the neutralino mass eigenvalues. These eigenmasses are taken to

be real because no additional CP violation is assumed, but can be negative as described in

Ref. [147]. The lightest neutralino eχ0
1 is assumed to be the LSP throughout and is a DM

candidate [148,149]. Similarly, the electrically charged winos fW± = (fW 1 ± ifW 2)/
p

2

mix with the charged Higgsinos eH+u , eH−d to form chargino mass eigenstates eχ±i=1,2, as

detailed in Ref. [147].
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Guiding principles formass spectra The MSSM mass spectrum is not uniquely predicted,

but various scenarios favour certain mass hierarchies featured in this thesis:

• Natural SUSY with low fine-tuning. In the MSSM, the Z boson mass mZ is

related to the Higgsino mass parameter µ and Higgs boson mass mHu
by −m2

Z/2 =

|µ|2+m2
Hu

at tree-level [150,151]. In particular, the masses of the third-generation

squarks (stops) and gluino contribute to the value of m2
Hu

at one-loop and two-loop,

respectively. Naturalness arguments [152,153] motivate the terms |µ|2 +m2
Hu

to

be near m2
Z , ensuring low fine-tuning. This suggests that the Higgsinos, stops and

gluinos are accessible at the LHC. LHC constraints on gluinos are further discussed

in Chapter 4 while a search for Higgsinos is presented in Chapter 5.

• Split SUSY with high fine-tuning. Highly fine-tuned scenarios where SUSY is

broken far above the weak scale, e.g. the unification scale MU ∼ 1016 GeV, are

known as split SUSY [154,155]. Fermions remain near the weak scale, protected

by chiral symmetry, which facilitate gauge coupling unification and provide a DM

candidate. Meanwhile, all scalars are decoupled near MU except for the observed

light Higgs boson. This exemplifies that even highly fine-tuned scenarios can

motivate Higgsino dark matter at the weak scale, pursued in Chapter 5.

• Compressed spectra in DM coannihilation. DM coannihilation arguments [156,

157] motivate small mass splittings between the DM and next-to-lightest SUSY

state, referred to as compressed mass spectra. The relic abundance of bino eχ0
1

DM is typically larger than that observed by Planck, but can be depleted by a

coannihilator C nearby in mass m
eχ0

1
' mC , via eχ0

1 + C → SM + SM. Chapter 4

considers gluino or squark coannihilators, while Chapter 5 details scenarios where

C is the wino or slepton, together with their LHC search strategy and results.

3.3.2 Simplified models for experimental searches

Direct searches for BSM phenomena involve extracting statistically significant excesses

of events above the background prediction in regimes sensitive to production of new

particles. Model-agnostic strategies seek, for example, localised peaks above a smoothly

falling dijet invariant mass spectrum m j j [158]. However, such inclusive searches may not
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have sufficient sensitivity to specific BSM scenarios with richer kinematic correlations,

such as gluino decays. Furthermore, mass and spin determination of SUSY states—

spectroscopy—is non-trivial due to invisible particles in the final state. Several strategies

exist in the literature that can also act as powerful signal discriminants, such as those in

Refs. [159–164].

A separate problem is what theoretical framework best facilitates the design of

searches. Ideally, search strategies maximise the parameter space they are sensitive

to, while facilitating post-discovery model discrimination. Simplified models [165–171]

were conceived to address this problem as the first step in connecting excesses across

numerous search channels to the structure of the underlying theory. A small number of

free parameters characterise the most salient kinematic features of new on-shell states

X targeted by an experimental search, such as mass, spin, decay tree, and cross-sections

of X . Masses of other states are set to kinematically inaccessible values, while decay

branching fractions are fixed by hand. Figure 3.2 displays simplified model cross-sections

for various processes, showing the hierarchy of strong to electroweak production.

To reduce model-dependence, no explicit requirement is imposed on the structure of

the full theory nor the details of SUSY breaking or unification scheme. The key insight

advocated by Ref. [166] is that these simplified models can be used even if the structure of

the underlying theory were significantly more complex. For example, Figure 3.3a shows

a gluino simplified model characterised by two free parameters: m( g̃) and m(eχ0
1 ). For

comparison, Figure 3.3b shows the so-called 2-step model that captures the kinematics

of longer cascades often found in MSSM scenarios.

The sensitivity of these simplified models for gluino to neutralino DM cascades are

typically presented as Figure 3.4a, with exclusion limits reaching 2 TeV for neutralinos

near 100 GeV in mass. Similar plots are presented for a stop t̃ to bino DM with sensitivity

reaching 1 TeV for weak-scale neutralinos (Figure 3.4b). However, these simplified

model limits should only be viewed as benchmarks. Chapter 4 examines how search

sensitivity optimised for simplified models maps to more realistic spectra in the so-called

phenomenological MSSM with 19 parameters. Searches for electroweak production of

SUSY also use simplified models, which are further discussed in Chapter 5.
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Figure 3.3: Example diagrams illustrating simplified models of gluino pair production
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off-shell state (such as a squark) but the simplified model is agnostic to the structure of
this ultraviolet physics. The branching fraction of the g̃ → qqeχ0

1 direct decay, along with
each of the g̃ → qqeχ±1 , eχ±1 →W±

eχ0
2 , eχ0

2 → Z eχ0
1 decays in the 2-step cascade are set to

100%. Reproduced from Refs. [177,178].
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Dark matter and strong SUSY searches

In 2015, the LHC commenced Run 2 operations at the new energy frontier of
p

s = 13 TeV,

prompting a broad search programme for SUSY [179–199]. These primarily focused

on promising scenarios with largest cross-sections, such as strongly interacting states.

However, no statistically significant excesses were reported. This chapter explores how

the sensitivity of these searches optimised using simplified models map to more complete

models, based on work published in the European Physical Journal C [1,2]. The theoretical

framework of a 19-dimensional phenomenological MSSM (pMSSM) [200–209] is used,

which facilitates dark matter interpretations [210–217].

4.1 Overview of issues addressed

The ATLAS Collaboration previously examined the sensitivity of 22 Run 1 analyses within

the context of a 19-parameter pMSSM [218], while CMS undertook a similar survey using

different assumptions [219]. Our analysis extends such studies by including constraints

from six early 13 TeV ATLAS searches based on 3.2 fb−1 of integrated luminosity, and

reveals previously unexamined correlations in the pMSSM space. These strategies target

production of the gluino and light flavour squark sector. We organise our discussion

around the following questions that address various limitations in the literature:

1. How distinct are the regions of parameter space being probed by individual analy-

ses? Interpretations using the pMSSM often present combined constraints from

multiple searches as fractions of models excluded [204,213,218–220]. However,

this marginalisation obscures which analyses had greatest sensitivity to different

parameter subspaces, and also depends on the prior distribution of the parameter

scan and non-LHC constraints. Overlap matrices used in the literature [218] to

quantify the fraction of points jointly excluded by two analyses also face this issue.

29
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2. To what extent are analyses over-optimising to a set of simplified models, which

may preclude sensitivity to a wider class of scenarios? The pMSSM offers a greater

variety of decay chains, such as those with more intermediate on-shell sparticles,

which alter kinematics and branching fractions. How well these simplified model

focused searches are capturing the wider classes of signatures remains relatively

unexplored.

3. What neutralino DM scenarios can be probed competitively by 13 TeV collider searches

for coloured sparticles? Simplified dark matter models are stimulating the collider

frontier for DM searches [221–231]. ATLAS uses these to perform an explicit DM

interpretation for the Monojet search [184]. However, in the richer dark sector of

the pMSSM, the Monojet analysis can have substantially different reach, beyond

just the electroweakino sector [217,232–234].

Section 4.3 addresses the first question by directly correlating the most sensitive of

the six analyses considered with the masses of the gluino, LSP and lightest squark. We

examine the individual searches that provide sensitivity to distinct regions within these

mass plane projections. The regions identified are both prior-independent and reveal

significantly richer information than the overlap matrices previously used in literature.

Subsection 4.4.2 explores the second question by considering the analyses that

select leptonic events as a case study. By mapping simplified models onto pMSSM

sensitivity targeted by the 1-lepton analysis [181] and the same-sign or 3-lepton (SS/3L)

search [183], we identify scenarios beyond those considered for analysis optimisation.

Section 4.5 examines the third question by ascribing DM interpretations to each

13 TeV search considered, allowing comparisons to the Monojet search and non-collider

direct detection experiments [235, 236]. Striking correlations are exhibited, and we

discuss how distinct decay cascades are influenced by the bino, Higgsino or wino content

of the LSP, together with the coannihilation roles of coloured sparticles.

4.2 Theoretical framework and experimental constraints

This section reviews the assumptions and constraints applied to the pMSSM points

considered in this chapter. The points were produced by ATLAS in collaboration with
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external expertise [201–204], which we review in 4.2.1; for full details, see Ref. [218].

Section 4.2.2 summarises the method used for exclusion after interpreting six early

13 TeV ATLAS searches, with results summarised in 4.2.3. Finally, 4.2.4 displays the

prior distributions after Run 1 constraints before any 13 TeV constraints.

4.2.1 Review of the ATLAS pMSSM19

The 19 parameters of the R-parity conserving MSSM were scanned using flat priors with

sparticle mass scales capped at 4 TeV [218]. Starting with this MSSM, minimal flavour

violation was imposed and CP violation was restricted to the CKM phase in the quark

sector1 The neutralino was required to be the lightest supersymmetric particle (LSP).

Table 4.1 displays the three categories of LSP composition, as defined in Ref. [218].

Due to their different phenomenology, ATLAS employed importance sampling [218]

to ensure approximately equal proportions of each LSP type are selected. The relative

gauge eigenstate fractions for each of the three categories are displayed in Fig. 4.1.

The resulting model points were subjected to the following non-LHC constraints.

Lower mass bounds from LEP [22] were imposed together with precision measurements

from the electroweak isospin splitting parameter∆ρ [238], g−2 of the muon [81,82,239–

244], Z boson invisible width [21], branching fractions of heavy flavour states [245–252]

and Higgs boson mass [30] at the time of pMSSM points generation were applied [218].

Dark matter constraints were subsequently considered. To account for uncertainties

in nuclear form factors, ATLAS quadrupled2 the upper limit on the spin-independent

cross-section for LSP–nucleon interaction from LUX 2013 [253] before applying this

to the points. Similar constraints for the spin-dependent cross-section of LSP–proton

interactions were applied from COUPP [254], and XENON100 [255] for the LSP–neutron

cross-section. The LSP was not assumed to be the sole constituent of dark matter so only

an upper limit3 was set for the LSP relic abundance Ωχ̃0
1
h2, taken as ΩCDMh2 = 0.1208,

which is the central value plus twice the reported uncertainty from Planck [95].

1For investigations of the pMSSM with additional CP violating phases, see Ref. [237].
2This factor of four is based on varying low energy input parameters for various benchmark points as

discussed in Ref. [201].
3An independent study [220] considered ATLAS constraints with up to 14.8 fb−1, but on the subset

of points whose neutralino relic abundance was within 10% of Planck. We instead take the Planck
measurement as an upper bound, allowing for non-SUSY contributions to DM.
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Figure 4.1: Each lightest neutralino χ̃0
1 category ‘Bino-like’ (solid), ‘Wino-like’ (dotted),

‘Higgsino-like’ (dashed) defined in Table 4.1, the gauge eigenstate fraction is displayed
for N 2

11 (Bino fraction), N 2
12 (Wino fraction), and N 2

13 + N 2
14 (Higgsino fraction).

The 310.3k pMSSM points surviving all non-LHC constraints underwent evaluation

against 22 relevant Run 1 ATLAS searches using Run 1 data; for full details, see Ref. [218].

A total of 40.9% of points were excluded at 95% confidence level, and the numbers that

survive by LSP type are displayed in Table 4.2.

LSP type Definition

Bino-like B̃ N 2
11 >max

�

N 2
12, N 2

13 + N 2
14

�

Wino-like W̃ N 2
12 >max

�

N 2
11, N 2

13 + N 2
14

�

Higgsino-like H̃
�

N 2
13 + N 2

14

�

>max
�

N 2
11, N 2

12

�

Table 4.1: Definition of neutralino χ̃0
1 LSP categories from Ref. [218]. In the neutralino

mixing parameter Ni j, the first index denotes the neutralino mass eigenstate χ̃0
i while

the second indicates its dominant composition in the order
�

B̃, W̃ , H̃d , H̃u

�

.

4.2.2 Interpretation of early 13 TeV searches

We apply constraints from six 13 TeV ATLAS searches to the 183.8k pMSSM points

that survived Run 1. Long-lived squarks, gluinos and sleptons (cτ > 1 mm as defined

in Ref. [218]) make up 1.9k of these points. These require dedicated Monte Carlo

simulation and are beyond the scope of this chapter. Of the remaining 181.8k points,

we use MA DGR A P H5 2.3.3 [256,257] to calculate the total leading order production
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Models Bino Wino Higgsino

Viable after ATLAS Run 1 61.6k 43.8k 78.4k
Without long-lived 59.9k 43.6k 78.3k
Without LL, with σtot ≥ 5 fb 48.7k 29.7k 52.8k

Table 4.2: Viable model points before Run 2 constraints. These are classified by the
dominant contribution to the LSP being bino, wino or Higgsino. Long-lived (LL) gluinos,
squarks and sleptons with cτ > 1 mm require dedicated Monte-Carlo simulation and
are omitted from this study. Event simulation was performed on non-LL models with
total strong sparticle production cross-section σtot ≥ 5 fb.

cross-section for any pair of coloured sparticles σtot. As indicated at the bottom of

Table 4.2, 28.6% of the points had cross-section below 5 fb and are deemed not to have

sensitivity with 3.2 fb−1 of luminosity. The remaining 71.4% underwent event simulation

for evaluation of sensitivity as follows.

We use M A DG R A P H5 for event generation involving production of any two coloured

sparticles, interfaced with P Y T H I A 6.428 [258] for hadronisation and showering, using

the CTEQ6L parton distribution functions [259]. Up to one additional parton in

the matrix element and the MLM prescription [260] is used to match jets, setting the

M A DG R A P H minimum parton kT parameter to 100 GeV and P Y T H I A jet measure cutoff

at 120 GeV, in accord with Ref. [218]. The D E L P H E S 3.3.2 [261] fast detector simulator

was employed with FA S T J E T 3.1.3 [262,263], using the anti-kT clustering algorithm

with cone parameter R= 0.4, to parametrise the performance of the ATLAS detector.

We implement the six analyses in Table 4.3 using MA DAN A LY S I S 5 1.3 [264,

265], for which an overview is given below. We adapt codes from the Public Analysis

Database [266–268] where available, and authored our own otherwise. The RE C A S T-

I N GT O O L S package was used for limit setting using the CLs prescription [269], where

a point is deemed excluded if the CLs value is below 0.05. To validate our code, we

ensured at least one benchmark point had signal rates after each kinematic requirement

(cutflows) agreeing to better than 30% and reproduced the simplified model limits to

within the uncertainties published by ATLAS (see Refs. [1,2] for further details).

Overview of analyses implemented We now summarise the key features of the analyses

listed in Table 4.3. For full details of the event selection, see the references in Table 4.3.
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Analysis Reference NLowest CLs/N
Excluded
13 TeV 3.2 fb−1 NExcluded

13 TeV 3.2 fb−1/N Survived
ATLAS Run 1 NExcluded Uniquely

13 TeV 3.2 fb−1 /N Survived
ATLAS Run 1

2–6 jets [179] 72% 12.6% 11%
7–10 jets [180] 0.3% 0.6% 0.02%
1-lepton [181] 1.5% 1.0% 0.2%
Multi-b [182] 23% 4.2% 3.5%
SS/3L [183] 2.7% 0.5% 0.4%
Monojet [184] 1.1% 3.3% 0.01%

All analyses – 100% 15.7% 15.1%

Table 4.3: Searches used to constrain the 181.8k model points surviving Run 1. The col-
umn NLowest CLs/N

Excluded
13 TeV 3.2 fb−1 denotes the fraction of the 28.5k excluded models for which

the analysis is most sensitive, i.e. had the lowest CLs value NLowest CLs (Section 4.3.1);
these figures may not sum to 100% due to rounding. The column NExcluded

13 TeV 3.2 fb−1/NSurvived
ATLAS Run 1

is the fraction of points excluded by each analysis NExcluded
13 TeV 3.2 fb−1 divided by those surviv-

ing Run 1 N Survived
ATLAS Run 1. The right-most column quantifies the subset of points uniquely

excluded by each analysis and not by the other five considered NExcluded Uniquely

13 TeV 3.2 fb−1 . Models
with long-lived gluinos, squarks and sleptons are not considered.

2–6 jets [179]. This analysis requires Emiss
T > 200 GeV and varied minimum jet

multiplicities Nmin
jets from 2 to 6, which target a range of squark and gluino decays. A

key discriminating variable is the effective mass meff =
∑

jets pT + Emiss
T , where minimum

requirements range from 1200 GeV to 2200 GeV, which provides a proxy for the high mass

scales of the produced SUSY signals. A lepton veto suppresses W boson backgrounds.

7–10 jets [180]. Requiring no leptons, Nmin
jets of 7 to 10 allows this analysis to probe

hadronic decays of long decay cascades of gluinos. No explicit Emiss
T selection is made,

instead a Emiss
T /

p

HT > 4 GeV1/2 requirement suppresses the SM multijet background.

1-lepton [181]. Exactly 1 isolated electron or muon is required along with large Emiss
T

of at least 200 GeV. One class of signal regions requires soft leptons where pT(e/µ)> 7/6

to 35 GeV to target compressed mass spectra, while a second class requires hard leptons

p`T > 35 GeV to target cascades with large mass splittings.

Multi-b [182]. Targeting scenarios where gluinos decay to multiple top g̃ → t t̄χ̃0
1 or

bottom quarks g̃ → bb̄χ̃0
1 , events are required to have large Emiss

T and at least 3 b-tagged

jets. The regions selecting signals enriched in top quarks are categorised by 0-lepton

and 1-lepton categories.

SS/3L [183]. The SS/3L search targets gluino production decaying via cascades that

result in multiple isolated electrons or muons. Events are required to have at least two
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leptons, and if there are exactly two, they must have the same electric charge. Modest

Emiss
T is imposed, whose minimum ranges from 125 to 200 GeV.

Monojet [184]. This selects events with an energetic jet pT > 250 GeV, large Emiss
T >

250 GeV, up to three additional jets, and a lepton veto. This probes signals in which the

energetic jet originates from initial state radiation, probing compressed mass spectra

where no final state particles are reconstructed.

4.2.3 Summary of sparticle masses excluded by early 13 TeV searches

2–6 jets 7–10 jets 1-lepton Multi-b SS/3L Monojet

2–6 jets 100% 3% 5% 13% 0% 10%
7–10 jets 76% 100% 59% 91% 4% 6%
1-lepton 65% 34% 100% 55% 8% 7%
Multi-b 39% 12% 13% 100% 1% 1%
SS/3L 10% 5% 17% 6% 100% 3%
Monojet 99% 3% 6% 5% 1% 100%

Table 4.4: Exclusion overlap: percentage of models excluded by a Run 2 analysis on
each row that is also excluded by another in the columns. 100% is reserved for complete
overlap of models excluded.

Overall, the six 13 TeV searches considered excluded 15.7% of the 181.8k pMSSM

points that survived Run 1. Figure 4.2 displays the fraction of these points surviving Run

1. These are projected into the 2-dimensional planes in the masses of the gluino g̃, χ̃0
1

and lightest light flavour squark q̃. For gluinos g̃, the new sensitivity from increasing

centre-of-mass energy to 13 TeV is unambiguous, even with an order of magnitude less

luminosity than 8 TeV searches. The sensitivity reduces when gluino–LSP mass splitting

are less than 200 GeV, as the emitted jets have softer momentum spectra and do not

pass the analysis requirements. Overall, good corroboration with the simplified models

is observed.

Meanwhile, the lightest squark q̃ shows a smaller but noticeable extension of sensitiv-

ity beyond Run 1. This is due to the less advantageous scaling of cross-sections between

8 and 13 TeV compared with gluino production from LHC parton distribution functions.

Note that the simplified model limit of Figure 4.2 assumes all eight squarks of the first

two generations are mass-degenerate, leading to optimistic exclusion.
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Figure 4.2: Fraction of points excluded by the six early 13 TeV searches considered in
Table 4.3, out of the points that survived Run 1 constraints. The colour scale denotes
the per bin fraction of points excluded at 95% CL divided by the number of points
satisfying ‘Without long-lived’ in Table 4.2, where black indicates 100% exclusion. Here,
q̃ is the lightest squark among the first two generations. White regions show no points
being produced while hatched grey indicates all points being excluded by Run 1 [218].
Overlayed grey solid lines are the simplified model limits from the 13 TeV 2–6 jets
search [179] for (a) gluinos g̃ → qqχ̃0

1 ; for (b) squarks q̃→ qχ̃0
1 (upper right), all eight

squarks are assumed to be mass-degenerate. For (c) gluino–squark plane, the overlayed
grey dashed line is taken from the ‘gluino–squark–LSP simplified pMSSM’ scenario from
the 8 TeV 2–6 jets search [193].
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(b) Squark-LSP plane.
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Figure 4.3: Number of points surviving Run 1 but before Run 2 constraints applied. White
regions indicate no points, while grey hatched show 100% exclusion by Run 1 [218].
The colour scale has a maximum of 1000 models per bin, indicated by black. Models
with long-lived gluinos, squarks or sleptons are not considered.

Table 4.4 shows the overlap matrix between the six searches we considered. This

quantifies the fraction of points excluded by one analysis are also excluded by another.

For example, of the points excluded by the 7–10 jets search, 76% of them were also

excluded by the 2–6 jets analysis. Overall, the sensitivity is complementary, with no

analysis completely excluding the points probed by another search.

4.2.4 Distributions prior to 13 TeV interpretation

To aid interpreting Figures 4.2, the prior distributions of the 181.8k points before

13 TeV constraints are displayed in Figure 4.3. The density of points along the diagonal

with small ∆m(q̃ or g̃, χ̃0
1 )® 50 GeV were enhanced by importance sampling used by
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ATLAS [218] to preferentially select bino LSP scenarios that satisfy relic density bounds

via coannihilation with the squark or gluino.

Further, the region m(χ̃0
1 ) ® 100 GeV has substantially fewer models and are also

mainly bino-like LSP models. These correspond to where the dark matter abundance is

reduced by resonant annihilation through a Z or h0 boson in so-called ‘funnel’ mecha-

nisms. Models with Higgsino- or wino-like χ̃0
1 have near-degenerate charginos χ̃±1 which

are constrained by LEP bounds, hence reducing the density of these class of models here.

There are also very few (less than 10) models in the mass bins coloured green close to

the region where 100% of models were excluded in Run 1.

4.3 Complementarity between early 13 TeV searches

This section presents the distinct regions of sensitivity for each analysis. Section 4.2.3

presents results using existing practices in the literature, based on fractions of models

excluded (marginalised distributions) and overlap matrices. This section addresses their

limitations as discussed in the Introduction. Subsection 4.3.1 defines the ‘most sensitive

analysis’ before Subsection 4.3.2 projects this information into 2-dimensional subspaces

of the pMSSM involving gluinos, squarks and the neutralino dark matter. Finally, we

examine the complementary sensitivity of each analysis to distinct regions of parameter

space in Subsection 4.4, partitioning our discussion between analyses that veto events

with leptons from those that select them.

Henceforth in this chapter, ‘squark’ q̃ refers to only the lightest superpartner of the

left- or right-handed quark of the first or second generations q̃ ∈ {ũ, d̃, c̃, s̃}L,R. Similarly,

‘slepton’ ˜̀ refers to the lightest superpartner of the left- or right-handed lepton of the

first or second generation ˜̀ ∈ {ẽL, ν̃eL, µ̃L, ν̃µL, ẽR, µ̃R}.

4.3.1 Most sensitive analyses used for exclusion

In this study, a point is deemed excluded at 95% confidence level if at least one analysis

returned a CLs value less than 0.05. Of the 181.8k points surviving Run 1 [218], a total

of NExcluded
13 TeV 3.2 fb−1 = 28.5k are excluded by the six 13 TeV searches. We deem the analysis

with the smallest CLs value as the ‘most sensitive analysis’ used to exclude the point. In

Table 4.3, we normalise the number of points satisfying this for each analysis NLowest CLs
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to the total excluded NExcluded
13 TeV 3.2 fb−1 . For example, the Multi-b search was the analysis with

the lowest CLs value for 23% of the 28.5k excluded points. Indeed, almost 95% of the

excluded points have either the 2–6 jets or Multi-b searches being the most sensitive.

Care should be taken when interpreting these fractions, as they are prior dependent and

correlated with non-LHC constraints.

Less than 4% of the excluded points have two or more analyses associated with the

same smallest CLs value. In such cases, the ‘most sensitive analysis’ is randomly chosen

from this subset of analyses with smallest CLs value to minimise systematic selection

bias. The majority of these cases occurs from analyses sharing a CLs value of 0.0.

Also displayed in Table 4.3 is the total number of excluded points by each analysis

NExcluded
13 TeV 3.2 fb−1 out of those that survived Run 1 N Survived

ATLAS Run 1. The overlap between analyses is

quantified in Table 4.4. Importantly in Table 4.3, all analyses retain non-zero percentages

in the total fraction of points uniquely excluded by each analysis and none of the other

five NExcluded Uniquely

13 TeV 3.2 fb−1 . This underscores the importance of a broad programme of searches.

While most of the searches optimise for gluino production, and some have dedicated

signal regions for squarks, each search maintains unique sensitivity to particular classes

of signatures within the MSSM, featuring distinct final states and kinematic regimes.

We note that at the time this work was completed, no 13 TeV searches for electroweak

production of SUSY states were public, as their small production cross-sections require

greater luminosity than 3.2 fb−1 for sensitivity beyond Run 1. Nonetheless, from the Run

1 study [218], we expect these to play an important role in constraining scenarios with

light electroweakinos and sleptons where gluinos and squarks are beyond LHC reach.

4.3.2 Features in mass plane projections

The distinct regions of sensitivity for each of the six searches become unambiguous when

we project into various two-dimensional subspaces of the pMSSM. Figures 4.4 and 4.6

display each excluded point styled and coloured according to the analysis that returned

the lowest CLs value, projected into the mass planes of gluino vs LSP, gluino vs squark

and squark vs LSP respectively. Due to their large numbers, the 2–6 jets and Multi-b

analyses are allocated smaller markers to improve clarity of other points.

Before discussing the sensitivity of each analysis in turn (Section 4.4), we note that
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Figure 4.4: Most sensitive analysis for the 28.5k points excluded at 95% CL by the
six searches in Table 4.3. Here, q̃ denotes the lightest squark of the first or second
generations. Markers are styled according to the analysis with the lowest CLs value:
7–10 jets (magenta triangle), 1-lepton (orange plus), SS/3L (green cross), Monojet
(cyan ring), 2–6 jets (blue filled square), and Multi-b (red filled circle). Markers for 2–6
jets and Multi-b are smaller for clarity. Hatched grey regions indicate mass bins with all
model points excluded by Run 1 searches [218]. Models with long-lived gluinos, squarks
or sleptons are not considered.
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Figure 4.5: Same plot as Figure 4.4 but projected into the squark–LSP plane Here, q̃
denotes the lightest squark of the first or second generations.
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Figure 4.6: Same plot as Figure 4.4 but projected into the squark–LSP plane.
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the two-dimensional distributions (but not the regions to be discussed in Sections 4.4 and

4.5.1) of excluded points do depend on the prior distributions due to sampling effects in

addition to non-LHC constraints. This is especially apparent in the mass planes involving

m(χ̃0
1 ) (Figures 4.4 and 4.6), and we comment on features to aid interpretation:

• Within around 100 GeV of the grey hatched regions, very few points are present.

The number of models close to this boundary is often less than ten (Figure 4.3),

which correspond to those that marginally survived Run 1 constraints.

• There is a visible break in points at m(χ̃0
1 ) ∼ 100 GeV. Below this mass, there

are few models with Higgsino- or wino-like χ̃0
1 as these have a near-degenerate

chargino, which are excluded by LEP searches.

• Points below m(χ̃0
1 ) ∼ 100 GeV have predominantly bino-like χ̃0

1 . These bino

states lie in funnel regions, close to half the mass of the Z or Higgs boson h to

enable resonant annihilation and satisfy dark matter abundance constraints.

• A large density of points is visible along the diagonals for∆m( g̃ or q̃, χ̃0
1 )® 50 GeV

and is an artefact of importance sampling used to ensure the number of bino-like

LSP models is similar to that of the other types [218], as mentioned in Section 4.2.4.

4.4 Massplanecorrelationsof searches for squarksandgluinos

This subsection examines the parameter space where each analysis has most sensitivity,

discussing those with and without a lepton veto.

4.4.1 Searches with a lepton veto

First, we investigate the excluded points where each of the 2–6 jets, Multi-b, 7–10 jets,

and Monojet searches are most sensitive. These analyses all veto leptons, and exhibit

the most unambiguous correlations in the mass planes of the gluino, squark and LSP

(Figures 4.4 and 4.6).

2–6 jets Figure 4.4 reveals the points in the gluino–LSP plane where the 2–6 jets is

the most sensitive analysis (blue points). The 2–6 jets search uses the effective mass
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meff discriminant, with varying degrees of minimum jet multiplicity to target squark or

gluino production directly decaying to the LSP. The larger jet multiplicity regions target

scenarios where a chargino mediates the decay of the gluino to the LSP.

This analysis has almost unique sensitivity to points with gluino g̃ masses below 1 TeV

for 25® m( g̃, χ̃0
1 )® 500 GeV. Larger mass splitting scenarios for sub-TeV mass gluinos

are excluded by Run 1 searches (hatched grey mass regions). For regions with gluinos

above 1 TeV and large gluino–LSP mass splittings, we find the 2–6 jets has reduced

sensitivity compared with other analyses, especially for m(χ̃0
1 )® 500 GeV. For masses

m( g̃) ¦ 2 TeV, we expect reduced sensitivity to gluino production, but points in this

region are correlated with excluded points involving low mass squarks. This is confirmed

by comparing with the gluino–squark plane (Figure 4.5). Indeed, the 2–6 jets search is

also predominantly the most sensitive analysis for light squarks in regions not far beyond

Run 1 sensitivity. High mass gluinos in such scenarios can nevertheless contribute to

production cross-sections of the squarks as a mediator via t-channel diagrams.

The gluino–squark plane (Figure 4.5) also reveals a vertical strip with a lower density

of points around gluino mass between about 1 TeV and 1.2 TeV. This corresponds

to a region where a lower fraction of models is excluded per mass interval (see also

Figures 4.2c and 4.3c in 4.2). This reduced sensitivity corresponds to smaller gluino–LSP

splittings between around 25 and 200 GeV. Such scenarios are challenging for traditional

‘missing energy plus jets’ searches due to reduced acceptance of lower momentum final

states, where novel techniques may bring improved sensitivity [270].

In the squark–LSP plane (Figure 4.6), the 2–6 jets search has sensitivity to a wide

variety of squark mass scenarios, gradually reducing above m(q̃)∼ 1 TeV. The strip of

blue points for m (q̃)¦ 1.5 TeV and 600® m
�

χ̃0
1

�

® 900 GeV where we would expect

reduced squark sensitivity are correlated with low mass gluinos. These points largely

have sub-TeV gluinos, as seen in the squark–gluino plane (Figure 4.5).

Multi-b The Multi-b analysis (red points) is most sensitive in a more localised region

complementary to the 2–6 jets analysis. In the gluino–LSP plane (Figure 4.4), the

region is enclosed by gluino masses of 1.2 ® m( g̃) ® 1.7 TeV and LSP masses of

100 ® m
�

χ̃0
1

�

® 500 GeV. This sensitivity also extends to smaller gluino–LSP mass
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splittings, though to a lesser extent.

The distinctiveness of this region of sensitivity remains in the gluino–squark plane

(Figure 4.5). Here, points where the Multi-b analysis is most sensitive are correlated

with squarks of the 1st or 2nd generation having masses above 1.5 TeV, largely unprobed

by other analyses, being strikingly separated from 2–6 jets and to some extent the 7–10

jets analysis. Figure 4.6 also confirms such correlations of the Multi-b in the squark–

LSP plane. These correlations arise from the Multi-b search targeting g̃ → bb̄χ̃0
1 and

g̃ → t t̄χ̃0
1 scenarios.

Figure 4.7 takes the points where the Multi-b is most sensitive and illuminates the

mass distributions of various pertinent sparticles. The light flavour squarks q̃ are centred

around 2 TeV with gluinos around 1.4 TeV, where Figure 4.5 indicates that squarks

are predominantly heavier than gluinos. This fact suppresses gluino decays to light

flavour quarks (1st and 2nd generations), which proceed via the three body g̃ → qq̄χ̃0
1

process. By contrast, the mass distribution of sbottoms b̃1 peaks around 800 GeV in

Figure 4.7 and have a preference to be lighter than the gluinos, allowing on-shell g̃ → b̃b

decays to be favoured. Meanwhile, the distribution of stop masses is relatively uniform

for m( t̃1) ¦ 900 GeV. The requirement of three or more jets originating from bottom

quarks therefore favours such scenarios. We furthermore note that out of the models

excluded where the Multi-b is most sensitive, 56% models have a Higgsino-like LSP
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while 22% are wino-like, which have light charginos consistent with the corresponding

mass distribution in Figure 4.7. This preference of the Multi-b analysis for Higgsino-like

LSP models can be understood by the higher Yukawa couplings to heavy flavour quarks,

which also enhance decays of the gluino to bottom and/or top quarks.

From the region in Figure 4.5 where the density of red points is greatest, we show a

representative point with model number 148229034 (Figure 4.8a). This contains an

LSP with a bino–Higgsino mixture at a mass of 175 GeV, a relatively low mass 1.2 TeV

gluino and a 1.3 TeV sbottom enabling g̃ → bb̄χ̃0
1 branching ratios to be preferred.

We note that with recent 13 TeV searches for direct stop and sbottom production

are not considered at the time of publication likely have sensitivity to these scenarios.

These typically search for fewer jets, and have dedicated optimisation to third generation

quarks, allowing greater sensitivity than the inclusive searches considered in this chapter.

Detailed evaluation of this will be interesting, but is deferred for future work.

7–10 jets The concentration of magenta triangles in Figure 4.4 shows that the 7–10 jets

search is the most sensitive analysis when ∆m( g̃, χ̃0
1 ) is large. Most of these LSPs have

masses below 100 GeV, which are bino-like as discussed in Section 4.3.2, and undergo

early universe annihilation via the Z or h ‘funnels’. Since this annihilation mechanism

requires Higgsino or wino admixtures to proceed, such scenarios typically have light

charginos χ̃±1 and next-to-lightest neutralinos χ̃0
2 nearby.

These types of decays are consistent with the simplified models containing long decay

chains that this analysis optimises for. The observed missing transverse energy Emiss
T

therefore tends to be smaller than that required by the 2–6 jets or Multi-b searches. Indeed

no explicit requirement on Emiss
T is made by the search (instead the main discriminant

is a ratio Emiss
T /

q

∑

pjet
T involving the missing energy and scalar sum of transverse jet

momentum). The 7–10 jet search also has a looser requirement on jets originating

from bottom quarks compared with the Multi-b analysis. Together, this allows the 7–10

jets analysis to maintain a unique coverage of models. In the gluino–squark plane

(Figure 4.5), the 7–10 jets points occupy a similar space as Multi-b, but the longer

cascade chains mean the gluino mass reach is lower. The remainder of the spectrum

can be relatively decoupled. Figure 4.8b displays model number 227558023, which is
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Figure 4.8: Representative mass spectra produced using PySLHA [271] with model
number in the captions for excluded points where the corresponding analysis in paren-
theses had greatest sensitivity. These show the most relevant low-mass sparticles and
their decays. The grey arrows show the branching ratios between two sparticles and
proportional to its brightness. The model displayed for the 7–10 jets analysis is the one
with the lightest gluino with an LSP mass below 100 GeV, while for the SS/3L search,
we selected the model with the lightest squark. For the Multi-b analysis, displayed is a
model selected from the region in Figures 4.4 where the density of red points is greatest.
The model for the 1-lepton search is chosen based on one that is representative from the
mass distributions in Figure 4.9a.
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representative of the models where the 7–10 jets analysis is most sensitive, where we

selected the one with lowest gluino mass which had an LSP below 100 GeV.

Monojet In terms of SUSY models, this is optimised for scenarios where the mass of

the squark is almost equal to that of the LSP, so-called ‘compressed scenarios’.

In Figures 4.4 and 4.6, the excluded points (cyan rings) where this analysis is most

sensitive involve very small mass splittings. Though there is significant overlap in regions

of sensitivity for the Monojet and 2–6 jets analyses, the former is exclusively the most

sensitive analysis involving squark–LSP splittings below 30 GeV. We note that the 2–6

jets search includes a similar signal region but requires a minimum of two jets called

‘2jm’. The different jet multiplicity requirements ensure the dedicated Monojet maintains

a unique sensitivity to the smallest squark–LSP mass splittings, again demonstrating

the complementarity of searches. We find a small number (fewer than 10) of scenarios

involving small mass splittings between the lightest 3rd generation squark and the LSP

in the models for which the Monojet is most sensitive.

4.4.2 Searches selecting one or more leptons

Turning to leptonic searches, Figures 4.4 and 4.6 show less distinct regions where the

1-lepton (orange plus) or SS/3L (green cross) analyses were most sensitive. These points

tend to cluster around m(q̃) ® 1.5 TeV with fewer points present for m( g̃) ® 1.2 TeV.

Further investigation reveals other correlations driven by slepton and gaugino masses

not apparent in these figures, which we discuss below. We also identify scenarios where

these searches had most sensitivity beyond what ATLAS optimised for.

1-lepton Figure 4.9a shows the distribution of masses for various sparticles from the

excluded points where the 1-lepton analysis had the lowest CLs value. Though optimised

for gluino production, there is also a prevalence of light squarks, whose distribution

peaks around m(q̃)∼ 1 TeV. The distributions of the χ̃±1 and also χ̃0
2 are skewed towards

low masses, peaking around 300 GeV, with a tail that extends above 1 TeV. The tendency

for the χ̃±1 and χ̃0
2 to be light is characteristic of Higgsino content in the LSP, or a bino-like

LSP with a wino near in mass.
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Figure 4.9: Distribution of sparticle masses for the excluded points where the 1-lepton
(left) and SS/3L (right) analyses are most sensitive. Presented sparticles are the chargino
χ̃±1 (blue solid), next-to-lighest neutralino χ̃0

2 (grey short-dashed), lightest slepton ˜̀

(orange dotted), lightest squark q̃ (red dot-dashed) and gluino g̃ (light-blue long-dashed).

The mass distribution also reveals a preponderance of light sleptons, peaking around

m(˜̀)∼ 600 GeV. We find these typically reside between the coloured sparticle and the

χ̃±1 , χ̃0
1 states. To demonstrate this, we define the splitting parameter

x ≡
m
�

˜̀
�

−m
�

χ̃±1
�

m (q̃)−m
�

χ̃±1
� , (4.1)

where m
�

˜̀
�

and m (q̃) are respectively the masses of the lightest slepton and squark

among the first or second generations. The red dashed line in Figure 4.10 then shows

the distribution in x of models where 1-lepton was most sensitive in x , and indeed the

majority of models in the histogram have 0< x < 1.

The 1-lepton analysis considers a single simplified model with a gluino–chargino–LSP

g̃ → qqχ̃±1 , χ̃±1 →W χ̃0
1 decay chain and optimises for various mass splittings between

these three sparticles. This is noteworthy given we find the 1-lepton search is most

sensitive to richer mass spectra, where squarks and intermediate sleptons feature promi-

nently. Given the mass distributions in Figure 4.9a, we display model number 13382371

(Figure 4.8c) to illustrate the wider sensitivity of the 1-lepton analysis. This point features

a 727 GeV squark that can cascade to a slepton doublet and a 173 GeV Higgsino-like

LSP. We also note that all the signal regions were involved in the exclusion of these

models, indicating sensitivity to a wide variety of splittings. This addresses the question
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of over-optimisation raised in the Introduction (Section 4.1). Despite optimising robustly

for the gluino–chargino–LSP model, this analysis was sensitive to wider classes of models.

We note that with recent 13 TeV searches for direct electroweak production not

considered at the time of publication likely have sensitivity to these scenarios with light

chargino–slepton scenarios, but detailed evaluation is deferred for future work.

SS/3L The SS/3L is the most sensitive analysis almost exclusively to wino-like LSPs.

This is consistent with the mass distributions of these models in Figure 4.9b: compared

with the 1-lepton case (Figure 4.9a), the SS/3L has a smaller tail of high chargino mass

while the next-to-lightest neutralino χ̃0
2 distribution is no longer skewed to lower masses.

We note that a Run 2 version of the ‘Disappearing Track’ analysis [194], not considered

in this work, could be sensitive to these models, since the compressed chargino–LSP

splitting means that the chargino is typically long-lived on collider time scales. For these

points, the gluino is relatively heavy and not strongly correlated with a particular mass

scale, being fairly uniformly distributed for m( g̃)¦ 1.5 TeV, in contrast to the 1-lepton

discussion. This suggests that the SS/3L is consistently not as sensitive to light gluinos

as other analyses such as the 2–6 jets. By contrast, squarks retain a peaked distribution

centred around 1 TeV.

Figure 4.10 demonstrates that the slepton mass is almost always between the chargino

and the lightest squark for SS/3L. We find a negligible number of models (a single entry)

has x > 1, corresponding to a slepton mass being above that of the lightest squark.

Thus, we reveal that points where the SS/3L has best sensitivity are strongly correlated

with one common feature: a squark–slepton–chargino–LSP q̃–˜̀–χ̃±1 –χ̃0
1 ordered mass

spectrum. The squark can undergo a three-body decay to a quark, lepton and a slepton

q̃ → q`˜̀ if the intermediate neutralino is off-shell m(χ̃0
2 ) > m(q̃). This hierarchical

structure is displayed in model number 11733067 (Figure 4.8d). Among the models

where SS/3L is most sensitive, this has the lightest squark mass at 436 GeV.

Moreover, we find one signal region ‘SR0b3j’ was used to exclude 98% of these

models where the analysis was most sensitive. This suggests other analyses had better

sensitivity to models targeted by the other three signal regions, for example the Multi-b

analysis is particularly sensitive to g̃ → t t̄χ̃0
1 scenarios. The ‘SR0b3j’ signal region
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Figure 4.10: Distribution of mass splitting for the chargino–slepton–squark χ̃±1 –˜̀–q̃ sys-
tem, parametrised by x as defined in Eq. 4.1. These are presented for the excluded points
where the 1-lepton (dashed red) and SS/3L (solid blue) analyses are most sensitive.

requires at least three leptons and was optimised to capture a g̃–χ̃0
2 –˜̀–χ̃0

1 decay chain,

distinct from the q̃–˜̀–χ̃±1 –χ̃0
1 scenario we just identified.

4.5 Probing dark matter with strong SUSY searches

Dark matter phenomenology in the pMSSM is strongly influenced by the gaugino and

Higgsino composition of the LSP. While the Monojet search is considered the flagship DM

search, other collider searches are needed to fully cover the DM space in the pMSSM. This

section demonstrates that searches for coloured SUSY states indirectly probe different

DM scenarios in the pMSSM. Subsection 4.5.1 ascribes DM interpretations to each of the

six 13 TeV searches. Subsection 4.5.2 also considers the impact of recent direct detection

PandaX-II/LUX experiments [235,236] on gluino and squark masses. Present constraints

from indirect detection searching for DM annihilation in galactic halos are expected to

have little sensitivity on the pMSSM space considered4.

4.5.1 Impact of 13 TeV constraints on dark matter observables

Relic density Figure 4.11a shows each of the 28.5k points excluded by six searches,

styled according to the analysis with the lowest CLs value, projected into the plane of

4Indirect detection was examined in Ref. [213], which finds Fermi-LAT constraints are not expected to
impact the pMSSM but the future Cherenkov Telescope Array (CTA) [272] is projected to have sensitivity
to high mass LSPs scenarios ∼ 1 TeV.
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Figure 4.11: Same as Figure 4.4 but projected into planes involving (a) relic density
and (b) spin-independent neutralino–nucleon cross-section σSI

N -χ̃0
1
. The grey line in Fig-

ure 4.11a indicates the relic density ΩPlanck
CDM h2 measured by Planck [95]. In Figure 4.11b,

the cross-section is scaled by the ratio R = Ωχ0
1
h2/ΩPlanck

CDM h2 of the neutralino relic density
Ωχ0

1
h2 to that observed ΩPlanck

CDM h2. Overlayed on Figure 4.11b are upper limits at 90%
CL on the cross-section observed by LUX 2016 [236] (solid light blue), together with
the projected limit from 1000 days of data taking by LZ [273] (dashed green). The
central value of the limit from LUX 2016 is twice as strong as that recently reported by
PandaX-II [235].
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(a) Relic density. (b) Spin independent cross-section.

Figure 4.12: Points surviving constraints from the six 13 TeV ATLAS searches, projected
into (a) relic density and (b) LSP-nucleon cross-section vs LSP mass m(χ̃0

1 ). The points
are coloured by the composition of the neutralino LSP being dominantly bino (blue),
Higgsino (red) or wino (orange) as defined in Table 4.1.

χ̃0
1 dark matter mass vs relic density. To facilitate interpretation, we discuss the salient

underlying processes for several features:

• The χ̃0
1 neutralino is not required to be the sole constituent of dark matter, as other

candidates such as axions can contribute [105], making the points considered

more general than Ref. [220]. The Planck measurement of the cold dark matter

(CDM) abundance [218] only serves as an upper bound Ωχ0
1
h2 ≤ ΩCDMh2.

• The composition of χ̃0
1 influences the value of its relic density Ωχ0

1
h2. Figure 4.12a

illustrates the relic density against the mass of the LSP that survived the constraints

from six 13 TeV analyses, coloured by the dominant composition to the LSP, as

defined in Table 4.1. Notably, the Higgsino- and wino-like LSP models are con-

centrated along a straight diagonal line in the plot. This is because the thermally

averaged cross-section is set by 〈σv〉 ∝ m−2
χ̃0

1
[274], and the relic density Ωχ̃0

1
h2 is

therefore nearly proportional to the neutralino mass squared, the hallmark of the

weakly interacting massive particle (WIMP) paradigm. There are also no Higgsino-

or wino-like LSPs below around 100 GeV due to LEP bounds.

• By contrast, bino dark matter has suppressed annihilation cross-sections5, lead-

ing to larger relic abundance, as generally seen in Figure 4.12a. To satisfy the
5Pure binos do not couple to any gauge or Higgs bosons. This is seen from the couplings gZχ̃0

1 χ̃
0
1

(ghχ̃1χ̃1
)
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Planck bound, bino dark matter must either have non-negligible mixing with winos

and/or Higgsinos, or there is another mechanism to deplete the relic density, such

as coannihilation. In Ref. [218], the type of coannihilators were discussed but no

distinction was made between light flavour squarks and gluinos. Their phenomeno-

logical consequences are different, which we elucidate in Figure 4.13. We observe

that light gluino coannihilators (light orange) are more stringently excluded, with

few points m( g̃)® 800 GeV than for squarks due to powerful Run 1 constraints.

• Focusing now on electroweak particles (‘Other’ in Figure 4.13a), for LSP masses

m
�

χ̃0
1

�

® 250 GeV, the coannihilation mechanism is predominantly via uncoloured

sparticles due to stringent LHC constraints on squarks and gluinos. The two dips

in Ωχ̃0
1
h2 centred around m

�

χ̃0
1

�

≈ 45 and 63 GeV involve resonant annihilation

through a Z or Higgs boson. Meanwhile, for 90 ® m
�

χ̃0
1

�

® 250 GeV, the coan-

nihilators are predominantly slepton or gauginos, which are bounded by LEP

limits.

Returning to the discussion of points excluded by individual analyses in Figure 4.11a,

the strong SUSY searches considered are sensitive to models with a wide variety of Ωχ̃0
1
h2.

As previously discussed in Section 4.4, the 7–10 jets search is particularly sensitive to

models with m
�

χ̃0
1

�

® 100 GeV, where bino-like LSPs are associated with the Z and h0

funnel region. Meanwhile, the SS/3L analysis is most sensitive to wino-like LSPs models

while the Multi-b analysis had preferential sensitivity to Higgsino dark matter scenarios,

as indicated by the clustering of green crosses and red dots along the wino and Higgsino

respective diagonal bands (compare with Figure 4.12a).

The 1-lepton analysis has sensitivity away from the Higgsino and wino diagonal bands,

for dark matter masses below about 300 GeV, where slepton and gaugino coannihilators

are prevalent. The extensive presence of blue dots and cyan rings away from these bands

of the neutralino to the Z and (Higgs) bosons are given at tree-level by [275]

gZχ̃0
1 χ̃

0
1
=

g2

2 cosW

�

|N13|
2 −

�

�N14

�

�

2�

, (4.2)

ghχ̃0
1 χ̃

0
1
= g2 cosα (N11 − N12 tanθW )

�

N13 tanα+ N14

�

. (4.3)

Here we have the neutralino mixing matrix elements Ni j defined in Table 4.1, the SU(2) gauge coupling
g2, Weinberg angle θW and the Higgs mixing parameter α. Pure binos have N12 = N13 = N14 = 0.
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(a) Relic density. (b) Spin independent cross-section.

Figure 4.13: Coannihilators for points with bino-like LSP surviving Run 1 constraints,
projected into (a) relic density (left) and (b) LSP-nucleon cross-section vs LSP mass
m(χ̃0

1 ). The points are coloured according to dominant coannihilator: gluino (light
orange), light flavour squarks (dark blue), 3rd generation squarks (green). ‘Other’ refers
to (co)annihilation mechanisms involving the electroweak sector.

shows respectively that the 2–6 jets and Monojet searches are particularly sensitive to

gluinos and squarks that have small mass splitting with the bino dark matter. Crucially,

these impact scenarios where such coloured sparticles are the coannihilators (compare

with Figure 4.13) and therefore indirectly probe dark matter masses higher than those

currently accessible by direct electroweakino searches at the LHC. Nevertheless, the

2–6 jets analysis also has sensitivity covering Higgsino- and wino-like LSP points, with

clusters along the Higgsino and wino bands.

Direct detection The neutralino χ̃0
1 contributes to the local dark matter density and

can induce nuclei recoils in direct detection experiments. Figure 4.11b illustrates the

points excluded by the most sensitive of the six ATLAS searches, allowing us to compare

with direct detection sensitivity for each analysis. This projects into the plane defined by

the spin-independent6 cross-section σSI
N -χ̃0

1
of the LSP interacting with a Xenon nucleus,

normalised per nucleon, and dark matter mass m(χ̃0
1 ). We discuss several features, with

reference to other projections where appropriate, to aid interpretation:

• Direct detection experiments typically interpret results assuming the neutralino

6It is found in Ref. [218] that recent upper limits on spin-dependent cross-sections lack sensitivity to this
set of pMSSM points, although future sensitivity can provide complementary probes to spin-independent
limits [213].
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χ̃0
1 fully saturates the relic abundance measured by Planck. As χ̃0

1 need not be

the sole constituent of dark matter, we rescale the direct detection interaction

cross-sections σSI
N -χ̃0

1
by a factor

R≡ Ωχ̃0
1
h2/ΩPlanck

CDM h2 (4.4)

to account for reduced direct detection sensitivity from lower χ̃0
1 abundance.

• Recently, the PandaX-II [235] and LUX [236] collaborations presented results

that extend sensitivity for WIMP masses m
�

χ̃0
1

�

¦ 20 GeV by a factor of 2 and

4 respectively beyond the LUX 2015 result [276]. As a guide to the sensitivity

of direct detection, the observed limits from LUX 2016 [236] and the projected

sensitivity of LZ [273] are overlayed in Figure 4.11b.

• Constraints from spin-independent cross-section R·σSI
N -χ̃0

1
results of LUX 2013 [253]

carves out points at the highest R · σSI
N -χ̃0

1
∼ 10−44 cm2. In Ref. [218], ATLAS

conservatively increased by a factor of four the upper limit on R ·σSI
N -χ̃0

1
to account

for uncertainties in nuclear form factors, before rejecting points.

• Figure 4.12b reveals points that survived constraints from the six 13 TeV searches

in the plane of spin-independent cross-section against dark matter mass. The points

are coloured according to the χ̃0
1 composition, which has a significant impact on

R·σSI
N -χ̃0

1
. This is due both to the couplings of the χ̃0

1 to nucleons and the relic density

suppression (Eq. 4.4 and Figure 4.12a). Notably, wino-like χ̃0
1 have suppressed

direct detection cross-sections given the small coupling to the Higgs boson.

Returning to the discussion of the regions of sensitivity from the ATLAS searches

(Figure 4.11b), points above the blue solid line are independently excluded by both

LUX 2016 and the 13 TeV ATLAS searches considered. Collider searches are free from

astrophysical uncertainties, and therefore provide powerful cross-checks should either

approach report tentative signals. On the other hand, the cosmological lifetime of the χ̃0
1

dark matter candidate can only be verified by non-collider means. For m
�

χ̃0
1

�

¦ 1 TeV,

the number of models excluded by the ATLAS searches decreases rapidly. There remain

many points surviving in this regime (Figure 4.12b), and those with high R ·σSI
N -χ̃0

1
are

within direct detection sensitivity.
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The 2–6 jets analysis (blue points) is sensitive to a large class of models, particularly

those with gluino or squark coannihilators. As this difference has important phenomeno-

logical consequences, we display the strong sector coannihilators in Figure 4.13b for

bino-like LSPs of points that survived Run 1 constraints. In this projection, it is evident

that coannihilation points involving light flavour squarks have enhanced cross-section

R ·σSI
N -χ̃0

1
compared with gluinos. This is due to the s-channel diagram involving the

quarks and LSP scattering via an intermediate squark, a point we will elaborate further

in Section 4.5.2. Thus, the 2–6 jets and Monojet analyses share sensitivity to many

squark coannihilator scenarios with LUX 2016.

As discussed in previous sections, the 7–10 jets is most sensitive to m(χ̃0
1 )® 100 GeV

with significant bino content. Many of the points excluded by this search are below

the LUX 2016 sensitivity. Meanwhile, the Multi-b analysis tends to favour Higgsino-like

LSP scenarios where squark masses are above 2 TeV. There is particular sensitivity to

a region centred around cross-section from 10−46 cm2 to 10−49 cm2 and LSP mass of

300 to 700 GeV (Figure 4.11b). Many Higgsino-like LSP models inhabit this region and

are beginning to be probed by LUX 2016, but the majority of points where the Multi-b

analysis is most sensitive are below the LUX limit.

Notably, ATLAS strong SUSY searches are sensitive to scenarios with direct detection

cross-section R ·σSI
N -χ̃0

1
well below even the projected sensitivity of LZ based on 1000

days of data taking [273]. The SS/3L reach into this regime is especially prominent,

being most sensitive to wino-like LSP models with highly suppressed cross-sections

R ·σSI
N -χ̃0

1
. Many gluino coannihilator scenarios occupy this region (Figure 4.13b) and

are dominantly probed by the 2–6 jets analysis. The projected LZ sensitivity is within an

order of magnitude of the irreducible neutrino background ‘floor’, which is a challenging

regime for Xenon-target direct detection experiments.

Concluding this subsection, we demonstrated the important complementarity of

strong SUSY searches for probing pMSSM points beyond Monojet alone and direct

detection experiments. This enables colliders to indirectly constrain bino-like DM with

coloured coannihilators, in addition to Higgsino DM scenarios before electroweak SUSY

searches gain sensitivity.
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(b) Lightest squark vs LSP.

Figure 4.14: Fraction of points excluded at 90% CL on the spin-independent result from
LUX 2016 [276], projected into the LSP vs (a) gluino and (b) lightest squark planes. Here,
q̃ is the lightest squark of the first or second generations. The colour scale indicates the
per bin number of points excluded by LUX 2016 [236] NExcluded

LUX 2016 divided by the number of
points surviving Run 1 N Survived

ATLAS Run 1; black denotes 100% exclusion. Hatched grey indicate
all the points excluded by Run 1 searches. Points with long-lived gluinos, squarks and
sleptons are not considered. Overlayed grey solid lines correspond to the simplified
models shown in Figure 4.2 from the 2–6 jets search [179].

4.5.2 Impact of direct detection constraints on squarks and gluinos

Finally, turning the question around, we explore the impact of LUX 2016 constraints on

the parameter space relevant to LHC gluino and squark searches. Considering the set

of points that survived Run 1 [218], we now deem any point with scaled cross-section

R ·σSI
N -χ̃0

1
above the 90% CL limit observed by LUX 2016 to be excluded. We take the

observed central value of the upper limit [236] without rescaling to account for the

nuclear form factor uncertainties7. We find that LUX 2016 excludes 30.3% of such

pMSSM points constraints (with long-lived gluinos, squarks and sleptons removed).

Figure 4.12b shows that LUX is particularly sensitive to pMSSM points with bino-like

LSP, due in part to the relic density suppression of Higgsino and wino-like models.

Figure 4.14a projects the fractional exclusion8 by LUX 2016 into the gluino vs LSP

plane. There is a band of modest exclusion for LSP masses m(χ̃0
1 )® 250 GeV, which is

relatively uncorrelated with gluino masses. This apparent enhancement of sensitivity

7Had we weakened this constraint by a factor of four [218], the key qualitative features in the discussion
are unaffected; only the numerical fraction of models excluded is reduced to 18.0%.

8Although NExcluded
LUX 2016/N

Survived
ATLAS Run 1 is prior-dependent, we will momentarily discuss this, while the forth-

coming comparison of gluino and squark coannihilation regions has minimal prior dependence.
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is partly an artefact due to the systematic oversampling of coannihilators for bino-like

LSPs in Ref. [218]. This region is rich in gaugino and slepton coannihilators due to their

weak LHC constraints compared with strongly interacting sparticles. Due to smaller

annihilation cross-sections of this electroweak process in the early universe, the relic

abundance Ωχ̃0
1
h2 for a given bino-like LSP mass is larger. These models are thus not

scaled down as far by the R= Ωχ̃0
1
h2/ΩPlanck

CDM h2 factor.

A prominent feature of the points excluded by LUX appears when projecting into

the squark vs LSP plane (Figure 4.14b). The diagonal region where the mass splitting

between the LSP and squark is small m(q̃)−m(χ̃0
1 )® 50 GeV shows a distinctly higher

exclusion fraction; this feature is absent in the gluino vs LSP plane. Furthermore, mass

bins with higher exclusion fraction are correlated with lower squark masses. This is par-

ticular salient along the diagonal, where points are predominantly squark coannihilators.

The band of modest exclusion fraction for LSPs with m(χ̃0
1 )® 250 GeV remains, as with

the gluino vs LSP plane.

Such contrasting features between gluinos and squarks highlight the importance of

the s-channel squark exchange diagram in direct detection χ̃0
1 + q→ q̃→ χ̃0

1 + q. Here,

a squark q̃ mediates the LSP χ̃0
1 scattering off light flavour quarks q inside the nucleons.

Resonant scattering occurs when the LSP and squarks are nearly mass degenerate,

enhancing the sensitivity of LUX along the squark–LSP diagonal of Figure 4.14b. Thus,

direct detection experiments are particularly sensitive to bino-like LSP scenarios with a

squark coannihilator. The cross-section σSI
N -χ̃0

1
decreases with heavier squarks due to the

∼ 1/
�

m2
q̃ −m2

χ̃0
1

�

suppression in the propagator.

These observations are consistent with the LSP–nucleon cross-section vs LSP mass

plane with coannihilation mechanism identified (Figure 4.13b). Squarks of the first or

second generation (dark blue) have particularly enhanced direct detection cross-sections.

The points with gluino coannihilators (light orange) feature R ·σSI
N -χ̃0

1
primarily below

10−46 cm2 and will only begin to be probed at the direct detection frontier by future

experiments such as LZ. Coannihilation points involving third generation squarks (light

blue) also tend to have suppressed direct detection cross-sections compared with squarks,

due to the negligible 3rd generation quark content in nucleons.

Taken together, this highlights the important implications of LHC searches for squarks
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in the context of direct detection experiments, especially when the squark–LSP mass

splitting is small. Yet these squark coannihilation scenarios are challenging for colliders,

where direct detection experiments can provide a complementary probe.

4.6 Conclusions

This chapter examined how six ATLAS discovery strategies using 3.2 fb−1 of
p

s = 13 TeV

data optimised for simplified models impact the 19-parameter phenomenological MSSM.

First, we examined these correlations in collider parameter spaces, and found Multi-b

was the most sensitive analysis for models with larger gluino–LSP mass splittings, where

the 2–6 jets search began to lose sensitivity. Second, we identified classes of models

beyond those ATLAS used for optimisation. The SS/3L search had one signal region being

most sensitive to a different scenario in the pMSSM not considered by the ATLAS search.

It involved a squark cascading to a slepton and wino-like LSP. Finally, we showed the

prominent role searches for new coloured states have in DM phenomenology. Bino-like

LSPs can rely on coloured coannihilators to satisfy relic density constraints, which are

probed by the 2–6 jets and Monojet analyses, but also cascades down to the DM.

After these early Run 2 searches, it was evident from Figure 4.12 that many scenarios

of neutralino DM remained viable. The electroweak sector plays a non-trivial role in both

dark matter and collider phenomenology. Searches for direct electroweak production

therefore provide an important probe of neutralino DM that are complementary to the

strong production searches considered in this chapter. One notable scenario is Higgsino

DM where neutralino masses are near 100 GeV, which are poorly constrained both from

non-collider and LHC based searches. A hallmark of Higgsino DM is the compressed mass

spectrum of states near the neutralino DM. This makes Higgsino DM particularly difficult

to probe, which is not simply resolved by adding more luminosity to previous strategies.

Overcoming these challenges in a new dedicated ATLAS search strategy sensitive to these

compressed scenarios is the principal subject of the next chapter.
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Search for compressed electroweak SUSY

Electroweak production of supersymmetric states—charginos, neutralinos and sleptons—

is central to the LHC discovery programme. This is important not only because it probes

the electroweak sector independent of strongly interacting states, but also because it

may be the only discovery window if coloured states are too heavy to be accessible at the

LHC. In particular, the conclusions of Chapter 4 highlighted the Higgsino as a promising

dark matter candidate, motivating new strategies to open LHC sensitivity.

Direct searches of electroweakinos and sleptons are sensitive to masses as high as

500 GeV, but only if mass differences with the neutralino DM are larger than 60 GeV [197,

217,277–279]. Remarkably, for mass differences below 60 GeV, the mass reach can be as

low as around 100 GeV, with no LHC sensitivity prior to the work of this thesis. Higgsino

dark matter inhabits this blind spot and the most stringent direct constraints are from

LEP searches [22–24,280–288]. Such scenarios are known as compressed mass spectra

and are very difficult to discover at the LHC. This is in part due to small cross-sections

and low momenta of the visible decay products.

This chapter presents the first LHC publication to overcome these challenges and

open sensitivity to several key compressed scenarios in electroweak production, based

on work published in Physical Review D [3]. Section 5.1 presents the phenomenological

motivations and existing constraints for the scenarios explored. Section 5.2 outlines the

data and simulated samples. The object definitions used in analysis are discussed in

Section 5.3 before Section 5.4 details the discriminating variables used for optimising

signal sensitivity. The estimation of background rates and systematic uncertainties are

described in Sections 5.5 and 5.6 respectively. Results are presented in Section 5.7 and

sensitivity is compared with other ATLAS results using summary plots in Section 5.8,

before conclusions are summarised in Section 5.9.

61
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5.1 Motivation to search for compressedmass spectra

Three scenarios involving compressed mass spectra in electroweak SUSY production are

considered in this chapter, whose phenomenological motivations are now discussed.

Scenario one: light Higgsino darkmatter Naturalness arguments [152,153] suggest that

the absolute value of the Higgsino mass parameter µ is near the weak scale, not far from

the Z boson mass [150, 151]. Meanwhile, the magnitude of the bino and wino mass

parameters, M1 and M2, can be significantly larger (such as 1 TeV), i.e. |µ| � |M1| , |M2|.

The Higgsino component consequently dominates the composition of the four lightest

electroweakino states, eχ0
1 , eχ±1 , and eχ0

2 .

As the Higgsino states are the partners of two doublet representations of SU(2)L, this

symmetry requires these mass eigenstates to be degenerate. In the pure Higgsino limit,

M1 and M2 are decoupled relative to µ (such as magnitudes above tens of TeV). The

masses of the charged states receive loop corrections involving electroweak bosons and

are separated by hundreds of MeV relative to the neutral states [289]. An analogous

example of this mechanism in the SM are the pions, where the three states π0,π+,π−

are a triplet representation of SU(2) (approximate flavour symmetry). The charged–

neutral mass difference is generated radiatively, resulting in a compressed mass spectrum

∆m(π±,π0)/pmπ±mπ0 ∼ 3%.

Nonetheless, the mass splittings of the Higgsino states can be as large as tens of GeV.

This occurs when there is some bino and/or wino mixing, which is determined by the

values of M1 and M2 [290]. Heuristically, the mass splitting between the neutralinos is

parametrised approximately by [291]

∆m(eχ0
2 , eχ0

1 )≈
m2

W

g2
2

�

g2
1

M1
+

g2
2

M2

�

, |µ| � |M1|, |M2|. (5.1)

Therefore when either or both M1, M2 are around 1 TeV, there is a dynamical mechanism

of electroweak mixing that induces the compressed spectra to be of order one to tens

of GeV. For the scenarios considered by this analysis, the chargino eχ±1 mass is between

those of the two neutralinos. The analogous mechanism in the SM is realised by the W±

and Z boson masses. Here, mixing of electroweak parameters result in mass splittings

of ∆m(Z , W )/pmZ mW ∼ 10%.
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Scenario two: bino dark matter with wino coannihilator The complement of the light

Higgsino scenario considers absolute values of the M1 and M2 parameters being near

the weak scale. Meanwhile, the magnitude of µ is significantly larger, such that |M1|<

|M2| � |µ|. The eχ±1 and eχ0
2 states are wino-dominated, which are nearly mass degenerate

as they are a triplet of SU(2) [292], similar to the pion masses in the SM. The eχ0
1 is

bino-dominated, and this is collectively referred to as the wino–bino scenario.

Dark matter coannihilation arguments [156,157] motivate a next-to-lightest SUSY

particle (NLSP), the wino in this case, to have masses of one to tens of GeV above that

of the bino eχ0
1 , as considered by this chapter. This ensures that the relic density of

the eχ0
1 satisfies constraints from Planck measurements. Further, recent global fits to

the phenomenological MSSM using a wide range of collider and non-collider data also

favour such compressed wino–bino scenarios [209,293,294].

In contrast to the light Higgsino scenario, there is no dynamical mechanism linking

the M1 and M2 mass parameters to give the ∼ 10% mass splitting matching the relic

abundance. Nonetheless, a compressed wino–bino mass spectrum may be expected

circumstantially as such accidents of dynamically unrelated parameters also arise in

the SM. One notable example is the charm quark and tau lepton masses being similar

∆m(c,τ)/pmcmτ ∼ 30%, despite the absence of any known dynamical mechanism

relating these two SM parameters. In these cases, one can hypothesise an undiscovered

mechanism at high mass scales that induces such mass configurations.

Scenario three: bino dark matter with slepton coannihilator Dark matter coannihilation

of the bino eχ0
1 may also proceed via sleptons rather than a wino. The sleptons masses are

just above the mass of a pure bino eχ0
1 , resulting in a compressed spectrum. Resolutions

to the tension between the measurements of the muon anomalous magnetic moment

(g − 2)µ from predictions [81, 82] motivate smuons and neutralinos near the weak

scale [295,296]. The µ and M2 parameters (and all other SUSY states) are decoupled,

and this is therefore a complement to the first two scenarios.

Furthermore, the principle of minimal lepton flavour violation is assumed, suggested

by observational constraints on e.g. B(µ→ eγ) processes [297], motivate the selectrons

and smuons to be mass degenerate. In this thesis, only pair production of the first two
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(a) Composition of lightest neutralino eχ0
1 (b) Fraction excluded by multilepton searches

Figure 5.1: Constraints from multilepton searches on the electroweakino sector of a
5-dimensional pMSSM scan by ATLAS, reproduced from Ref. [217]. Fig. (a) shows the
composition of the lightest neutralino DM candidate denoted by the different colours in
the plane of m(eχ0

1 ) vs m(eχ±1 ). Fig. (b) shows the per-bin fraction of excluded points N bin
excl

out of those scanned N bin
tot from ATLAS 8 TeV multilepton searches. Note the absence of

sensitivity to points in the compressed region where ∆m(eχ±1 , eχ0
1 )® 30 GeV, which is the

region targeted by this chapter.

generations of sleptons are considered, since staus have sufficiently different collider

phenomenology to be beyond the scope of this thesis. Indeed, searches for direct stau

production at the LHC saw little to no sensitivity in Run 1 [298].

5.1.1 Existing experimental constraints

Experimental constraints prior to the work of this chapter are summarised in Figures 5.1

and 5.2, which illustrate striking gaps in LHC sensitivity for compressed scenarios.

For the Higgsino dark matter scenario, Figure 5.1 shows the absence of sensitivity

from a 5-dimensional pMSSM scan of the electroweakino sector. Only the multilepton

searches [277, 278, 298, 300] were considered. Higgsino eH dominated eχ0
1 (yellow

points) are confined exclusively to the diagonal region (Figure 5.1a), where the ATLAS

8 TeV multilepton searches had no sensitivity (Figure 5.1b). The disappearing track

analysis [194] was not considered in this scan, unlike the 19-dimensional pMSSM

study [218], which showed this to have powerful sensitivity to the wino-like eχ0
1 but not

Higgsino-like eχ0
1 scenarios.

For the wino–bino scenario, Figure 5.2a illustrates the simplified model constraints.
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Figure 5.2: Simplified model limits prior to this work reproduced from Refs. [197,217,
277,278,299] on (5.2a) electroweakinos (assuming pure wino production) decaying via
bosons and (5.2b) slepton (assuming four-fold degeneracy of the first two generations).
Scenarios along the so-called ‘coannihilation corridor’ where ∆m(eχ±1 , eχ0

1 )® 35 GeV or
∆m(˜̀, eχ0

1 )® 55 GeV had no sensitivity, which is the subject of this work.

Specifically, 8 TeV [197, 217, 277, 278] and 13 TeV multilepton searches [279] are

considered for wino decaying via gauge bosons to a bino eχ0
1 . Despite the mass reach

exceeding 500 GeV for massless eχ0
1 , there was strikingly no sensitivity for scenarios with

mass splittings of ∆m(eχ±1 , eχ0
1 ) ® 35 GeV. CMS also have similar multilepton searches

for charginos and neutralinos at
p

s = 8 TeV [301,302] and
p

s = 13 TeV [303], which

had no sensitivity to wino-production for ∆m(eχ±1 , eχ0
1 ) ® 23 GeV. After the article on

which this chapter is based was published, CMS also published a search [304] targeting

these Higgsino dark matter and compressed wino–bino scenarios.

For direct slepton production, the 8 TeV ATLAS search [277] (Figure 5.2b) shows no

LHC sensitivity existed for the coannihilation corridor ∆m(˜̀, eχ0
1 )® 55 GeV. The 13 TeV

ATLAS slepton search [279] and the CMS counterpart [305] published after this work

has no sensitivity to this compressed region.

The lack of sensitivity in these regions is partly due to lack of optimisation for

compressed scenarios, but also that the high pT thresholds of the multilepton triggers

used in these searches inhibit signal acceptance in compressed scenarios. The strongest

constraints in these compressed mass spectra regimes are from a combination of LEP
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Figure 5.3: The mass spectrum and decays (upper) assumed in the schematic diagrams
(lower) of the simplified models representing the two lepton final state of (a) associated
neutralino–chargino eχ0

2 eχ
±
1 and (b) slepton pair e`e` production in association with an

initial state radiation jet.

results [22–24,280–288]. The lower bounds on direct chargino production from these

results correspond to m(eχ±1 ) > 103.5 GeV for ∆m(eχ±1 , eχ0
1 ) ¦ 3 GeV [23] and m(eχ±1 ) >

92.4 GeV for smaller mass differences [22].

For sleptons, conservative lower limits on the mass of the scalar partner of the

right-handed muon are m(eµR) > 94.6 GeV for mass splittings down to ∆m(eµR, eχ0
1 ) ¦

2 GeV [24]. For right-handed selectrons, there is a universal lower bound of m(eeR) >

73 GeV, which is independent of mass splitting ∆m(eeR, eχ0
1 ); this constraint relies on the

e+e−→ ee+Ree
−
R process via t-channel neutralino eχ0

1 exchange [282]. The scalar partners of

the left-handed charged leptons eeL, eµL have larger cross-sections and therefore stronger

limits than the corresponding partners of the right-handed leptons [24,282].

5.1.2 Overview of analysis strategy

Recent phenomenological studies propose probing compressed scenarios using leptons

with small transverse momentum, pT, referred to as soft leptons [290,306–312]. This

chapter develops these proposals by analysing 36.1 fb−1 of
p

s = 13 TeV pp collected

by the ATLAS experiment in 2015 and 2016. Events are selected if they contain large

missing transverse momentum, along with two same-flavour soft leptons (electrons e or

muons µ) with opposite electric charge. The leptons provide leverage for background
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discrimination, while the final state topology is selected such that the produced SUSY

states and neutralino eχ0
1 recoil against initial state radiation. This aligns the neutralinos

to produce sufficient Emiss
T to pass the Emiss

T triggers.

Schematic diagrams of processes targeted by this search are shown in Figure 5.3.

Figure 5.3a considers the two leptons arising from the same leg, as realised in elec-

troweakino production, where the eχ0
2 decays via an off-shell Z boson. Such decays

have a kinematic endpoint in the dileptonic invariant mass m`` related to ∆m(eχ0
2 , eχ0

1 ),

which is exploited for background discrimination. The second case is where the two

leptons arise from different legs, which is realised by the slepton model (Figure 5.3b).

Each slepton decays directly to the bino eχ0
1 and corresponding lepton, where a similar

kinematic endpoint is realised in the stransverse mass mT2 variable [159, 160]. The

stransverse mass generalises the transverse mass (used to reconstruct the W boson mass

in W → `ν decays) to a pair of semi-invisible decays, discussed further in Section 5.4.

5.2 Data and simulated samples

Data events from pp collisions are selected for this analysis using the Emiss
T trigger, with

high level trigger thresholds ranging from 70 to 110 GeV depending on the run period.

The triggers are more than 95% efficient for events with an offline Emiss
T greater than

200 GeV. This data sample corresponds to a luminosity of 36.1 fb−1 with a relative

uncertainty of 2.1%, derived using methods similar to those described in Ref. [313].

5.2.1 Simplified model signals

For the SUSY signals, simplified models [166,170,314] are used to guide analysis design

and interpretation. The models considered are motivated by the scenarios described in

Section 5.1, but make several simplifying assumptions detailed below. One simplified

model is inspired by the light Higgsino dark matter scenario, referred to as the Higgsino

model. Another is a model of slepton pair production decaying to bino eχ0
1 . These two

models are considered for both signal region optimisation and interpretation of results.

For the interpretation of analysis results, an additional simplified model based on the

wino–bino scenario assumes wino production decaying to a bino eχ0
1 , referred to as the

wino–bino model. All coloured SUSY states are kinematically inaccessible with masses
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Figure 5.4: Dilepton invariant mass for Higgsino (blue) vs wino–bino model (red)
predicted by theory [315] (dashed lines) and the result of the simulation (solid lines)
used for this analysis. This figure was produced by a collaborator.

set to multi-TeV scales.

Higgsinomodel The Higgsino simplified model includes the production of eχ0
2 eχ
±
1 , eχ0

2 eχ
0
1 ,

and eχ+1 eχ
−
1 , which has the following features:

• The cross-sections assume the electroweakino mixing matrices are such that the

eχ0
1 , eχ±1 , eχ0

2 states are pure Higgsinos.

• The eχ0
1 and eχ0

2 masses are free parameters, while the chargino masses are set to

m(eχ±1 ) =
1
2[m(eχ

0
1 ) +m(eχ0

2 )].

• The branching ratios for eχ0
2 → Z∗ eχ0

1 and eχ±1 → W ∗
eχ0

1 are fixed to 100%. The

Z∗→ `+`− branching ratios (and similarly for the W ∗) are computed using SUSY-

HIT v1.5b [316], which accounts for finite b-quark and τ-lepton masses.

Wino–bino model For the wino–bino simplified model, only the production of eχ0
2 eχ
±
1 is

considered as the eχ0
2 eχ

0
1 process is suppressed and eχ+1 eχ

−
1 is found to have low acceptance

(Section 5.4). This chapter only uses the wino–bino model for interpretation of the final
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results (Section 5.7) in order to allow direct comparison with existing ATLAS simplified

models in Section 5.8. This model has the following assumptions:

• The mass of the eχ0
2 is equal to the mass of the eχ±1 .

• The electroweakino mixing matrices are such that the eχ0
2 eχ
±
1 is pure wino and eχ0

1

is pure bino, and the decays are the same as that of the Higgsino model.

The m`` spectra of the wino–bino model from the Z∗→ `+`− boson in the eχ0
2 to eχ0

1 decay

differs from that of the Higgsino model. To accurately model this, the leptonic decays

of the electroweakinos are modelled using MA DSP I N [317]. Figure 5.4 illustrates the

m`` shape differences between the Higgsino and wino–bino model for m(eχ0
2 , eχ0

1 ) =

(100,80) GeV. This is due to a relative sign difference in the underlying neutralino

mass parameters [315]. While our strategy does not optimise for these differences, the

analysis performs a binned shape analysis of the m`` variable (Section 5.4). Therefore,

there is sensitivity to distinguish between the two cases in case of discovery.

Slepton model For the slepton simplified model, the direct pair production of the

selectron and smuons are generated. This model assumes the following:

• Only selectrons eeL,R and smuons eµL,R are generated. The subscripts L, R denote

the left- or right-handed chirality of the partner electron or muon.

• The four slepton masses are degenerate m(eeL) = m(eeR) = m(eµL) = m(eµR).

• The sleptons decay with a 100% branching ratio as ˜̀→ `eχ0
1 .

The signals are generated using MG5_aMC@NLO [257] with up to two extra partons

in the matrix element (ME) using version 2.4.2 for the Higgsino and wino–bino models,

while the slepton model uses version 2.3.3. The resulting events are interfaced with

PY T H I A 8.186 [318] using the A14 tune [319] to model the parton shower (PS),

hadronisation and underlying event. The ME-PS matching is performed using the

CKKW-L [320] scheme and the NNPDF23LO PDF set [321] is used. Heuristically, ME-PS

matching defines the scale above which the matrix element models jets, while the parton

shower is used below the scale. Following standard recommendations in the ATLAS SUSY
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group, this is set to one quarter of the slepton mass. For the Higgsino and wino–bino

models, this scale was revisited and studies suggest that a lower 15 GeV scale allows the

matrix element to more accurately model initial state radiation.

Signal cross-sections are calculated at next-to-leading order (NLO) in the strong

coupling, and next-to-leading logarithm (NLL) accuracy for soft gluon resummation

using RE S U M M I N O v1.0.7 [173–175]. Figure 3.2 illustrates the production cross-

sections for electroweakinos and sleptons. As all coloured SUSY states are decoupled,

contributions from diagrams involving squark exchange are negligible.

In general, production cross-sections for electroweakinos are around an order of

magnitude larger than those for sleptons. These cross-sections for mass-degenerate eχ0
2 ,

eχ±1 , eχ0
1 assume either pure Higgsino eH and wino fW mixing matrices. The Higgsino

cross sections are recalculated for the samples used in this analysis assuming non-

degenerate eχ0
2 , eχ±1 , eχ0

1 . Note that production cross-sections for wino states are around

four times larger than Higgsino states, while that for partners of left-handed leptons ˜̀
L

are approximately three times larger than partners of right-handed leptons ˜̀
R.

5.2.2 Simulation of Standard Model processes

Table 5.1 summarises the MC generator configurations considered for the Standard Model

background processes. Displayed are the matrix element and parton shower programs,

the PDF sets, and the cross-section calculations used for normalisation. Further details

about the simulation of these SM processes can be found in Refs. [322–325].

Processes involving vector bosons, namely Z (∗)/γ∗(→ ττ) + jets, diboson, and tribo-

son, are generated using S H E R PA versions 2.1.1, 2.2.1, and 2.2.2 [326–330]. Simulation

of the single top and t t̄ processes employ PO W H E G -B O X v1 and v2 [331–333] inter-

faced to PY T H I A 6.428 using the PE R U G I A2012 [334] tune. Events involving Higgs

bosons production use the PO W H E G -B O X v2 generator with PY T H I A 8.186. Mean-

while, MG5_aMC@NLO 2.2.2 with PY T H I A 8.186 are used to simulate production of

a Higgs boson in association with a W or Z boson, in addition to processes containing

t t̄ in association with at least one electroweak boson. The production of Higgs bosons

in association with a W or Z boson, in addition to t t̄ plus one or more electroweak

bosons use MG5_aMC@NLO v2.2.2 with P Y T H I A versions 6.428 or 8.186 and the ATLAS
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A14 tune. These processes were generated at NLO in the matrix element except for

t t̄ +WW/t t̄, t + t t̄, and t + Z , which were generated at LO.

Process Matrix element Parton shower PDF set Cross-section

Z (∗)/γ∗ + jets SH E R PA 2.2.1 NNPDF 3.0 NNLO [335] NNLO [336]
Diboson S H E R PA 2.1.1 / 2.2.1 / 2.2.2 NNPDF 3.0 NNLO Generator NLO
Triboson S H E R PA 2.2.1 NNPDF 3.0 NNLO Generator LO, NLO

t t̄ PO W H E G -B O X v2 PY T H I A 6.428 NLO CT10 [337] NNLO+NNLL [338–341]
t (s-channel) PO W H E G -B O X v1 PY T H I A 6.428 NLO CT10 NNLO+NNLL [342]
t (t-channel) PO W H E G -B O X v1 PY T H I A 6.428 NLO CT10f4 NNLO+NNLL [343,344]
t +W PO W H E G -B O X v1 PY T H I A 6.428 NLO CT10 NNLO+NNLL [345]

h(→ ``, WW ) PO W H E G -B O X v2 PY T H I A 8.186 NLO CTEQ6L1 [259] NLO [346]
h+W/Z MG5_aMC@NLO 2.2.2 P Y T H I A 8.186 NNPDF 2.3 LO NLO [346]

t t̄ +W/Z/γ∗ MG5_aMC@NLO 2.3.3 P Y T H I A 8.186 NNPDF 3.0 LO NLO [257]
t t̄ +WW/t t̄ MG5_aMC@NLO 2.2.2 P Y T H I A 8.186 NNPDF 2.3 LO NLO [257]
t + Z MG5_aMC@NLO 2.2.1 P Y T H I A 6.428 NNPDF 2.3 LO LO [257]
t +W Z MG5_aMC@NLO 2.3.2 PY T H I A 8.186 NNPDF 2.3 LO NLO [257]
t + t t̄ MG5_aMC@NLO 2.2.2 P Y T H I A 8.186 NNPDF 2.3 LO LO [257]

Table 5.1: Summary of simulated samples for the Standard Model background processes.

Simulation of experimental e�ects Pileup is modelled by generating additional inter-

actions using the soft QCD processes of PY T H I A 8.186 with the A2 tune [347] and

the MSTW2008LO PDF set [348]. These samples are overlaid onto each simulated

hard-scatter event. As these are usually generated before the conditions in data are

known, the average number of interactions per bunch crossing in the MC samples is

reweighted to match the observed pileup distribution.

The ATLAS detector simulation [349] is applied to all MC samples, which is based on

G E A N T4 [350]. A fast simulation that parametrises the response of the calorimeter [351]

is used for the SUSY signal samples, while the SM background samples used the full

G E A N T4 simulation. To improve the modelling of decays of bottom and charm hadron,

the EV T GE N v1.2.0 [352] package is used in all samples except those generated by

SH E R PA, which has its own detailed internal modelling.

5.3 Object definitions

Candidate events for this analysis must have a minimum of one pp interaction vertex.

Vertices have at least two tracks satisfying pT > 0.4 GeV, |η| < 2.5, which are recon-

structed from inner detector information. The primary vertex of an event is defined as the
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Property Signal Preselected

Electrons

Kinematic pT > 4.5 GeV, |η|< 2.47 pT > 4.5 GeV, |η|< 2.47
Identification Tight Likelihood VeryLoose Likelihood
Isolation GradientLoose –
Impact parameter |d0/σ(d0)|< 5, |z0 sinθ |< 0.5 mm |z0 sinθ |< 0.5 mm

Muons

Kinematic pT > 4 GeV, |η|< 2.5 pT > 4 GeV, |η|< 2.5
Identification Medium Medium
Isolation FixedCutTightTrackOnly –
Impact parameter |d0/σ(d0)|< 3, |z0 sinθ |< 0.5 mm |z0 sinθ |< 0.5 mm

Jets

Kinematic pT > 30 GeV, |η|< 2.8 pT > 20 GeV, |η|< 4.5
Clustering Anti-kt R= 0.4 EMTopo Anti-kt R= 0.4 EMTopo
Pileup mitigation JVT Medium for pT < 60 GeV, |η|< 2.4 –
b-tagging pT > 20 GeV, |η|< 2.5, MV2c10 FixedCutBeff 85% –

Table 5.2: Summary of object definitions. Signal objects are used in the final analysis
selection, which are a subset of preselected objects. References and definitions for specific
properties of each object can be found in the main text.

one with the largest
∑

p2
T of its associated tracks. The transverse and longitudinal impact

parameters of a track are denoted by d0 and z0 respectively. This analysis categorises

jets and leptons as preselected or signal, whose definitions are summarised in Table 5.2

and detailed below.

5.3.1 Preselected objects

Jets Energetic quarks and gluons hadronise to form collimated sprays of particles.

These particles are grouped into jets, based on topological clusters of calorimeter energy

deposits [353]. The anti-kt algorithm [262,263] is used with distance parameter R = 0.4,

which results in geometrically conical jets, when not overlapping. This analysis treats

both photons and hadronically decaying tau leptons as jets. Jets must satisfy pT > 20 GeV

after being calibrated in accord with Ref. [354].

Pileup can undesirably alter jet kinematics and two mitigation strategies are employed.

One is based on calorimeter information where the expected energy contribution from

pileup is subtracted according to the jet area [355]. The other is based on tracking
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information where jets with pT < 60 GeV and |η|< 2.4 must satisfy the Medium working

point of the Jet Vertex Tagger [355]. Further, events consistent with detector noise or

non-collision backgrounds (such as muons from cosmic rays mis-reconstructed as jets)

are rejected if they fail basic quality criteria [356].

Jets may contain hadrons composed of heavy flavour quarks. In particular, B-hadrons

are sufficiently long-lived such that their vertices are displaced from the primary vertex

by a few millimetres. This property is used to identify b-tagged jets using the multivariate

MV2c10 algorithm [357, 358]. This uses information from tracks, thus limiting its

application to |η|< 2.5. A working point is chosen such that jets with B-hadrons from

simulated t t̄ events are identified with 85% efficiency. The corresponding rejection

factors for jets initiated from charm quarks (light-flavour quarks or gluons) are 3 (34).

Electrons andmuons Preselected electrons are reconstructed with pT > 4.5 GeV and

|η| < 2.47. These satisfy the likelihood-based VeryLoose identification [359]. The

calorimeter shower shapes of electrons and tracking information are used as inputs to

the likelihood-based identification criteria.

Preselected muons are reconstructed using information from the tracker and muon

spectrometer. These are identified using the Medium criterion defined in Ref. [360] and

required to satisfy pT > 4 GeV, |η|< 2.5, and |z0 sinθ |< 0.5 mm.

Overlap removal Preselected jets, electrons and muons are reconstructed independently,

so an overlap removal procedure is employed to avoid ambiguity of identification. This

is based on the distance measure ∆R y =
p

(∆y)2 + (∆φ)2, where y is the rapidity.

The procedure is as follows. For an electron sharing a track with a muon, discard the

electron; this suppresses muon bremsstrahlung followed by a photon conversion. When

a non-b-tagged jet and an electron are separated within ∆R y < 0.2, remove the jet. If a

jet having fewer than three tracks with pT > 0.5 GeV is within ∆R y < 0.4 from a muon,

discard the jet to suppress muon bremsstrahlung. Finally, for jets within ∆R y < 0.4 of

electrons or muons, retain the jets and remove the electrons and muons to suppress

heavy flavour quark decays.
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5.3.2 Signal objects

Signal objects are a subset of those preselected, which are now described.

Jets and leptons Signal jets are required to have pT > 30 GeV, except that the b-tagging

is applied to jets down to pT > 20 GeV to maximise rejection of top quark backgrounds.

Of the remaining electron candidates, signal electrons must additionally satisfy the

likelihood-based Tight identification criteria [359], and the significance of the transverse

impact parameter is required to be |d0/σ(d0)|< 5. For signal muons, the requirement

|d0/σ(d0)|< 3 is imposed.

Isolation requirements are imposed on the remaining lepton candidates to suppress

processes including jets mis-identified as leptons, photon conversions, and semi-leptonic

decays of heavy-flavour hadrons, which are collectively referred to as fake/nonprompt

leptons. Such processes contribute additional tracks or calorimeter deposits in a small

cone around the candidate lepton compared with prompt leptons. Selections on various

metrics are defined to quantify the activity nearby such leptons and define isolation

criteria. These are detailed in Refs. [359, 360], where this analysis uses the Gradi-

entLoose [359] and FixedCutTightTrackOnly [360,361] isolation criteria, which signal

electrons and muons are required to satisfy, respectively. These are chosen based on sig-

nal efficiency and background rejection optimisation studies. However, if nearby tracks

or calorimeter deposits are associated with preselected leptons, these are excluded from

consideration in the isolation requirements. This is referred to as the nearby isolation

correction developed in Ref. [362] and is applied in order to preserve efficiency for two

leptons with low invariant mass, as often the case with the signals considered.

To correct for differences in the reconstruction efficiencies of electrons, muons and

b-tagged jets between the simulated samples and data, small corrections referred to

as scale factors are applied to the Monte Carlo. These scale factors for b-tagged jets

correct differences in b-jet identification efficiencies as well as mis-identification rates of

charm quark, and light-flavour quark (up, down or strange) or gluon initiated jets. The

tag-and-probe methods detailed further in Refs. [359,360] use J/ψ→ ee/µµ events to

derive scale factors for the identification efficiencies of electrons and muons. Similar

scale factors are applied for the isolation of electrons and muons, where Figure 5.5
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Figure 5.5: Figure reproduced from Ref. [361] showing the efficiency of the FixedCut-
TightTrackOnly isolation working point as a function of muon pT. The black filled (red
unfilled) circles denote the efficiencies measured in data (predicted from MC). The
ratio of data / MC defines the scale factors used to correct MC in the analysis. This is
determined using Z → µµ events using the tag-and-probe method.

exemplifies this for muons used in this analysis.

The total electron and muon reconstruction efficiencies after imposing all these

quality requirements are shown in Figure 5.6.

Missing transversemomentum If particles in the final state escape detection e.g. neutri-

nos and dark matter, the missing transverse momentum pmiss
T with magnitude Emiss

T can

be non-zero. This is defined as the negative vectorial sum of the transverse momenta pi
T

of all reconstructed objects (electrons, muons and jets) and an additional soft term i.e.

pmiss
T = −

∑

i∈{obj} p
i
T, where {obj} = {electrons,muons, jets, soft term}. The soft term is

constructed from all tracks that are not associated with any object, but remain associated

with the primary vertex [363].

5.4 Search strategy

Existing searches for electroweakinos and sleptons use lepton triggers [197,217,277,

278], whose high thresholds have insufficient acceptance on low momentum leptons of

compressed scenarios to allow sensitivity (Figure 5.7 left). Our strategy instead selects
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Figure 5.6: Summary of the lepton efficiencies when all the signal selections are applied
for electrons (blue) and muons (red). This includes reconstruction, identification and
isolation. This plot is made by a collaborator. Shown bands capture the range of values
over all the signal Monte Carlo considered.

events using Emiss
T triggers. For our signals, the large Emiss

T arises from the invisible eχ0
1

states recoiling against hadronic initial state radiation (ISR), as illustrated in Figure 5.7

(right). Without ISR, the Emiss
T is substantially lower as the eχ0

1 states carry away much

of the momentum in nearly back-to-back configuration. This analysis targets decays

from an off-shell Z boson or from slepton pairs, which always produce two same-flavour

leptons with opposite electric charge (e+e− or µ+µ−).

The dominant backgrounds mimicking the signal are divided into two categories:

• Irreducible: two prompt leptons and Emiss
T from neutrinos largely arise from t t̄, WW

and Z (∗)/γ∗(→ ττ) + jets processes. These are estimated with the aid of MC

simulation, as described in Subsection 5.5.1.

• Reducible: leptons that are nonprompt or fake (such as jets passing lepton require-

ments) arise from processes such as W (→ `ν) + jets. These fake/nonprompt

leptons are the dominant reducible backgrounds and are estimated using the

data-driven Fake Factor method outlined in Subsection 5.5.2.

Several kinematic variables are used to maximise the Higgsino and slepton signal and

rejection of background processes. The search strategy first exploits features common to
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Figure 5.7: Schematic of the decays of compressed electroweak states and their detector
kinematics. Left shows the issues of using existing lepton-trigger based strategies for
probing compressed electroweak states. Right illustrates the initial-state radiation
strategy to use the Emiss

T triggers employed by this analysis.

these two signal scenarios (Subsection 5.4.1), before tuning the final signal regions (SRs)

to target each optimally (Subsection 5.4.2). This optimisation was performed blinded

without considering the data counts in the SRs, but kinematic distributions displayed in

this section are produced after unblinding. The results of this sensitivity optimisation

are summarised in Table 5.3 and discussed in detail below.

5.4.1 Selection common to all signal regions

The requirements on the following variables capitalise on features common to both the

Higgsino and slepton signals.

Jet and pmiss
T back-to-back Emiss

T > 200 GeV, p j1
T > 100 GeV and ∆φ( j1,pmiss

T )> 2.0.

The Emiss
T requirement ensures that data events are selected with > 95% efficiency by the

trigger. The leading jet pT, denoted as p j1
T , must be large as significant hadronic activity

is required to balance the pmiss
T . In the case of the signal, this arises from initial state

radiation to balance the Emiss
T . A large magnitude of the azimuthal angle ∆φ( j1,pmiss

T )

between the leading jet and pmiss
T ensures such topologies are selected. The azimuthal

angle between any jet and pmiss
T must satisfy min(∆φ(any jet,pmiss

T )) > 0.4 to reduce
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Figure 5.8: Schematic of the fully leptonic decays τ→ ντ`ν` of the Z (∗)/γ∗(→ ττ) +
jets system used to define the mττ variable.

instrumental Emiss
T from mis-measured jets. Jets with pT > 30 GeV are used in this

variable.

Veto b-tagged jets. The number of b-tagged jets is required to be zero. The b-tagging

is applied to jets with pT > 20 GeV using a configuration which identifies 85% of jets

with b-hadrons from t t̄ MC to maximise rejection of backgrounds with top quarks.

Lepton pT. The lepton with the higher (lower) pT in each pair is referred to as leading

(subleading) lepton, which is written as `1(`2). The leading lepton is required to satisfy

pT > 5 GeV, which is found to suppress fake/nonprompt leptons. The pT thresholds for

the subleading lepton remains as low as reconstruction is supported, at pT > 4.5 (4) GeV

for electrons (muons), to maximise signal acceptance.

Ditau mass mττ 6∈ [0,160] GeV. The mττ variable [290, 306, 312] is used to re-

construct Z (∗)/γ∗(→ ττ) + jets processes where both τ particles decay leptonically

τ→ ντ`ν`. Figure 5.8 illustrates the kinematics of this system schematically. This is

defined by the signed square root of m2
ττ
= 2p`1

· p`2
(1+ ξ1)(1+ ξ2), i.e.

mττ = sign
�

m2
ττ

�

Ç

�

�m2
ττ

�

� , (5.2)

working in the boosted tau limit p2
τ
→ 0 GeV while p`1

and p`2
are the visible lepton

four-momenta. The scalar ξi parameters are obtained by inverting the equation pmiss
T =

ξ1p`1
T + ξ2p`2

T , which uses the pmiss
T to constrain the momenta of the neutrino system pνi

from each i-th tau. This assumes that the taus from the Z are boosted such that the

neutrinos and lepton are collinear with the parent tau. The pνi
is then well-approximated

by a linear rescaling of the visible lepton momentum pνi
≈ ξi p`i

, resulting in the tau
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momentum being pτi
= (1+ ξi)p`i

. The m2
ττ

variable can have negative values when

one of the p`i
has smaller magnitude than Emiss

T and points in the opposite hemisphere

to the pmiss
T , as often the case in processes such as WW and the signal.

Figure 5.9a shows the kinematic distributions for this variable after all the require-

ments common to all SRs (Table 5.3) are imposed. When all the selections defining the

electroweakino SRs in Table 5.3 are applied, the mττ ∈ [0,160] GeV veto has a signal

efficiency of 75% for the Higgsino model point m(eχ0
2 , eχ0

1 ) = (110, 100) GeV, and 87% of

the Z (∗)/γ∗(→ ττ)+jets background is rejected.

5.4.2 Signal regions optimised for Higgsinos and sleptons

For the Higgsino signals, the two leptons arise predominantly from a three-body decay

eχ0
2 → ``eχ0

1 . Meanwhile, a pair of two-body decays ˜̀ → `eχ0
1 yield the two leptons

for slepton signals. Two sets of SRs are therefore optimised to exploit the kinematic

differences between these distinct classes of decays. The SRs optimised for Higgsinos

are also referred to as electroweakino SRs, given these are also used for the forthcoming

wino–bino interpretation. Additional requirements are made on the following variables.

Dilepton distance ∆R`` =
p

(∆η``)2 + (∆φ``)2. This is required in all cases to fulfil

∆R`` > 0.05 to suppress nearly collinear lepton pairs from photon conversions or muons

with spurious tracks from shared inner detector hits. Due to the Lorentz boost of eχ0
2 from

the hadronic recoil, the dilepton pair from the eχ0
2 decay typically has smaller separation

in electroweakino signals than those from background or slepton signals as shown in

Figure 5.9b, where the two leptons typically arise from different legs of the decay. Thus,

the ∆R`` < 2.0 selection is imposed for electroweakino SRs.

Transverse mass m`1
T . This variable is defined as

m`1
T =

r

2
�

Emiss
T E`1

T − pmiss
T · p`1

T

�

, (5.3)

which is required to be less than 70 GeV only for electroweakino SRs. For electroweakinos,

the leading lepton from the signals tend to be closer to pmiss
T than for background processes.

This selection is not imposed on the slepton signals as the leading lepton tends to be

more well separated from the pmiss
T (the requirement on m

mχ
T2 to be described below is an

implicit requirement on the transverse mass). Figure 5.9d shows signal and background

distributions in this variable.
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Variable Requirement

Number of leptons = 2
Lepton charge and flavour e+e− or µ+µ−

Leading lepton p`1
T > 5 (5) GeV for electron (muon)

Subleading lepton p`2
T > 4.5 (4) GeV for electron (muon)

∆R`` > 0.05
m`` ∈ [1,60] GeV excluding [3.0, 3.2] GeV
Emiss

T > 200 GeV
Leading jet p j1

T > 100 GeV
∆φ( j1,pmiss

T ) > 2.0
min

�

∆φ(any jet, pmiss
T

�

> 0.4
Number of b-jets Nb-jets = 0
mττ < 0 or > 160 GeV

Electroweakino SRs Slepton SRs

∆R`` < 2 —
m`1

T < 70 GeV —
Emiss

T /H lep
T >max (5, 15− 2m``/GeV) >max

�

3,15− 2
�

m100
T2 /GeV− 100

��

Binned in m`` m100
T2

Table 5.3: Summary of event selection common to all SRs, as well as those only required
for the electroweakino and slepton SRs. The binning scheme used to define the final
SRs is shown in Table 5.4.

Dilepton invariant mass m``. This is correlated with the electroweakino mass

splittings. The m`` from the eχ0
2 decay is kinematically bound by the mass splitting

∆m(eχ0
2 , eχ0

1 ), i.e. m`` ≤ ∆m(eχ0
2 , eχ0

1 ), whereas this endpoint is absent in background

processes (and for the slepton signals), as illustrated by Figure 5.10a. The m`` is binned

to define the electroweakino SRs, to be further described below. The range m`` ∈

[3,3.2] GeV is vetoed to suppress J/ψ resonances. The requirement of m`` > 1 GeV is

applied throughout for the same reason as the∆R`` > 0.05 described above. Meanwhile,

the condition m`` < 60 GeV is imposed to reduce leptonically decay Z boson processes.

Stransverse mass m
mχ
T2 . This quantity is correlated with the slepton mass splitting.

It is defined by [159,160]

m
mχ
T2

�

p`1
, p`2

,pmiss
T

�

=min
qT

�

max
�

mT

�

p`1
T ,pmiss

T , mχ

�

, mT

�

p`2
T ,pmiss

T − qT, mχ

���

, (5.4)

where mχ is the hypothesised mass of the invisible particles and the transverse vector

qT with magnitude qT is required to minimise the larger of the two transverse masses
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Electroweakino SRs

SRee-m``, SRµµ-m`` [1, 3] [3.2, 5] [5,10] [10, 20] [20,30] [30, 40] [40, 60]
SR``-m`` [1, 3] [1, 5] [1,10] [1, 20] [1, 30] [1, 40] [1, 60]

Slepton SRs

SRee-m100
T2 , SRµµ-m100

T2 [100, 102] [102,105] [105, 110] [110,120] [120, 130] [130,∞]
SR``-m100

T2 [100, 102] [100, 105] [100, 110] [100,120] [100, 130] [100,∞]

Table 5.4: Binning scheme for the m`` (electroweakino SRs) and m100
T2 (slepton SRs)

variables. Units are in GeV.

defined by

mT

�

p`T,qT, mχ

�

=
È

m2
`
+m2

χ
+ 2

�q

m2
`
+ p2

T

Ç

m2
χ
+ q2

T − p`T · qT

�

. (5.5)

For a given slepton signal with slepton mass m(˜̀) and LSP mass m(eχ0
1 ), the inequality

m
mχ
T2 ≤ m(˜̀) is satisfied for the choice mχ = m(eχ0

1 ). Background events do not have

such kinematic endpoints, allowing greater discrimination for smaller ∆m(˜̀, eχ0
1 ). This

analysis chooses m
mχ
T2 with a single mχ = 100 GeV for simplicity, denoted m100

T2 , based on

the expected sensitivity of this analysis. Figure 5.10b shows the distribution of slepton

signals and the correlation with the mass splitting absent in background events.

Missing momentum vs lepton ratio Emiss
T /H lep

T . This variable exploits the large scale

separation between the low momentum leptons typically of order 10 GeV relative to the

Emiss
T > 200 GeV in the signals. By contrast, background processes such as WW → `ν`ν

have significantly more energetic leptons, such that the scalar sum of the lepton momenta

H lep
T =

∑

i p`i
T favours larger values than those from the signals.

The discriminating power of Emiss
T /H lep

T improves for smaller mass splittings. This is

illustrated in Figure 5.10, which shows the kinematic distributions of the total background

and various benchmark signals, projected into the Emiss
T /H lep

T vs m`` (m100
T2 ) plane for the

electroweakino (slepton) SRs. The signals are bounded from above by the m`` or m100
T2

variable due to the aforementioned kinematic endpoints. The red solid line denotes the

requirements imposed on Emiss
T /H lep

T , which are allowed to vary according to the inferred

signal mass splitting:

Emiss
T /H lep

T >

¨

max (5, 15− 2m``/GeV) , electroweakino SRs,

max
�

3,15− 2
�

m100
T2 /GeV− 100

��

, slepton SRs.
(5.6)

The factor of two is applied as the values of the m`` or (m100
T2 −100 GeV) proxies for signal
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Figure 5.9: Kinematic distributions in a selection of variables when the requirements
common to both the electroweakino and slepton SRs in Table 5.3 are applied. The blue
arrow indicates the selection to be imposed. Background processes containing fewer
than two prompt leptons are categorised as ‘Fake/nonprompt’. The category ‘Others’
contains rare backgrounds such as triboson and Higgs boson. The dashed lines denote
the benchmark signals for the Higgsino (dark purple) and slepton (red) models.

mass splitting are on average approximately half of the underlying signal ∆m. A lower

minimum value of 3 is used for sleptons to retain sensitivity to moderately compressed

mass splittings ∆m(˜̀, eχ0
1 )∼ 15 GeV.

Table 5.4 (upper) defines the SRs optimised for Higgsino sensitivity. The m`` variable

is used to construct several non-overlapping regions for analysis. These are further

divided into ee and µµ channels, labelled by SRee-m`` and SRµµ-m`` respectively. The
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Figure 5.10: Two-dimensional distributions of the backgrounds (boxes) and benchmark
signals (circles) in the electroweakino (left) and slepton (right) SRs before the require-
ment in the variables plotted are imposed. Events below the red solid lines are rejected
by the requirement on Emiss

T /H lep
T . These plots were made by a collaborator.

Emiss
T /H lep

T , ∆R``, and m`1
T requirements are applied to all these SRs. An analogous set

of bins are defined in Table 5.4 (lower) optimised for slepton sensitivity. Twelve non-

overlapping regions binned in m100
T2 are defined, which are then also split by ee and µµ

channels. When setting exclusion limits on the electroweakino (slepton) signals, only

the non-overlapping m`` (m100
T2 ) regions are simultaneously fit and statistically combined

to improve sensitivity, as described in Section 5.7.

Figure 5.11 shows the signal acceptancesA in the SRs prior to any detector effects,

and before any of the binned selection has been applied. These selections are imple-

mented in the S I M P L EA N A LY S I S package, whose code is available on H E PDATA in the

auxiliary material of Ref. [4]. For Higgsino signals in the eχ0
2 eχ
±
1 , eχ0

2 eχ
0
1 processes, theA

are typically ∼ 10−3 to 10−4 in the electroweakino SR, whereasA for the eχ+1 eχ
−
1 process

are typically an order of magnitude lower. Meanwhile for slepton signals in the slepton

SR, these are typically an order of magnitude larger at ∼ 10−2 to 10−3. This difference

dominantly arises due to the Z∗→ `` branching fraction for electroweakinos.

Figure 5.12 shows the efficiency ε of the SR selection, which characterises the effects

of the detector response and reconstruction algorithms. These are the fraction of events

that enter the SR after these effects are included out of those produced, divided by the

acceptanceA calculated by S I M P L E A N A LY S I S. For the signals considered, the typical

values of ε are around 30 to 50%, dominated by lepton reconstruction efficiencies.
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Figure 5.11: Signal acceptanceA in the SRs labelled by the captions without detector
effects applied. This is defined as the number of events passing the SR selections NSR

divided by cross-section times luminosity σ× L, i.e. A = Nno detector
SR /(σ× L).

5.5 Background estimation

Standard Model processes with jets, two leptons and missing transverse momentum can

mimic the signals considered. Figure 5.13 schematically summarises how the background

processes enter the SRs and their estimation strategy detailed below.

5.5.1 Irreducible backgrounds

The dominant irreducible background processes include t t̄, single top (mainly tW ),

diboson WW , W Z where the third lepton is not identified, and Z (∗)/γ∗(→ ττ) + jets. For

the t t̄, single top, and Z (∗)/γ∗(→ ττ)+ jets processes, the MC simulations are normalised

in a simultaneous fit to the observed data counts in control regions (CR) using statistical

procedures outlined in Section 5.7. The CRs are designed to be statistically disjoint from

the SRs, enriched in a particular background process, have minimal contamination from

signals considered, and exhibit kinematic properties similar to the SRs. The event rates

in the SRs are then predicted by extrapolating the simulated MC distributions from the

CRs. This extrapolation and the modelling of remaining backgrounds are validated using

events in dedicated validation regions (VR). The VRs do not constrain the fit, and are

orthogonal to the CRs and SRs. These regions are summarised in Table 5.5.

The prompt dileptonic decays of t t̄ and tW , diboson WW , and Z (∗)/γ∗(→ ττ) + jets

processes yield same-flavour (SF) lepton pairs (ee+µµ) with equal rate as those with
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Figure 5.12: Efficiency ε in the SRs labelled by the subfigure captions. This is defined
as the fraction of events passing SR selection including detector effects Ndetector

SR /(σ× L),
where σ × L is the cross-section times luminosity, divided by the acceptance A , i.e.
ε = Ndetector

SR /(A ×σ × L). The dashed line indicates the maximum value of the m``

considered in the SR.

different-flavour (DF) pairs (eµ+µe), where the left (right) lepton of each pair denotes

the leading (subleading) lepton. To enhance the statistical constraining power of the

CRs, the definitions consider all possible flavour assignments (ee+µµ+ eµ+µe).

Control regions Two single-bin CRs are considered, denoted CR-top and CR-tau. Re-

quirements common to all SRs in Table 5.3 are imposed, except otherwise stated in

Table 5.5. Event yields before the fit are displayed in Table 5.6 under ‘pre-fit SM events’.

CR-top is a sample enhanced in top quarks, selected by requiring at least one b-tagged

jet and has 1100 observed events. The Nb-jet distribution (Figure 5.14a) shows MC

predictions of the data being compatible within the uncertainties. A similar compatibility

is observed for the subleading lepton pT down to 4 GeV (Figure 5.14b). These data are

used to normalise the tW and t t̄ MC samples, which have 72% purity in this region.

Between these two processes, top quark pairs dominate over single top contributions,

comprising 90% and 10% respectively.

A sample enriched in the Z (∗)/γ∗(→ ττ) + jets processes, with 80% purity, used to

construct CR-tau. This has 68 observed events and is obtained by selecting events satis-

fying 60< mττ < 120 GeV. The mττ (Figure 5.14c) and m`` (Figure 5.14d) distributions

show MC modelling the data, which are compatible within the uncertainties. The ratio



5.5 Background estimation 86

CR-top
N(b-jets) ≥ 1
ttbar, tW 
MC normalisation

CR-tau
60 < m(ᶦᶦ) < 120 GeV
MC normalisation

Signal region
Same flavour leptons

VR-DF
Different flavour 
leptons.

Exactly the same 
kinematic 
regimes as SRs.

Global check of 
background 
modelling.

VR-SS 
MET/HT(lep) > 5.
Same sign leptons.
Fakes purity > 90%.

≥ 1 lepton 
fake/non-prompt
> 50% at low lepton pT
E.g. W+jets

Top quark
2L ttbar & tW missed b-jet 

Z → ᶦᶦ
2L decays

Diboson 
WW 2L
WZ missed 3rd lepton 

Others
E.g. Z → ee/ᶞᶞ, Higgs

Fake Factor 
Data-driven method

VR-VV 
MET/HT(lep) < 3.
Diboson purity 
~40%.

Prediction
Mix of data & MC methods 

Validation
Check background modelling

Monte Carlo only 

Irreducible: 2 real & prompt leptons and MET from neutrinos
Reducible: ≥ 1 or more fake/non-prompt lepton(s), instrumental MET (negligible)

Monte Carlo only 

Figure 5.13: Schematic overview of the background estimation strategy. Displayed are
the main categories of background processes which enter the signal region (centre), the
methods used to predict their yields (left), and event samples selected to validate the
background modelling (right).
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Figure 5.14: The distributions of the control regions in a selection of kinematic variables,
where the arrow, if present, indicates the final requirement used to define the region.
Background processes containing fewer than two prompt leptons are categorised as
‘Fake/nonprompt’. The category ‘Others’ contains rare backgrounds such as triboson
and Higgs boson. The uncertainty bands plotted include all statistical and systematic
uncertainties. The far left (right) bin includes underflow (overflow).
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Emiss
T /H lep

T is required to take values between 4 and 8 to reduce potential contamination

from signal events.

For all the Higgsino, wino–bino and slepton signals considered, the signal contami-

nation is on average 3% and at most 11% in these CRs.

Validation regions A sample enriched in diboson events is selected using a Emiss
T /H lep

T < 3

requirement. This defines a validation region VR-VV to check the modelling of the diboson

background and the assigned systematic uncertainties. This has a purity of approximately

40% diboson, with the remainder mostly from fake/nonprompt and t t̄. The diboson

samples are generated in S H E R PA according to lepton multiplicity, and is dominated by

2` processes at 85% followed by 15% 3` contributions from W Z → `ν`` where one of

the leptons is not reconstructed, while 4` processes are negligible. Studies using diboson

samples generated using PO W H E G show that WW → `ν`ν dominates in 2` processes,

while Z Z → ``νν is negligible. The signal contamination is 8% at most.

Given that this analysis only probes signals decaying to same flavour (ee,µµ) lepton

pairs, VRs are constructed to have identical kinematic selection as the SRs, except

requiring different flavour pairs (eµ,µe), which are denoted by VRDF-m`` and VRDF-

m100
T2 . These are used to validate the overall background estimation within the same

kinematic regime as the SR, whose yields will be displayed in Figure 5.17.

Backgrounds estimated using MC labelled ‘Others’ comprise the remaining rare top

(3t, 4t, t t̄ +WW , t + Z), Higgs boson, and triboson processes in Table 5.1. These

contribute at most 10% and is typically less than 5% in different regions. Within ‘Others’,

Higgs boson processes typically contribute more than half, except in CR-top where top

quark pairs produced in association with a vector boson t t̄ + V dominates. No Drell–Yan

MC processes are included as these are found to be negligible.

5.5.2 Reducible backgrounds

Two sources of reducible backgrounds are considered: processes where fewer than two

leptons are prompt, and those where the Emiss
T is instrumental in origin.

Fake/nonprompt leptons Backgrounds with fewer than two prompt leptons, such as

from photon conversions or semi-leptonic decays of b-hadrons, are categorised as
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Region SR orthogonality Additional requirements Flavour

CR-top Nb-jets ≥ 1 Emiss
T /H lep

T > 5 ee+µµ+ eµ+µe
CR-tau mττ ∈ [60, 120] GeV Emiss

T /H lep
T ∈ [4, 8] ee+µµ+ eµ+µe

VR-VV Emiss
T /H lep

T < 3 — ee+µµ+ eµ+µe
VR-SS Same sign `±`± Emiss

T /H lep
T > 5 ee+µe,µµ+ eµ

VRDF-m`` eµ+µe Emiss
T /H lep

T >max (5, 15− 2m``/GeV) ,∆R`` < 2, m`1
T < 70 GeV eµ+µe

VRDF-m100
T2 eµ+µe Emiss

T /H lep
T >max

�

3,15− 2
�

m100
T2 /GeV− 100

��

eµ+µe

Table 5.5: Control (CR) and validation regions (VR) defined to have the same selection
common to all regions in Table 5.3, except those listed here. The left (right) lepton of
each pair denotes the leading (subleading) lepton.

Region

Lepton definition

Select ID

Select an anti-ID

Measurement region
1`-triggered dijets

Application region
2` region

Nanti-ID

Fake factor
denominator

NID

Fake factor
numerator

NSR-fake =
�

NID

Nanti-ID

�

︸ ︷︷ ︸

fake factor

·NCR-fake

Signal region
fake estimate

NCR-fake

Control region
(SR enriched with fakes)

Figure 5.15: Schematic of the Fake Factor method.

fake/nonprompt. An example such source is the W (→ `ν) + jets process. Since MC

simulation is not expected to model these processes accurately, the data-driven Fake

Factor method [364] is employed.

The Fake Factor method is schematically illustrated in Figure 5.15. First, a set of

criteria, denoted ID, are the same as signal leptons. A second set has at least one of the

identification, isolation or impact parameter requirements loosened or inverted with

respect to ID leptons. These are referred to as anti-ID and are an orthogonal sample

enriched in fake/nonprompt leptons. Table 5.7 summarises these definitions.

The Fake Factor procedure aims to quantify what fraction of fake/nonprompt leptons

passes the ID criteria and therefore enters the SR; this kinematic regime is the application
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Region CR-top CR-tau VR-VV VR-SS ee+µe VR-SS µµ+ eµ

Observed events 1100 68 241 51 125

Fitted SM events 1100± 33 68± 8 245± 27 72± 29 111± 25

Fake/nonprompt leptons 270± 60 6± 4 49± 13 67± 29 104± 25
Diboson 24.7± 3.3 5.0± 1.0 99± 17 4.4± 1.0 6.2± 1.0
Z(→ ττ)+jets 2.7± 1.7 53± 9 22± 5 0.012+0.012

−0.012 0.01+0.21
−0.01

t t̄, single top 790± 70 2.4± 0.9 61± 14 0.01+0.10
−0.01 0.01+0.10

−0.01
Others 14± 7 1.6± 0.9 14± 7 0.19± 0.12 0.19+0.28

−0.19

Pre-fit SM events 1080± 60 89± 6 252± 27 72± 29 111± 25

Fake/nonprompt leptons 270± 60 5.9± 3.5 49± 13 67± 29 104± 25
Diboson 24.7± 3.3 5.0± 1.1 99± 17 4.4± 1.0 6.2± 1.0
Z(→ ττ)+jets 3.8± 2.1 74± 5 30± 5 0.016+0.016

−0.016 0.01+0.30
−0.01

t t̄, single top 771± 10 2.4± 0.8 59± 13 0.01+0.10
−0.01 0.01+0.10

−0.01
Others 14± 7 1.6± 0.9 14± 7 0.19± 0.12 0.19+0.29

−0.19

Table 5.6: Event yields in the CR and VRs common to the analysis, normalised to
an integrated luminosity of 36.1 fb−1. The fitted SM events are obtained from the
control regions using the background-only fit. Pre-fit SM events expectations are given
for comparison. Background processes containing fewer than two prompt leptons are
categorized as ‘Fake/nonprompt’. The category ‘Others’ contains rare backgrounds
from triboson, Higgs boson, and the remaining top-quark production processes listed
in Table 5.1. The uncertainties shown are the combined statistical and systematic
uncertainties. Uncertainties on the fitted yields are symmetric by construction, where
the negative error is truncated when reaching to zero event yield.

Electrons Muons

ID leptons

pT > 4.5 GeV, |η|< 2.47 pT > 4 GeV, |η|< 2.5

|z0 sinθ |< 0.5 mm, |d0/σ(d0)|< 5 |z0 sinθ |< 0.5 mm, |d0/σ(d0)|< 3

Tight identification Medium identification,

GradientLoose isolation FixedCutTightTrackOnly isolation

Anti-ID leptons defined as ID leptons except the following requirements

LooseAndBLayer identification

AND (NOT Tight identification (|d0/σ(d0)|> 3

OR |d0/σ(d0)|> 5 OR NOT FixedCutTightTrackOnly isolation)

OR NOT GradientLoose isolation)

Table 5.7: Definitions of ID and anti-ID leptons used for the Fake Factor method.
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region. To calculate this, a sample of events is selected using prescaled single-lepton

triggers, which is dominated by multijet processes enhanced in fake/nonprompt leptons,

which is denoted the measurement region. Out of this sample, one can then measure the

fraction of these events whose fake/nonprompt leptons pass the ID criteria, which is the

numerator. The complement of this sample is the fraction of events with fake/nonprompt

leptons that fail the ID requirements (they satisfy anti-ID), which forms the denominator.

The ratio of yields in the numerator NID and denominator Nanti-ID defines fake factors.

These are pT-dependent for electrons and muons. For muons, these are also computed

separately for Nb-jets = 0 and Nb-jets ≥ 1 selections.

To obtain the fake/nonprompt estimate NSR-fake in the SR, these fake factors are

applied to the events satisfying the corresponding selection requirements NCR-fake, except

with an anti-ID lepton replacing an ID lepton, thus defining a ‘CR-fake’. To a first order,

this is applied event-by-event as

NSR-fake =
�

NID

Nanti-ID

�

︸ ︷︷ ︸

fake factor

·NCR-fake. (5.7)

More precisely, there are small contributions from prompt leptons to the NID and Nanti-ID,

which are subtracted based on estimates using MC.

The yields from this procedure are cross-checked in validation regions, denoted VR-SS,

which have similar kinematic selection as the SRs, but are enriched in fake/nonprompt

leptons by requiring two leptons with the same electric charge. Fake/nonprompt leptons

are found to be dominantly the subleading one, so the VR-SS is divided into ee+µe and

µµ+ eµ samples. Processes in which both leptons are fake/nonprompt are verified in

data as negligible based on the rate of anti-ID leptons.

Instrumental EmissT Background processes with no neutrinos can enter the SRs when

the Emiss
T is instrumental in origin, which occurs when the kinematics of visible objects

are mis-measured by the detector. One such process is Drell–Yan ee/µµ production,

where one of the associated jets is mis-measured. This contribution is estimated by MC,

cross-checked with a data-driven procedure, and is found to be negligible.
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Figure 5.16: The relative systematic uncertainties in the background prediction in the
exclusive electroweakino (left) and slepton (right) SRs using the background-only fit.
Individual uncertainties can be correlated and do not necessarily add up in quadrature
to the total uncertainty. I calculated the components and total systematic uncertainties
using H I S T F I T T E R, which were provided to a collaborator who made this plot.

5.6 Systematic uncertainties

The systematic uncertainties considered in the analysis originate from experimental

sources, which include those from the Fake Factor method, and theoretical modelling

of the MC samples. Figure 5.16 summarises the relative contributions of the various

classes of systematic uncertainty to the background estimate in the exclusive SRs.

5.6.1 Experimental uncertainties

The largest source of systematic uncertainty arises from the Fake Factor method. System-

atic uncertainties are treated as nuisance parameters in the likelihood fit in Section 5.7.

These arise from the following sources:

• Statistical uncertainties. These arise from the limited sample size of measurement

regions where the fake factors are derived. The uncertainties are implemented as

independent nuisance parameters such that those for electrons are uncorrelated

from muons, each of the anti-ID lepton pT bins used are uncorrelated from one

another. However, the same nuisance parameter is used regardless of CR, VR or

SR, so are correlated across these regions. This source of systematic uncertainty is

categorised under ‘Statistical’ (red), while the remaining sources discussed below

are under ‘Fake factor’ (blue) in Figure 5.16.
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• Kinematic differences between measurement region and SR. The measurement and

signal regions can have different event and lepton kinematic properties, such as

different proportions of fake/nonprompt leptons originating from heavy flavour

decays. A systematic uncertainty of 25% is assigned based on the variations

observed in the measured fake factors as a function of |η|.

• VR-SS data vs predicted agreement. Differences between the Fake Factor prediction

and the observed yields in the VR-SS regions are used to assign further systematic

uncertainties. These uncertainties and the kinematic differences uncertainties de-

scribed above are uncorrelated between electrons and muons, while uncertainties

for each of the two CRs are also uncorrelated from the SRs, but are otherwise

correlated between all the SRs.

• Prompt subtraction. Uncertainties related to the subtraction of prompt leptons

based on MC are considered but found to be negligible due to the small contribu-

tions of prompt leptons.

The remaining sources of systematic uncertainty categorised under ‘Experimental’ in

Figure 5.16 are considered for both background and signal samples. These are predomi-

nantly due to jet energy scale and resolution, flavour-tagging, and the pileup reweighting

procedure applied to samples. Contributions from the reconstruction and identification

efficiencies of leptons, together with energy/momentum scale and resolution are consid-

ered but are typically subdominant, as indicated by ‘Experimental’ in Figure 5.16. The

systematic uncertainties in the normalisation factors derived from the CRs are labelled

‘Normalization’ in Figure 5.16, which are typically a few percent at most.

5.6.2 Theoretical uncertainties

Backgroundmodelling Uncertainties in the theoretical modelling of background pro-

cesses are labelled ‘Background modeling’ in Figure 5.16, which is not the dominant

source in any SR. These are considered for the dominant backgrounds where MC samples

are used, namely top (t t̄ and tW ), Z (∗)/γ∗(→ ττ) + jets, and diboson samples. For the

remaining MC samples in the ‘Other’ category, a single 50% uncertainty is assigned. The

following contributions are considered:
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• Generator parameters. The generator parameters for the QCD renormalisation and

factorisation scales are varied independently up and down by a factor or two, to

evaluate its impact on the acceptance for each sample. Variations in the strong

coupling αs are also considered.

• Choice of parton distribution function (PDF) set. Uncertainties associated with the

choice of PDF set are evaluated by taking the envelope of changes in acceptance

after reweighting samples to the central values of the CT10 and MMHT PDF sets.

For the samples involving top quarks and Z (∗)/γ∗(→ ττ) + jets, these effects only affect

the m`` and m100
T2 shape as the normalisation is constrained by the corresponding CRs

in the fit. In the case of the diboson sample, variations in the QCD scale are found to

dominate the modelling uncertainties in the SRs. These modelling uncertainties are

calculated in each of the CRs and SR bins, but one nuisance parameter is used for each

of the three sets of background samples considered such that their effects are correlated

across all regions.

Signal modelling The most significant modelling uncertainty for the SUSY signals are

those associated with ISR jets and the jet–parton matching. Uncertainties due to the

choice of QCD renormalisation and factorisation scales are calculated by varying the

scalefact parameter in MG5_aMC@NLO up and down by a factor of two. Uncertainties

in choice of jet–parton matching scale are evaluated by simultaneously varying the

ktdurham in MG5_aMC@NLO and Merging::TMS parameters in PY T H I A up and

down by a factor of two. For the modelling of underlying event, along with initial and

final state radiation in the PY T H I A tunes, five sets of variations defined in Ref. [319]

with respect to the default A14 are used to evaluate these uncertainties. Following

PDF4LHC recommendations [365], uncertainties from the choice of PDF sets are found

to contribute 15%.

Each uncertainty is calculated as half the acceptance variation after imposing Emiss
T

and jet signal region requirements, before detector simulation. These are summed in

quadrature, resulting in uncertainties of 25% for electroweakinos. For sleptons, the

uncertainties increase with smaller mass splittings up to 50%, 40%, 30% for∆m(˜̀, eχ0
1 ) ∈

[0, 1], [1, 2], [2, 4] GeV. One way to constrain these ISR uncertainties is by measuring the
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Normalisation parameter Control region MC samples applied Value

µtop CR-top t t̄, tW 1.02± 0.09

µZ (∗)/γ∗→ττ CR-tau Z (∗)/γ∗(→ ττ) + jets 0.72± 0.13

Table 5.8: Normalisation parameters from the background-only fit, the control region
used to derive these, the MC samples in which these are applied to, and the extracted
value whose uncertainties include statistical and systematic contributions combined.

dilepton pT as a proxy for the hadronic recoil, as done by CMS [304]. This procedure is

not pursued in the results presented, and is deferred for future work. The effect on the

m`` and m100
T2 signal shapes are found to be negligible, so a single nuisance parameter

correlated across all SR bins is considered in the exclusion fits described in Section 5.7.

5.7 Results and interpretation

The H I S T F I T T E R package [366] implements the statistical analysis based on a profile-

likelihood method [367]. To determine the SM background predictions independent of

the signal regions, only the control regions are used to constrain the fit parameters by

likelihood maximisation assuming no signal events in the CRs; this is referred to as the

background-only fit. The normalisations for the t t̄, tW , and Z (∗)/γ∗(→ ττ) + jets MC

are extracted in a simultaneous fit to the data events in CR-top and CR-tau respectively.

Data events in the SRs are not considered in the fit. The corresponding normalisation

parameters obtained from the background-only fit, are displayed in Table 5.8. That

µZ (∗)/γ∗→ττ is more than 1 standard deviation from unity suggests mild mis-modelling in

this high Emiss
T regime, whose investigations are deferred for future work.

The background rates extrapolated into the validation regions using the background-

only fit are displayed in Figure 5.17, with example yields in Table 5.6. Figure 5.18

illustrates example kinematic distributions in these VRs. Overall, the data and SM

predictions are compatible within the uncertainties. This indicates that the background

model is sufficiently accurate to describe SM processes for the SRs to be unblinded and

perform the search for evidence of signals beyond the SM.

The predicted yields Nexp and observed data counts Nobs in each overlapping single-

bin SRs are shown in Table 5.9. The discovery p-values quantify the probability that
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Figure 5.17: Summary of data and predicted yields in the validation regions after the
background-only fit. Background processes containing fewer than two prompt leptons
are categorised as ‘Fake/nonprompt’. The category ‘Others’ contains rare backgrounds
such as triboson and Higgs boson.

the background model alone is compatible with any excess of observed events due to

a statistical fluctuation, whose calculations assume a signal strength of zero µSIG = 0.

None of the p-values are statistically significant in these hypothesis tests, showing the

data are compatible with the prediction within the uncertainties.

Figure 5.19 shows the kinematic distributions of the m`` and m100
T2 variables in

the SRs together with expected signal shapes. Figure 5.20 shows the data and SM

expectation in the non-overlapping SRs divided by ee and µµ. No significant excesses

of the data above the background expectation are observed. These results constrain

the presence of new phenomena beyond the SM, for which we derive limits of generic

signals (Subsection 5.7.1) and on simplified models (Subsection 5.7.2).
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Figure 5.18: Distributions of the data and background prediction with the VR selec-
tions. The last bin includes overflow. Background processes containing fewer than two
prompt leptons are categorised as ‘Fake/nonprompt’. The category ‘Others’ contains rare
backgrounds such as triboson and Higgs boson. The uncertainty bands plotted include
all statistical and systematic uncertainties.
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Figure 5.19: Distributions of the data and background prediction with the SR selections
applied from Table 5.3, before being binned as in Table 5.4. The last bin includes overflow.
Background processes containing fewer than two prompt leptons are categorised as
‘Fake/nonprompt’. The category ‘Others’ contains rare backgrounds such as triboson
and Higgs boson. The uncertainty bands plotted include all statistical and systematic
uncertainties. Dashed lines represent signal points for the Higgsino eH and slepton e`
simplified models.
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5.7.1 Model-independent upper limits on new phenomena

The seven overlapping SR``-m`` and six SR``-m100
T2 regions are used to set model-

independent upper limits on processes beyond the SM in these SRs. Only one SR is

considered at a time as considering more than one subregion of the m`` or m100
T2 spectrum

would assume greater model-dependence. These results are shown in Table 5.9.

For each SR, the limit setting procedure considers three inputs: the predicted number

of events Nexp and its corresponding uncertainty δNexp from the background-only fit,

together with the observed yield Nobs. A non-negative signal strength parameter µSIG

is defined such that a value of unity corresponds to one signal event in the SR. Signal

contamination in the CRs is assumed to be negligible.

Using the CLs prescription [269], the µSIG is scanned until the CLs value of the hypoth-

esis test reaches 0.05. The value µSIG(CLs = 0.05) then corresponds to an upper limit at

the 95% confidence level (CL) on the observed (expected) signal events S95
obs (exp) that

enter each SR. This is translated into upper limits on the visible cross-sections 〈εAσ〉95
obs

(cross-section σ of generic signal multiplied by acceptanceA and reconstruction effi-

ciency ε), defined as S95
obs divided by the integrated luminosity of 36.1 fb−1.

5.7.2 Exclusion limits on simplified models

Results are interpreted as constraints on the simplified models of SUSY discussed in

Section 5.2.1. The background-only fit is extended to allow a signal model with a

corresponding signal strength parameter in a simultaneous fit of all control and relevant

signal regions; this is referred to as the exclusion fit.

When a Higgsino or wino–bino signal is considered, only the 14 non-overlapping

SRs binned in m`` are considered with the two CRs. By statistically combining these

SRs, correlations in the signal shape of the m`` spectrum can be exploited to improve

sensitivity. These are also referred to as shape fits. This is more effective for signals

that are modestly distributed across several several bins, namely larger ∆m(eχ0
2 , eχ0

1 ).

Heuristically, this is because it is more difficult for the fit to ascribe signal-induced

excesses to background fluctuations in multiple bins than one. The ee channel is fit

separately from the µµ to exploit differences in expected sensitivity due to lepton flavour

dependence of signal efficiency and background rejection. Similarly, when a slepton
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Signal Region Nobs Nexp 〈εAσ〉95
obs [fb] S95

obs S95
exp p(µSIG = 0)

SR``-m`` [1,3] 1 1.7 ± 0.9 0.10 3.8 4.3+1.7
−0.7 0.50

SR``-m`` [1, 5] 4 3.1 ± 1.2 0.18 6.6 5.6+2.3
−1.0 0.32

SR``-m`` [1, 10] 12 8.9 ± 2.5 0.34 12.3 9.6+3.2
−1.9 0.21

SR``-m`` [1, 20] 34 29 ± 6 0.61 22 17+7
−6 0.25

SR``-m`` [1, 30] 40 38 ± 6 0.59 21 20+9
−5 0.38

SR``-m`` [1, 40] 48 41 ± 7 0.72 26 20+8
−5 0.20

SR``-m`` [1, 60] 52 43 ± 7 0.80 29 24+5
−10 0.18

SR``-m100
T2 [100, 102] 8 12.4 ± 3.1 0.18 7 9+4

−2 0.50

SR``-m100
T2 [100, 105] 34 38 ± 7 0.49 18 23+7

−7 0.50

SR``-m100
T2 [100, 110] 131 129 ±18 1.3 48 47+13

−15 0.37

SR``-m100
T2 [100, 120] 215 232 ±29 1.4 52 62+21

−15 0.50

SR``-m100
T2 [100, 130] 257 271 ±32 1.7 61 69+22

−17 0.50

SR``-m100
T2 [100,∞] 277 289 ±33 1.8 66 72+24

−17 0.50

Table 5.9: Summary of yields and model-independent limits in SR``-m`` and SR``-
m100

T2 signal regions. Left to right: The first two columns present observed (Nobs) and
expected (Nexp) event yields in the inclusive signal regions. The latter are obtained by
the background-only fit of the control regions, and the uncertainties displayed include
both statistical and systematic contributions. The next two columns show the observed
95% CL upper limits on the visible cross-section

�

〈εAσ〉95
obs

�

and on the number of signal

events
�

S95
obs

�

. The fifth column
�

S95
exp

�

shows what the 95% CL upper limit on the number
of signal events would be, given an observed number of events equal to the expected
number (and ±1σ deviations from the expectation) of background events. The last
column shows the discovery p-value (p(µSIG) = 0)), which is capped at 0.5.
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Figure 5.20: Summary of data and predicted yields in the signal (SR) regions after
the exclusion fit with signal strength parameter set to zero. Background processes
containing fewer than two prompt leptons are categorised as ‘Fake/nonprompt’. The
category ‘Others’ contains rare backgrounds such as triboson and Higgs boson.

signal is assumed, only the 12 non-overlapping SRs binned in m100
T2 are used with the

two CRs for the exclusion fit.

Table 5.10 shows the yields for the two exclusion fits, both performed with the

signal strength parameter set to zero, whose yields are illustrated in Figure 5.20. These

are expected to have small differences from those obtained in the background-only fit

(Table 5.9) as the exclusion fits are now overconstrained. This means there are more

independent regions than there are floating parameters (e.g. normalisation µtop) for

the background model to accommodate the observed data in the fit. The likelihood is

extremised by also allowing the nuisance parameters to be adjusted.

To set limits on simplified models, the signal strength parameter is allowed to be

non-zero. A hypothesis test is performed to set 95% CL limits based on the CLs pre-

scription [269]. Expected and observed limits on simplified model masses are derived

by interpolating the corresponding logarithm of CLs values across a grid of points that
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SRee-m`` [GeV] [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]

Observed events 0 1 1 10 4 6 2

Fitted SM events 0.01+0.11
−0.01 0.6+0.7

−0.6 2.4± 1.0 8.3± 1.6 4.0± 1.0 2.4± 0.6 1.4± 0.5

Fake/nonprompt leptons 0.00+0.08
−0.00 0.02+0.12

−0.02 1.4± 0.9 4.0± 1.5 1.6± 0.9 0.7± 0.6 0.02+0.11
−0.02

Diboson 0.007+0.014
−0.007 0.28+0.29

−0.28 0.51± 0.28 1.9± 0.6 1.36± 0.31 0.72± 0.22 0.80± 0.28
Z (∗)/γ∗(→ ττ)+jets 0.000+0.007

−0.000 0.3+0.8
−0.3 0.3+0.5

−0.3 1.7± 0.7 0.25+0.26
−0.25 0.20± 0.18 0.04+0.28

−0.04
t t̄, single top 0.00+0.08

−0.00 0.02+0.12
−0.02 0.11+0.14

−0.11 0.44± 0.29 0.63± 0.35 0.7± 0.4 0.6± 0.4
Others 0.002+0.015

−0.002 0.012+0.013
−0.012 0.12± 0.11 0.25± 0.16 0.21± 0.12 0.05+0.06

−0.05 0.0018+0.0033
−0.0018

SRµµ-m`` [GeV] [1, 3] [3.2, 5] [5, 10] [10, 20] [20, 30] [30, 40] [40, 60]

Observed events 1 2 7 12 2 2 2

Fitted SM events 1.1± 0.6 1.3± 0.6 4.9± 1.3 13.1± 2.2 4.2± 1.0 1.4± 0.6 1.6± 0.6

Fake/nonprompt leptons 0.00+0.33
−0.00 0.4+0.5

−0.4 3.0± 1.3 7.3± 2.1 0.4+0.8
−0.4 0.03+0.19

−0.03 0.0+0.5
−0.0

Diboson 0.9± 0.5 0.7± 0.4 1.3± 0.6 1.4± 0.5 1.9± 0.4 0.9± 0.5 0.97± 0.28
Z (∗)/γ∗(→ ττ)+jets 0.18+0.25

−0.18 0.13± 0.12 0.3+0.5
−0.3 2.4± 0.8 0.7± 0.4 0.001+0.011

−0.001 0.05+0.06
−0.05

t t̄, single top 0.01+0.10
−0.01 0.02+0.12

−0.02 0.19± 0.13 1.4± 0.6 0.8± 0.4 0.37± 0.21 0.51± 0.33
Others 0.047± 0.030 0.07+0.09

−0.07 0.13± 0.12 0.7± 0.5 0.35± 0.20 0.09± 0.07 0.020± 0.020

SRee-m100
T2 [GeV] [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,∞]

Observed events 3 10 37 42 10 7

Fitted SM events 3.5± 1.2 11.0± 2.0 33± 4 42± 4 15.7± 2.0 7.5± 1.1

Fake/nonprompt leptons 2.9± 1.2 6.8± 2.0 13± 4 14± 4 1.9± 1.2 0.01+0.10
−0.01

Diboson 0.33± 0.12 2.3± 0.6 8.5± 1.6 12.7± 2.4 7.4± 1.4 4.3± 0.9
Z (∗)/γ∗(→ ττ)+jets 0.13+0.23

−0.13 0.6± 0.4 4.1± 1.8 2.9± 1.0 0.00+0.08
−0.00 0.00+0.20

−0.00
t t̄, single top 0.08± 0.08 1.2± 0.5 6.5± 1.6 10.7± 2.4 6.3± 1.4 3.2± 0.9
Others 0.011+0.012

−0.011 0.17± 0.11 0.8± 0.4 1.3± 0.7 0.14± 0.09 0.06± 0.04

SRµµ-m100
T2 [GeV] [100, 102] [102, 105] [105, 110] [110, 120] [120, 130] [130,∞]

Observed events 5 16 60 42 32 13

Fitted SM events 6.8± 1.5 15.0± 2.1 57± 5 53± 4 24.9± 2.9 11.0± 1.4

Fake/nonprompt leptons 5.1± 1.5 8.2± 2.1 26± 5 18± 4 1.2± 0.8 0.02+0.17
−0.02

Diboson 0.89± 0.22 4.1± 0.9 14.3± 2.2 18.0± 2.7 12.9± 2.2 5.9± 1.1
Z (∗)/γ∗(→ ττ)+jets 0.31± 0.23 1.0+1.3

−1.0 6.6± 1.7 1.6+1.8
−1.6 0.03+0.25

−0.03 0.02+0.24
−0.02

t t̄, single top 0.43± 0.22 1.4± 0.5 8.3± 2.2 12.4± 2.9 10.5± 2.6 5.0± 1.3
Others 0.020+0.024

−0.020 0.24± 0.15 1.8± 1.0 2.4± 1.3 0.35± 0.23 0.11± 0.07

Table 5.10: Observed event yields and exclusion fit results with the signal strength param-
eter set to zero for the exclusive electroweakino and slepton signal regions. Background
processes containing fewer than two prompt leptons are categorized as ‘Fake/nonprompt’.
The category ‘Others’ contains rare backgrounds from triboson, Higgs boson, and the
remaining top-quark production processes listed in Table 5.1. Uncertainties in the fitted
background estimates combine statistical and systematic uncertainties.
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Figure 5.21: Exclusion limits for (a) Higgsino and (b) wino–bino models. Displayed are
the expected 95% CL exclusion sensitivity (blue dashed line) with ±1σexp (yellow band)
from systematic uncertainties and observed limits (red solid line) with ±1σtheory (dotted
red line) from signal cross-section uncertainties. The shape fit to the m`` spectrum is
used to derive the limits. For Higgsino production, the chargino eχ±1 mass is assumed
to be halfway between the two lightest neutralino masses, while m(eχ0

2 ) = m(eχ±1 ) is
assumed for the wino–bino model. The grey regions denote the lower chargino mass
limit from LEP [22]. The blue region in (5.21b) is the limit from the 2`+3` combination
of ATLAS Run 1 [277,278].
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Figure 5.22: Same as Figure 5.22 with the 95% CL upper limits on the Higgsino model
signal cross-sections σ95

obs overlayed for the mass points indicated by orange circles.
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Figure 5.23: Exclusion limits for slepton model. Displayed are the expected 95% CL
exclusion sensitivity (blue dashed line) with ±1σexp (yellow band) from systematic
uncertainties and observed limits (red solid line) with ±1σtheory (dotted red line) from
signal cross-section uncertainties. The m100

T2 shape fit is used to derive the limit. Slepton
˜̀ refers to the scalar partners of left- and right-handed electrons and muons with a
four-fold mass degeneracy m(eeL) = m(eeR) = m(eµL) = m(eµR). Also shown are the LEP eeR

limit (grey filled) [24,282] and the ATLAS Run 1 limit (blue filled) [277].
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sample the mass plane. In general, observed limits are weaker (stronger) than expected if

there is an excess (deficit) of observed events than predicted in the SRs used to constrain

the signal. The results of these constraints are discussed below:

Higgsino model Figure 5.21a shows the 95% CL exclusion limits on the Higgsino sim-

plified model from a shape fit to the m`` spectrum. This is projected into the ∆m(eχ0
2 , eχ0

1 )

vs m(eχ0
2 ) mass plane, where eχ0

2 are excluded up to 145 GeV for ∆m(eχ0
2 , eχ0

1 ) of 5 to

10 GeV. The sensitivity extends down to ∆m(eχ0
2 , eχ0

1 )∼ 3 GeV for neutralino masses of

m(eχ0
2 )∼ 110 GeV. Limits extends those from LEP, whose lower bound on the chargino

mass is taken from the ‘Higgsino region’ of Ref. [22] in the case of∆m(eχ±1 , eχ0
1 )< 10 GeV,

and 103.5 GeV above that [23].

Figure 5.22 also displays the 95% CL upper limits on the Higgsino model cross-

sections for the mass points sampled in the ∆m(eχ0
2 , eχ0

1 ) vs m(eχ0
2 ) plane. These are

the maximum cross-sections of any generic signal model with the same acceptance,

efficiency and shape distributed across the multiple m`` SRs, which may also be realised

in non-minimal versions of SUSY or other scenarios.

Wino–binomodel The m`` shape fit is also used to set limits on the wino–bino model, as

displayed in Figure 5.21b. Wino masses m(eχ0
2 ) = m(eχ±1 ) are excluded up to 175 GeV for

mass splittings ∆m(eχ0
2 , eχ0

1 ) of 10 GeV, and down to ∆m(eχ0
2 , eχ0

1 )∼ 2.5 GeV for m(eχ0
2 )∼

110 GeV. Limits complement the 2`+ 3` combination from ATLAS Run 1 [277,278] and

surpass those from LEP. The LEP lower chargino mass bound is taken from the ‘gaugino

region’ of Ref. [22] for the ∆m(eχ±1 , eχ0
1 )< 10 GeV regime, and 103.5 GeV above that.

Sleptonmodel Figure 5.23 shows the 95% CL limits on the slepton simplified model.

This uses the exclusion fits that exploit the signal shape of the m100
T2 spectrum using the

exclusive slepton SRs. Here, slepton masses of up to m(˜̀)∼ 190 GeV are excluded for

∆m(˜̀, eχ0
1 )∼ 5 GeV, and down to mass splittings ∆m(˜̀, eχ0

1 ) of approximately 1 GeV for

m(˜̀)∼ 75 GeV. A four-fold degeneracy is assumed in the masses of the scalar partners

of the left- and right-handed electron and muon m(eeL) = m(eeR) = m(eµL) = m(eµR).

For the LEP limit, the lower limit on m(eeR) is used from the combination of the four

experiments [24]. In the region ∆m(˜̀, eχ0
1 )® 3 GeV, the universal m(eeR)> 73 GeV limit
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is used, which is independent of mass splitting [282]. This sensitivity complements

that of ATLAS Run 1 [277], but for 20®∆m(˜̀, eχ0
1 )® 60 GeV, there remains no hadron

collider sensitivity at the time this analysis was published.

In these simplified model interpretations, sensitivity is lost when the mass splitting

between the produced SUSY state and LSP becomes less than a few GeV due to the

reduced acceptance of the soft leptons (Figure 5.6). Meanwhile, sensitivity decreases for

larger mass splittings above approximately 20 to 30 GeV due to the m`` or m100
T2 shapes

of the signal becoming increasingly similar to that of the SM background.

5.8 Summary plots of simplified model sensitivity

Summary plots of sensitivity from this chapter and other ATLAS results are presented in

Figures 5.24 to 5.26 for the Higgsino dark matter, wino–bino and slepton–bino scenarios

considered. Two of these (Higgsino and slepton) are newly produced in the context of

this thesis. These identify striking gaps in collider sensitivity, and brief comments on

how they may be probed in future work are discussed.

Higgsinos and the prompt–long-lived gap Figure 5.24 shows the ATLAS summary plot

for direct Higgsino production. The exclusion limits set by this chapter (labelled by 2`

compressed in solid blue) are presented in the mass plane involving the chargino mass

m(eχ±1 ) and splitting ∆m(eχ±1 , eχ0
1 ) to compare with the LEP constraints (solid grey). This

is compared with constraints from the disappearing track search (solid orange). This

probes ultra-compressed mass splittings whereby the chargino is sufficiently long-lived to

leave ‘tracklets’ of silicon hits in the innermost silicon layers; the details of this analysis

are found in Refs. [368,369]. Care should be taken when interpreting the 2` compressed

limit, as the impact on the sensitivity of this analysis is dominated by ∆m(eχ0
2 , eχ0

1 ) and

the chargino mass was a model-dependent choice of the model.

Nonetheless, the prompt–long-lived gap in sensitivity for 0.3®∆m(eχ±1 , eχ0
1 )® 2 GeV

is evident. Here, the phenomenology of the Higgsinos states transitions from prompt

decays to being considered long-lived on detector scales. The 2` compressed analysis

can open sensitivity to smaller∆m(eχ±1 , eχ0
1 ) by reconstructing softer or fewer leptons. For

the disappearing track to probe larger ∆m(eχ±1 , eχ0
1 ) requires smaller chargino lifetimes
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Figure 5.24: Summary of ATLAS sensitivity to direct production of Higgsino dark mat-
ter [5]. This thesis presented sensitivity resulting from the 2` compressed analysis [3]
(blue, this thesis); this is the limit corresponding to that shown in Figure 5.21a. Here, the
mass plane shows the chargino–neutralino mass splitting ∆m(eχ±1 , eχ0

1 ) vs chargino mass
m(eχ±1 ). Constraints from the disappearing track search [368,369] are also shown (or-
ange grey). The mass of the next-to-lightest neutralino m(eχ0

2 ) for the simplified models
used to derive the ATLAS limits are indicated in the legend. The four eχ0

2 eχ
±
1 , eχ0

2 eχ
0
1 , eχ+1 eχ

−
1 ,

and eχ±1 eχ
0
1 production processes are considered, assuming pure Higgsino cross-sections.

Previous constraints on chargino production are from a combination of results from
LEP experiments [22,23] (grey filled). The grey dot-dashed line indicates a particular
benchmark mass splitting that corresponds to the pure Higgsino prediction [289,370].
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Figure 5.25: Summary of ATLAS sensitivity to direct wino production decaying via
bosons [5]. This is the same as Figure 5.2a but with the constraint the soft 2` compressed
search [3] included (green line, this thesis), corresponding to the limit presented in
Figure 5.21b. This may be compared directly with the other W Z decay limits. Constraints
are also presented from the 2+ 3` analyses at 8 TeV with 20.3 fb−1 [197,217,277,278]
(pink) and 13 TeV with 36.1 fb−1 [279] (red). The wino–bino simplified model assumes
pure wino production cross-sections and mass degenerate chargino–neutralino m(eχ0

2 ) =
m(eχ±1 ), with the different decays indicated in the legend with 100% branching ratio.
Also displayed in this figure are 8 TeV ATLAS constraints on simplified wino–bino models
with WW [277] (blue) and Wh [371] (yellow) decays, but cannot be directly compared
to limits with W Z decays. I provided the input (green line) to a collaborator who made
this plot.
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Figure 5.26: Summary of ATLAS sensitivity to direct slepton production [5]. This
thesis presented the constraint from soft 2` compressed search [3] (orange, this thesis);
this corresponds to the limit presented in Figure 5.23. Constraints are also presented
from the 2` 0 jets analyses at 8 TeV with 20.3 fb−1 [277] (blue filled, as presented
in Figure 5.2b) and 13 TeV with 36.1−1 [279] (yellow filled). Also displayed is the
LEP limit on scalar partners of the right-handed muon µ̃R (grey solid) [24, 280, 286].
The simplified slepton model for the ATLAS limits assume a four-fold mass degeneracy
m(ẽL) = m(ẽR) = m(µ̃L) = m(µ̃R) (for the 2` 0 jets 13 TeV analysis, staus τ̃ are also
included in the mass degeneracy), as indicated in the legend. The slepton is assumed to
decay to the corresponding lepton and bino neutralino dark matter via ˜̀→ `χ̃0

1 with
100% branching ratio.
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by reconstructing shorter tracklets closer to the beam pipe. Both these avenues to bridge

this gap are experimentally very challenging.

Wino–bino and the WZ corridor Figure 5.25 shows the ATLAS summary plot for boson

decays of direct wino production decaying to bino eχ0
1 . This figure is the same as Fig-

ure 5.2a but with the constraint the soft 2` search [3] presented in this chapter included

(green line), corresponding to the limit presented in Figure 5.21b. The moderately com-

pressed region 30®∆m(eχ±1 , eχ0
1 )® 100 GeV is particularly poorly constrained, primarily

because the 3` analysis was not optimised for this region in the most recent 13 TeV

search [279]. When the mass splitting is of the order of the W or Z boson masses, this

is also known as the W Z corridor. Here, the signal becomes kinematically very similar

to the corresponding diboson background, making sensitivity especially challenging.

Exploring a 3` channel may improve sensitivity, as well as multi-variate techniques to

better exploit signal–background kinematic differences.

Sleptons and the coannihilation corridor Figure 5.26 shows the ATLAS summary plot

for direct slepton production in the mass plane of m(eχ0
1 ) vs m(˜̀). This chapter sets

exclusion limits labelled by the 2` compressed (orange filled). These are compared

with partners of the right-handed muon (eµR) from LEP constraints, and with limits

obtained from the 2` 0 jets searches at 8 TeV with 20.3 fb−1 [277]. Particularly striking

is the gap in sensitivity beyond those from LEP in the so-called coannihilation corridor

15 ®∆m(˜̀, eχ0
1 ) ® 60 GeV. Indeed, the sensitivity of the 13 TeV 2` 0 jets search [279]

did not improve on the 8 TeV counterpart for ∆m(˜̀, eχ0
1 )® 60 GeV. Here, the mT2 signal

shape becomes very difficult to distinguish from the SM WW → `ν`ν process. A possible

improvement is an angular analysis to distinguish between the spin-1 WW background

from spin-0 ˜̀˜̀ signal. Recently, the author proposed a solution using proton-tagged

photon fusion production of sleptons pp→ p(γγ→ ˜̀˜̀)p to open sensitivity to this region

by measuring initial state kinematics and the full missing momentum 4-vector [14].
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5.9 Conclusions

This chapter presented a search for electroweak production of supersymmetric states in

scenarios with compressed mass spectra using 36.1 fb−1 of
p

s = 13 TeV pp collisions

recorded by ATLAS. Events were selected using the missing transverse momentum

trigger. This allowed electrons (muons) down to 4.5 (4) GeV transverse momenta to be

reconstructed, among the lowest used in ATLAS, in order to probe compressed scenarios.

The dilepton invariant mass m`` and stranverse mass mT2 were the main discriminants

used to construct signal regions, which exploit kinematic endpoints in the signals.

This is the first LHC publication to open sensitivity beyond LEP for Higgsino dark

matter, and bino dark matter with wino or slepton coannihilators. However, no signifi-

cant excesses were observed above the Standard Model expectation. For the Higgsino

simplified model, exclusion limits at 95% CL were set on the next-to-lightest neutralino

eχ0
2 up to masses of 145 GeV for 10 GeV mass splittings. For the wino–bino simplified

model, the exclusion reached eχ0
2 up to masses of 175 GeV for 10 GeV mass splittings.

For the slepton simplified model, which involves direct production of mass degenerate

left and right-handed partners of the electrons and muons, signals were excluded up to

masses of 190 GeV for mass splittings of 5 GeV. Using among the lowest momentum

leptons supported by ATLAS allowed mass splittings down to 2.5, 2 and 1 GeV to be

probed for the Higgsino, wino–bino, and slepton simplified models, respectively.

Finally, summary plots demonstrated the complementarity of sensitivity for these

searches at the compressed frontier with other ATLAS searches. Striking gaps in sensitivity

are identified, which serve as key targets for future work.
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Summary

Weak scale supersymmetry provides solutions to the dark matter and electroweak hier-

archy problems, while giving rich collider phenomenology explored in this thesis. Two

pieces of original research were presented in Chapters 4 and 5, which examine and

develop strategies to discover new dynamics accessible to the LHC. We now summarise

the conclusions of these chapters.

Chapter 4 presented a theoretical study interpreting six early
p

s = 13 TeV searches for

supersymmetry using 3.2 fb−1 of luminosity in the 19-dimensional parameter space of the

phenomenological MSSM. These evaluate the robustness of early Run 2 search strategies

and are compared to non-collider experiments, such as direct detection experiments

searching for dark matter. The LHC searches primarily target production of gluinos

and squarks, exhibiting striking complementarity in sensitivity for various scenarios of

neutralino dark matter. Notably, Higgsino dark matter near 100 GeV remained promising

even after these early Run 2 LHC constraints and served as a key target to design a new

search in the subsequent chapter.

Chapter 5 presented a new experimental search strategy for electroweak production

of supersymmetric states in scenarios with compressed mass spectra. Events are selected

from 36.1 fb−1 of 13 TeV proton–proton collisions recorded by ATLAS. Two electrons

(muons) down to pT > 4.5 (4) GeV are required, among the lowest used by ATLAS. In the

supersymmetry signals, the invisible states recoil against initial state radiation, aligning

their momenta to pass the missing transverse momentum trigger. These innovations are

required to overcome long-standing difficulties to probe compressed scenarios, and this

strategy has become a new cornerstone in the LHC search programme. This work is the

first LHC publication with sensitivity to Higgsino dark matter and the coannihilation

corridor involving winos or sleptons as the coannihilator. Sensitivity to all these scenarios

112
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surpassed LEP constraints for the first time in nearly two decades. Nonetheless, striking

gaps are revealed, with lower mass bounds on electroweakinos and sleptons being as

low as or even below 100 GeV, which motivate future work to open sensitivity.

No statistically significant deviations from Standard Model predictions were observed

in any of the work presented in this thesis. Despite this, the arguments for new physics

beyond the Standard Model remain convincing—from stabilising the electroweak hierar-

chy to the particle identity of dark matter and tantalising tensions in the flavour sector.

This thesis pioneered a new discovery strategy targeting otherwise inaccessible regimes

of the energy frontier. Probing the remaining blind spots will require experimental

creativity. Just as Hooke and Galileo did not anticipate the wealth of cellular biology

and extraterrestrial moons when they inspected nature using their improved optical

instruments, we should equally be prepared for profound surprises as we probe the

unknown with upgraded tools and new techniques. We look forward with excitement

to the innovation and ingenuity required to discover new physics and transform our

understanding of fundamental physics.
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